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This study introduces a novel non-destructive methodology based on step-heating laser ther-
mography technique to evaluate the mechanical strength of dissimilar aluminium joints produced
through probeless friction stir spot welding (P-FSSW). The proposed approach enables the
quantitative analysis of the thermo-mechanically stirred region, distinguishing two different
morphologies (ductile and mixed) correlated with the joint’s ultimate mechanical strength.
Eleven welded joints were analysed by using two of them used for calibration through thermo-
graphic tests, Chisel and scanning electron microscopy (SEM) analyses. At the same time, nine
underwent tensile-shear tests were carried out to correlate thermographic parameters (A, Ay)
with maximum force (Fiax)-

Statistical analysis revealed that the ductile area (A) is the most significant parameter,
exhibiting a robust correlation with Fmax (r = 0.81). A simplified regression model based on Aj
demonstrated high reliability (adjusted R?> = 0.60). This methodology provides a significant
advancement in non-destructive quality control for P-FSSW joints, paving the way for its inte-
gration into industrial applications. The developed procedure offers a reliable, contactless, and
scalable solution for real-time industrial inspection of P-FSSW joints, representing a significant
alternative to conventional destructive testing methods.

1. Introduction

To address the ongoing climate crisis, significant efforts are required across all sectors, particularly in transportation, where
challenges such as fuel economy, cost reduction, recyclability, aend emissions mitigation are critical. In this context, research focuses
on alternative fuels—e.g., in aviation [1,2] —and fuel cell adoption in naval [3] and automotive industries [4], the latter being a major

contributor to global emissions.

One of the most effective strategies to meet these goals is vehicle lightweighting, initially developed for military and sport ap-
plications [5,6] and now widely adopted in civilian transportation. Promising solutions include composite materials, metamaterials
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[71, high-strength steels (HSSs) [8], and lightweight alloys [6,9]. Among these, aluminium alloys are particularly attractive due to
their excellent mechanical properties, in some cases comparable to steels.

The widespread use of aluminium in transportation demands new joining and manufacturing solutions [9,10]. Traditional methods
like riveting or bolting provide reliable joints but increase weight and costs. Adhesive or welded joints, by avoiding drilling operations,
reduce weight and improve production efficiency.

However, welding aluminium remains challenging due to its high thermal conductivity [11], which limits the applicability of many
fusion-based processes. As a result, solid-state techniques such as friction welding, ultrasonic welding, and diffusion bonding [12-16]
have gained relevance. Among them, friction stir welding (FSW) is especially promising, offering high mechanical strength and
compatibility with various materials [13,17-20]. For these reasons, FSW has found widespread use in the automotive, naval, and
aeronautical sectors [21].

One of the recent variations of FSW is probeless (or pinless) friction stir spot welding (P-FSSW) [13,17-19,22,23]. This technique
uses a pinless tool to effectively overcome the keyhole defect commonly observed at the centre of spot welds produced by conventional
FSSW [17]. The friction generated by the pressure and rotation of the tool on the surface of two overlapping thin sheets produces heat,
raising the material’s temperature to a softening point. This allows the rotating tool to stir joining materials, thereby forming a weld
spot with a nominal size equal to that of the tool itself [13,17-19,22,23].

A significant limitation to the widespread adoption of adhesive or welded joints lies in the lack of reliable non-destructive testing
(NDT) methods to verify joint quality and mechanical strength. Evaluating the integrity of welded joints and their mechanical
characterization has always been a critical aspect of mechanical design, enabling robust reliability-based design. To promote their use,
whenever a new joining process is developed, a comprehensive mechanical characterization of the joints is necessary to evaluate not
only the process parameters that ensure the best mechanical properties but also those parameters of features directly related to the
mechanical strength of the joints. For example, in the case of spot welds in general, such as resistance spot welding (RSW) or resistance
projection welding (RPW), the area of the fused region is indicative of the final joint’s mechanical strength [24-30].

Once the characteristics indicative of the mechanical strength of the welded joints have been identified, these are used to verify the
joint’s quality after production, ensuring the designed mechanical properties are achieved. Generally, there are two possible ap-
proaches to accomplish this goal: destructive tests, such as the Chisel test or metallography for quantifying the fused region, or non-
destructive tests capable of quantifying the fused region or detecting internal defects. In the case of destructive tests, a major limitation
is the need to perform tests on a sample basis, which requires sacrificing material and processing for testing without ensuring the
quality of 100 % of production. On the other hand, non-destructive tests (NDT) do not alter or influence the joint under examination
and have the advantage of being applicable to 100 % of production. However, they require a robust initial calibration phase, as they are
comparative methods.

Therefore, non-destructive testing is essential for assessing the integrity of welded joints without altering their properties, which is
why it is widely used in industry. For welded joints, both volumetric and surface tests are performed using techniques such as ul-
trasonic testing (UT) or X-rays [31-33] and liquid penetrants (PT) or magnetic particle (MT) for surface inspections. Each of these tests,
however, has its limitations, which is why a volumetric test is often combined with a surface test to achieve a complete evaluation. One
of the leading technical limitations of UT is the minimum inspectable thickness, as is the case with X-rays. Additionally, the testing and
analysis times for these two techniques are time consuming, making them less attractive for high-volume manufacturing.

Several studies have been conducted to address these limitations. For example, Liu et al. [32], developed an inspection system
based on ultrasonic probes integrated into electrodes to monitor the nugget diameter in real-time during spot welding, enabling
process monitoring. The system generates B-scan images that allow observation of the nugget’s growth and solidification, improving
in-line inspection efficiency. However, the method has limitations, including the need for accurate calibration due to its high sensi-
tivity to changes in the speed of sound in the molten metal, especially for very thin joints.

Ghafarallahi et al. [34], proposed an approach based on numerical simulations and artificial neural networks (ANNs) to analyse
ultrasonic signals. This method allows for a highly accurate prediction of nugget diameter in three-layer welded joints. However, one
of the main limitations of this technique is the need for a large number of samples to adequately train the neural network, making the
initial implementation phase labour-intensive and time-consuming. Additionally, it requires the development of a multiphysics model
of the production process.

Sun et al. [27], demonstrated the effectiveness of ultrasonic C-scan for analysing the quality of resistance-welded joints, high-
lighting a significant correlation between ultrasonic signals and internal defects, such as nugget size. However, this method requires
long processing times to comprehensively analyse the acquired data, as the analysis of C-scan images involves detailed and often
manual processing, making it poorly suited for in-line industrial applications and automation.

Chertov et al. [35], introduced an acoustic model to simulate the propagation of ultrasonic waves in spot-welded joints and es-
timate the nugget diameter based on the analysis of reflected and transmitted waves. While innovative, this work has three main
limitations: it relies heavily on simulated data, requires significant calibration and experimental validation to ensure reliable results,
struggles with low-thickness joints due to wave attenuation and dispersion, and is overly sensitive to small variations in transducer
positioning or acoustic parameters, limiting its practical application in industrial environments.

To overcome these limitations, thermographic non-destructive testing (TNDT) can be a viable alternative. Active thermography
techniques offer several advantages over UT techniques, including full-field inspections, no need for contact with the component’s
surface, very short inspection times, and suitability for implementation in automated in-line controls. Because of these advantages,
thermographic techniques have been confirmed as very versatile methods for defect detection in different materials [36-38] and
material characterization, as well as mechanical [39,40] and thermal [41-46].

The scientific community’s interest in this direction remains very high. For example, Sriyubol et al. [47], proposed using pulsed
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thermography to maximize cross-correlation and identify brazed joint defects. This technique showed greater sensitivity to noise
compared to traditional methods, with improved capability to predict defect dimensions. However, the approach is limited by the
mathematical complexity of the inverse problem, making it highly dependent on the collected data’s quality and precise experimental
configuration.

Myrach et al. [48], implemented a calibration method for active thermography using X-ray computed tomography to validate the
measurements of nugget diameter in resistance-welded joints. This method enabled accurate, non-contact joint evaluations but was
constrained by the need for a significant initial calibration effort, making it less practical for high-production industrial applications.

In two separate studies, Santoro et al. [49,50], explored the use of active thermography to estimate the quality of resistance-welded
joints. The first study used the methodology to analyse thermally modulated signals to evaluate the nugget and corona bond di-
mensions [50]. In the second, they integrated a convolutional neural network (CNN) to analyse thermal signal phase and amplitude
gradient maps, automating the estimation of joint quality. These approaches are promising, as they are easily automatable and capable
of correlating thermal characteristics with the mechanical properties of joints. However, both studies present certain limitations,
including the need for large datasets to train the neural network, the requirement for precise system calibration, and the technique’s
sensitivity to surface conditions of the joint, which necessitates careful preparation to achieve reliable results.

Palumbo and Galietti [51], explored the application of infrared thermography to characterize fatigue in steel-welded joints,
showing that variations in the phase of the thermoelastic signal could be correlated with structural damage. Although the method is
promising, it is negatively influenced by the high thermal conductivity of materials like aluminium alloys, which are the focus of the
present work. Extensive analysis is required to avoid errors in the results.

Dell’ Avvocato and Palumbo [25], proposed a non-destructive procedure based on flash thermography for quantitatively evaluating
the fused region in thin joints obtained via RPW with rectangular geometry. This procedure allowed the estimation of the joint’s
mechanical strength from the geometry detected by thermography. One limitation of this procedure, namely the need to cover the
surface to enhance absorption, was overcome by the same authors using a high-energy-density source, such as a laser source [52]. This
enabled the development of a procedure suitable for “as-is” surfaces, resulting in a quantitative evaluation of the fused region geometry
comparable to that obtained through advanced UT techniques. However, a significant limitation of the proposed procedure remains
the need for high energy densities and, consequently, a costly setup that is more challenging in terms of operator safety compared to
flash thermography.

All the aforementioned works, undoubtedly represent significant advancements and confirm the suitability of thermographic
techniques for evaluating thin welded joints. However, they mainly focus on welds produced by traditional fusion methods such as
RSW or brazing. In the case of solid-state welding, several significant studies in the literature have investigated joints obtained through
FSW using thermographic techniques. Some of these studies focus on process monitoring [53,54], while others use offline non-
destructive testing to evaluate the joint’s mechanical strength and detect internal defects [55]. Moreover, regarding novel joining
techniques like P-FSSW—the method used to produce the joints examined in the present work—no existing non-destructive procedures
based on thermographic techniques evaluate the possibility of characterizing this type of joint in a fully non-destructive manner.

For this reason, some of the authors of the present work previously conducted a preliminary study in which a quantitative eval-
uation procedure for the joining region in P-FSSW joints of thin aluminium plates was proposed [56]. The cited preliminary study,
which represented the first step in a broader research effort, compared thermographic results with those obtained through UT.

Given the limitations of traditional NDT techniques for thin joints, the absence of quantitative non-destructive procedures for P-
FSSW joints, and the lack of specific studies on NDT techniques capable of mechanically characterizing these joints, this study positions
itself precisely within this context. Specifically, this study aims to propose a laser thermography-based control procedure to estimate
the mechanical properties of dissimilar aluminium P-FSSW joints in a fully non-destructive way. Additionally, using long heating times
and managing non-uniform heating through laser spots aim to propose a simplified experimental setup and testing procedure
compared to the impulsive excitation methods cited in the literature.

To achieve this goal, various P-FSSW specimens were produced and tested by laser thermography. Subsequently, some of the
specimens were subjected to mechanical tests such as the Chisel test and fracture surface analysis, the results of which were used to
calibrate the proposed analysis procedure. The thermographic results from the remaining specimens were analysed using the same
procedure before undergoing tensile-shear mechanical tests. Statistical tools were used to evaluate the correlation between thermo-
graphic results and experimentally obtained mechanical strength, allowing for the identification of parameters that most significantly
influence mechanical strength and proposing a model capable of estimating joint strength based on thermographic test results.

For the first time, an NDT procedure based on laser thermography has been developed for P-FSSW aluminium dissimilar joint. An
additional innovative aspect lies in the use of active thermography, not only to detect and quantify the welded region in a P-FSSW joint
but also to distinguish between two different morphologies of the welded region by studying their correlation with the final mechanical
strength.

2. Materials and methods
2.1. Theory

To analyse the temperature evolution over time during step heating, it is necessary to describe the surface temperature behaviour
following heating with a laser source. In the present case, the heating process via the laser source can be modelled as a spatially

Gaussian heat distribution applied for a finite duration 1, incorporating the Heaviside function y(t) over time. In this scenario,
considering the convolution integral over the interval [ty —7/2,t) +7/2] to represent step heating over time T(x,y,0,t) =
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where Q is the absorbed heat, o; is the standard deviation of the Gaussian distribution, p the density, C the specific heat, L the
thickness of the plate, a, is the thermal diffusivity in the thickness direction. This analysis assumes adiabatic heat exchange, finite body
dimensions and homogeneous material. This equation effectively describes the transient thermal response of the material subjected to
step heat, providing a foundation for further thermographic analysis.
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Fig. 1. (a) Scheme of the geometry of joints P_1 and P_2. (b) Real pictures of specimens P_1 and P_2 from front and rear side. (c) Scheme of the
geometry of specimens produced for tensile test. (d) Real pictures of three specimens analysed in the research work.
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2.2. Specimens

The welds under investigation, as previously mentioned, were obtained through the P-FSSW process. This technique was employed
to join two aluminium sheets of different thicknesses: 0.8 mm (AA2024-T3) and 1.4 mm (AA6082-T6). To produce the lap-joint, a tool
with a nominal diameter of 30 mm was positioned in contact with the surface of the thicker AA6082-T6 plate, applying a force of 4.9
kN for 90 s. Two distinct groups of specimens were produced to evaluate the capability of thermography in assessing the quality of
these welded joints.

First, two specimens, P_1 and P_2, were joined using two different rotational speeds of 2500 rpm and 2000 rpm, respectively. The
geometry is illustrated in in Fig. 1 a-b.

Based on a preliminary numerical and exeperimental investigations [17], these parameters were selected to ensure that the two
specimens exhibited significantly distinct characteristics. The second group of specimens was manufactured as lap joints to enable
subsequent mechanical tensile-shear testing. This second group of specimens (Fig. 1 c-d) was produced using three different rotational
speeds (1500 rpm, 2000 rpm, and 2500 rpm), as described in a previous work [23] with three replicates for each speed, resulting in
nine specimens, as summarized in Table 1.

Welding force and dwell time were kept constant throughout the experimental campaign, as previous investigations [17]
demonstrated their critical influence on material softening and material flow behavior during the P-FSSW process. Regarding tool
plunge depth, the welding machine operated in force-control mode after an initial plunge of 0.1 mm into the first plate; consequently,
the plunge depth varied automatically to maintain the preset welding force and was not treated as an independent process variable.
Therefore, the present study focuses specifically on the influence of rotational speed while keeping the other parameters constant and
optimized.

As shown in Fig. 1 a-c, which present the actual images of the analysed specimens, the tool leaves a pronounced imprint on the
welded surface, characterized by substantial surface inhomogeneity, particularly in roughness. The opposite side, corresponding to the
thinner AA2024-T3 plate, exhibits a more uniform appearance but with noticeable variations in emissivity and slight plastic de-
formations caused by the welding process. To mitigate the influence of non-uniform surface emissivity, the joints were coated with a
thin, uniform layer of high-emissivity black paint, approximately 0.98, to uniform the emissivity across the entire surface of the
specimen.

2.3. Experimental setup

As described above, one surface of each specimen was coated with a thin layer of high-emissivity black paint to standardize
emissivity. Each specimen was inspected from painted surface side using a reflection setup, as shown in Fig. 2. This surface, corre-
sponding to the weld joint, was heated using an Ytterbium pulsed fibre laser source (YLP-V2 mJ series) with a wavelength of
approximately 920 nm, a nominal power of 50 W, and a circular laser spot with a Gaussian distribution and a diameter of about D = 45
mm. This ensured complete heating of the welded region, which has a D = 30 mm nominally. Due to the low surface energy density
available and considering the high thermal conductivity of the materials, the step heating technique was adopted, with a heating
duration of approximately 1 s.

The laser source was tilted at approximately 5° relative to the inspected surface to allow for a frontal positioning of the thermal
camera. The heating phase (~1 s) and the cooling phase (~2 s) were recorded for a total duration of ~ 3 s using a FLIR LW thermal
camera equipped with a cooled sensor. The camera operated at an acquisition frequency of 2500 Hz, achieved by reducing the window
size to 196 x 224 pixels?, with a calibration range of —20 °C to 150 °C and a spatial resolution of 0.226 mm/pixel. As depicted in Fig. 2,
the inspection area was suspended for both specimen geometries to avoid contact with metallic supports in regions close to the
inspected zones.

Specimens P1 and P2 were subjected to chisel tests, followed by failure analysis using scanning electron microscopy (SEM, Tescan
Mira3) with secondary electron (SE) mode.

A servo-hydraulic testing machine (MTS Model 370 Load Frame) was employed for the mechanical tests on the second group of
specimens. This machine features a rigid double-column structure and a load cell with a capacity of & 100 kN while, the tests were
carried out controlling the displacement at a 1 mm/min rate. As shown in Fig. 3, the second group of specimens was tested by inserting
spacers cut directly from the main plates of the analysed specimens between the welded plates and the grips of the load machine. This
arrangement minimized load eccentricity.

The tests applied a tensile-shear load at the two ends of the joint as reported in Fig. 3d. However, given the geometry, the load state
in the joint cannot be considered uniaxial. Therefore, the maximum force recorded during the tests was used as the metric for eval-
uating the mechanical strength of the joint.

Table 1
Description of process parameters for investigated specimens.
Specimen Rotational speed Force (kN) Time (s) Replications
(rpm)
A 1500 4.9 90 3
B 2000 4.9 90 3
C 2500 4.9 90 3
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Fig. 2. (a) Scheme of the set-up adopted for the thermographic tests. (b) Scheme of the heating distribution of laser on the inspected surface and the
relative position of welded joint. c-d) Real picture of the thermographic setup adopted for the first group of specimens and e) for the second group.

2.4. Methods

In the introduction, it was previously highlighted that spot welds can be evaluated in multiple ways. One approach is to assess their
final mechanical strength through mechanical testing, while another is to quantify the welded area of the spot weld, which is typically
correlated with the joint’s final mechanical strength. The latter approach requires an initial study to verify this correlation between
area and mechanical strength, commonly exploited in NDT methodologies.

Since P-FSSW is an innovative welding process, it is first necessary to establish whether such a correlation exists and, if so, to
determine its nature. Subsequently, the feasibility of developing a non-destructive procedure based on laser thermography must be
investigated. This procedure would measure the welded area and interpret the results to estimate the joint’s final strength.

To achieve this, as previously mentioned, specimens were produced with two different final geometries but using the same machine
and process, varying only the rotational speed. The sole purpose of differing geometries was that P_1 and P_2 were subjected to Chisel
tests and SEM analysis of the fracture surface. In contrast, the second group of specimens underwent mechanical testing to determine
their maximum strength, providing a quantitative measure of their mechanical resistance.

All specimens were subjected to thermographic tests using the setup described above. Each test was repeated three times to account
for measurement repeatability. Given the long heating duration employed in the “stepped” approach, conventional post-processing
algorithms commonly used in pulsed thermography were not applicable [57]. These algorithms rely on impulsive, one-dimensional
heating assumptions, which are invalid in this context.

The assumption of impulsive heating fails because the heating duration far exceeds the characteristic time for an impulsive thermal
wave to traverse twice the thickness of the component—consequently, the heating phase overlaps with the arrival of the initial thermal
reflections at the surface. Similarly, the assumption of one-dimensional heat flow is invalid due to the Gaussian distribution of heat
(and temperature) across the inspected surface. Despite the large diameter of the laser spot and its high standard deviation, the



G. Dell’Avvocato et al. Engineering Failure Analysis 177 (2025) 109675

a) b)

c)

Force
. 1 R
d) Welded area
Force Force

50 mm

Fig. 3. (a) Experimental set-up for tensile tests. (b) Experimental set-up for Chisel tests. (c)Scheme of Chisel test. (d) Scheme of tensile-shear tests.

temperature is not uniform within the spot. It is higher at the centre and lower toward the periphery, generating radial lateral heat
fluxes that preclude the validity of the one-dimensional flow assumption that are traditionally adopted for thermal NDT.

The proposed procedure addresses these challenges through a comparative approach. Following the weld tests, an additional test
was performed under the same highly repeatable setup on a “reference specimen.” This reference specimen consisted of two identical
plates joined using adhesive tape, as shown schematically in Fig. 4 a. These plates serve as a thermal reference for plates in contact but
not welded. In such cases, the thermal resistance at the interface impedes heat transfer to the rear plate, causing a more significant
temperature increase on the front plate. In contrast, the interfacial thermal resistance in welded joints is lower or negligible, allowing
for easier heat flow from the upper plate to the lower plate, resulting in a lower temperature on the inspected surface.

Thermal contrast is typically evaluated based on these behaviours to distinguish a welded region from an unwelded one. This is
defined as the temperature difference between a welded region and an unwelded region by subtracting the average temperature value
of an unwelded area from each pixel [57]. However, this approach is meaningful only for uniform heating. Given the Gaussian
temperature distribution and the peripheral location of unwelded areas within the laser spot, direct subtraction of this value from each
pixel would yield insignificant results due to the heating gradient across the spot. To overcome this limitation, a direct subtraction
between frames was performed to eliminate the influence of the heat distribution.

In step heating tests, the final heating frame (or the first cooling frame) is often used for analysis, as documented in the literature
[58,59]. This criterion was adopted for the tests in question. The following procedure was performed for each sequence: the final
heating frame was subtracted from a “cold frame”, obtained by averaging twenty frames recorded before heating began, resulting in a
frame indicating the temperature difference caused by heating (AT, ) showed in Fig. 5. The exact process was applied to the reference
specimen, yielding a frame (ATy,) representing the temperature distribution if the plates were in contact without welding (Fig. 5).
Subsequently, the reference frame was subtracted from each welded joint test frame (AT, = AT,,—AT,) (Fig. 5). The resulting frame
highlights temperature distribution differences solely due to the presence or absence of a welded region, with an intensity proportional
to the contact thermal resistance and the thermophysical property differences of the welded region.

If no welding occurs, the thermal behaviour of the joint would be similar to that of two overlapping plates, yielding minimal
differences. Conversely, an adequately welded joint would exhibit significant differences from the overlapping plates. The resulting
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Fig. 4. (a) Two overlapped plates adopted as reference specimen for the non-welded behaviour. (b) Detail of inspected coated surface of welded
specimen before the tensile-shear test.

Reference
Welded Difference
(Non welded) AT AT ATK]
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Fig. 5. Representation of the subtraction between reference thermogram and thermogram from welded area and the obtained “differ-
ence thermogram”.

thermal contrast maps were then normalized to produce Normalized Thermal Contrast (NTC) maps [60]. NTC is an indicator of signal
intensity relative to background noise, commonly used in the literature to establish thresholds for defect detection [25,52,60] or
distinguishing welded from unwelded regions [25,52]. It is defined as:
AT,
NTC=—"— 3

Onon—weld

where 6,00 weq is the standard deviation of the temperature within a reference unwelded area.

Specimens P_1 and P_2 were subsequently subjected to Chisel tests and fractographic analysis to define the welded region for both
specimens. Specifically, following the fracture analysis of specimen P_1, thermographic image analysis was conducted in a MATLAB
environment. This process established NTC thresholds for segmenting the thermographic images, providing a calibration to define
threshold values applicable to all other specimens.

The fractographic analysis of specimen P_1 revealed two distinct morphologies within the welded region which are related to the
mechanical behaviour of joint. Specifically, the results displayed features of ductile failure within the outer region (Fig. 6 a) and
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Fig. 6. SEM of specimen P_1: (a) ductile fracture of the outer region with characteristic feature of tear rides. (b) overall view of the fracture surface
on the upper sheet. (c) mixed fracture of the inner region with the presence of flat facets. (d) the surface of the base metal.

ductile-brittle (mixed) behaviour along the inner region (Fig. 6 c) with the presence of flat facets (indicated by dashed lines on Fig. 6 c).
These brittle features may suggest the formation of micro-cracking within the highly deformed state of the material after P-FSSW [61].
Overall, both regions corresponded to the thermo-mechanically stirred area.

Since different mechanical properties correspond to varying thermal diffusivities [62-64], it was verified that these distinct
structures produced different thermal responses. Consequently, two separate thresholds were defined for a two-level segmentation,
aiming to assess the ability of thermography to distinguish between these areas in a non-destructive way. Thus, three levels of seg-
mentation were obtained, values 1 and 2 being applied for the two different morphologies of the welded area and 0 for each pixel, in
which the NTC was lower than the first threshold, obtaining the map in Fig. 7 c. The pixels with NTC > 35.7 were assigned a value of 2,
those with 35.7 > NTC > 15.5 were assigned a value of 1, and those with NTC < 15.5 were assigned a value of 0. A morphological
closing operation was performed to fill small voids and smooth the edges of segmented shapes using the MATLAB imclose command
(A_m f(:,:) = imclose(A_m(:,:), se)), with a disk-shaped structuring element of radius 1 pixel. To measure the welded area, the number of
pixels corresponding to each segmented region was counted: pixels with a value of 1 (first morphology) and those with a value of 2
(second morphology). These pixel counts were then converted into mm? using the mm/pixel ratio. This approach provided an accurate
quantitative measurement of the total welded area as well as the specific areas associated with each morphological structure.

The same NTC threshold values obtained during the calibration with specimen P1 were applied to verify this capability. The results
of the thermographic segmentation were then compared with those from fractographic analysis. The described procedure has been
resumed in Fig. 8.

After verifying the calibration of the thermographic technique, segmentation was performed on the NTC images from each test of
the second group of specimens designated for destructive tensile-shear testing, as previously described and resumed in Fig. 8.
Quantitative measurements of the welded regions were obtained, considering the total welded area (regardless of morphological
differences) and the area of each morphology. This analysis aimed to evaluate the influence and effects of the different morphologies
on the joint’s final mechanical strength.

The second group of specimens was then subjected to tensile-shear tests, as previously described, with a displacement rate of 1 mm/
min. The maximum force recorded for each welded joint was considered indicative of the mechanical strength of the inspected P-FSSW

Fig. 7. (a) SEM of the overall fracture surface on the upper sheet of specimen P_1: green circle represents mixed fracture (marked A;), orange circle
indicates the area of ductile behaviour (marked A,). (b) NTC map obtained for the first cooling frame for specimen P_1: the black circle defines the
nominal dimension of spot joint. (c) overlapping between NTC map after segmentation process and SEM results for different morphologies.
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Fig. 8. A schematic resume of thermographic procedure proposed.

Fig. 9. Scheme of the methods adopted for the experimental phase.
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joints.

The results from the thermographic tests—specifically, the quantification of the welded area within the joint—and those from the
mechanical tests, indicating the maximum force, were analysed using statistical methods. This analysis aimed to identify the influence
of the considered variables on the joint’s final mechanical strength. Additionally, it sought to develop a predictive model that could
estimate the joint’s mechanical strength based on the results obtained through non-destructive thermographic methods. The meth-
odology employed is summarized graphically in Fig. 9.

3. Results and discussion

Considering that two specimens were analysed for calibration, Fig. 11 presents the results obtained in this phase. As detailed in the
previous section, based on the SEM results for specimen P1, a dual-threshold segmentation approach was proposed to distinguish
between two morphologies. In Fig. 7, two distinct areas can be observed: white and orange. The white area corresponds to the
morphology exhibiting mixed failure, while the orange represents the morphology exhibiting ductile failure. The ductile structure
corresponds to a lower NTC value, while the mixed structure corresponds to a higher NTC value.

To understand this distinction, it is essential to consider the meaning of a high NTC value. As described in the previous section, the
observed thermal contrast reflects the thermal behaviour considered as the difference with respect to the unwelded reference. Due to
its higher thermal resistance to heat transfer between the two plates, the unwelded reference (Fig. 5) exhibits a higher surface tem-
perature under the same energy density input compared to the welded case. When welding succeeds, the material continuity reduces
the thermal contact resistance, leading to a lower surface temperature than the unwelded case.

Prior research related to the present experimental campaign have demonstrated a direct linear influence of rotational speed on
material softening and stirring intensity between plates [23]. It was shown that an increase in rotational speed above 2000 rpm
promotes intensive material flow, resulting in the formation of a centreline hook defect. Therefore, considering the thermophysical
characteristics of the welded region, accounting for the microstructural variations induced by the thermomechanical welding process,
two scenarios can be envisioned. The region may exhibit either a hard and brittle, a “soft” and ductile or mixed behaviour. Given the
known inverse correlation between hardness and thermal diffusivity in metallic materials [62-64], in the case of a ductile welded
region, higher thermal diffusivity is expected. Conversely, lower thermal diffusivity is expected in a hard and brittle (or mixed) welded
region. Considering both as welded area, the structure with lower thermal diffusivity, mixed region, resulting in a higher NTC value
than the ductile case.

As illustrated in Fig. 11, applying the thresholds derived from SEM-thermographic comparisons for specimen P1 to specimen P2, a
welded region significantly smaller than the nominal tool size was identified, highlighted in orange on Fig. 11a. As depicted in Fig. 10
c-d, the inner region of this specimen contained ductile behaviour. In contrast, the outer region lacked these characteristic features,
suggesting a predominant diffusion bonding mechanism (Fig. 10 a). Comparing the thermographic results with SEM data for specimen
P2 (Fig. 11 b), it is evident that the proposed calibration thresholds successfully distinguish between the two regions and measure the
thermo-mechanically stirred area. The discrepancy between the thermographic and SEM measurements was approximately 6 %
(Table 2).

It should be noted that the observed 6 % deviation can be considered independent of the rotational speed and weld morphology, as
the thermographic evaluation is based solely on morphological identification through thermal contrast, without direct dependence on
process parameters. The main sources of deviation include differences in spatial resolution between thermographic and SEM imaging,
the geometric approximations in measuring SEM areas (assuming ideal circular shapes), and the three-dimensional heat diffusion
effects that cause minor blurring at the boundaries of different morphologies. These phenomena may slightly affect the precision of
area measurements but do not compromise the effectiveness of the proposed NDT procedure.

Fig. 12 presents segmented maps for all analysed specimens using the calibration thresholds. As shown in the first line of Fig. 12, all
specimens produced at the lowest rotational speed (1500 rpm) exhibit significantly smaller thermo-mechanically stirred regions than
the nominal tool size. Additionally, low repeatability is evident among the three replicates in the same line, with predominantly one

Fig. 10. SEM of specimen P_2: (a) fracture of the outer region (stick condition). (b) overall view of the fracture surface on the upper sheet. (c-d)
ductile fracture of the inner region (marked Ay).
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Fig. 11. (A) sem of the overall fracture surface on the upper sheet of specimen p_2: blue circle represents diffused area and orange circle indicates
ductile behaviour similar toFig. 7a. b) thermographic results segmented for specimen P_2. (c-d) cross sectional view of the central regions in
specimens produced with 2000 rpm (c) and 2500 (d) rotational speeds.

Table 2
Quantitative results obtained for P2 specimen. Difference between thermographic and fractographic measurements of Al and A2.
. A; sem A; 11 Difference Ao sgm Ay 11 Difference
Specimen (mm?) (mm?) %) (mm?) (mm?) %
P02 0 0 0 305.7 289.2 5.4

morphology present.

In the second line, corresponding to specimens produced at 2000 rpm, the thermo-mechanically stirred area is larger and generally
exhibits a uniform structure, mostly of ductile behaviour. In contrast, specimens C, representing specimens produced at 2500 rpm,
shows an increase in the total area with both morphologies. Specimens C exhibit a significant presence of the mixed phase. In Fig. 12,
quantitative values for Area 1 (mixed behaviour), Area 2 (ductile fracture), and the total welded area are provided for each specimen.

Compared to conventional NDT methods, the proposed thermographic procedure enables rapid, full-field, contactless detection of
morphological defects, including hook formations and incomplete bonding, through local variations in thermal diffusivity. This makes
it particularly suited for in-line inspection of P-FSSW joints, where physical contact or volumetric imaging may be less practical.

Fig. 13 also includes a matrix of photographs of the specimens after shear-tensile testing. It is evident that the process exhibits low
repeatability for both the first and third columns, as indicated by the thermographic results. This variability is further corroborated by
the maximum force results from tensile testing presented in Fig. 14. Specimens produced at 2000 rpm achieved the highest mechanical
strength and repeatability, demonstrating that this rotational speed produces the strongest and most consistent joints.

Interestingly, at 2500 rpm, the joint strength decreases, and poor repeatability is evident, as shown by the widely varying maximum
force values. Despite the larger thermo-mechanically stirred region for 2500 rpm specimens compared to 2000 rpm, the latter group
exhibits superior strength. This discrepancy contrasts with expectations for other spot-welding techniques like RSW or RPW [24-27],
where larger fused regions typically correspond to higher strength. This behaviour has been further investigated in a recent study [23],
which demonstrated that increasing the rotational speed beyond 2000 rpm leads to excessive plastic flow and the formation of hook-
like defects along the centerline. These morphologies act as stress concentrators, ultimately reducing the mechanical strength and
repeatability of the joints.

It should also be noted that the heat-affected zone (HAZ) did not show any measurable influence on mechanical strength or
thermographic contrast. The microstructural changes induced in the HAZ were minor and insufficient to generate detectable differ-
ences in thermal diffusivity, confirming that the weld quality evaluation could be effectively confined to the thermo-mechanically
stirred region and adjacent TMAZ.

An example of this behaviour is specimen A_03, which, despite its larger fused area compared to the other two specimens, exhibits
reduced Fpx. This can be attributed to the geometry of the welded region. Unlike the circular and solid welded regions in other
specimens, A_03 has ring-shaped weld with an irregular, unwelded central region. This central discontinuity acts as a defect during
tensile testing, causing stress concentration that reduces the joint’s mechanical strength.

A statistical analysis was performed to evaluate the influence of the different morphologies and total thermo-mechanically stirred
area on the final mechanical strength (Fy,x). Several variables were defined, including A;, Ag, A¢ot, and the ratios Ay /Aot and Ay/Asot.
Correlation analysis was conducted to quantify their relationships with Fp,ax. The results, shown in Fig. 15, indicate that A has the
strongest correlation with Fpax (r = 0.81), suggesting that this variable is the primary predictor of joint strength. Conversely, A; and
the A1/Aqot ratio exhibit weak negative correlations, indicating that higher values of these variables tend to reduce the joint’s me-
chanical strength.
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Fig. 12. Thermographic results for specimens undergoing tensile-shear test. The red circle indicates the nominal value of welded joint (tool
diameter), the orange area depicts the ductile region, and the white area corresponds to the mixed behaviour.

A linear regression model was developed to incorporate these variables. The model with the highest adjusted R%(0.603) included an
interaction term between A; and Ay (AjeAy), labelled “Interaction” in Fig. 15 B. However, the statistical significance of the interaction
term was limited, with a p-value of ~ 0.05. Including rotational speed as a variable in the model did not improve its statistical
significance.

These findings suggest that while A, is the most significant individual predictor of joint strength, the interaction effects between
morphologies and geometric factors warrant further investigation to refine predictive models.

The regression model with interaction obtained is as follows:

Frax =7.139—-0.0540A; +0.0130A,+0.0003 0 A;A,

However, considering the significance of each coefficient, specifically the p-value summarized in the Table 3, it can be observed that
the coefficients related to Al are not significant. Thus, although the full model with interaction explains the variability of Fp,ax slightly
better than the simplified model with only A,—with an adjusted R2 of 0.603 compared to 0.598 for the simplified model—the global p-
value of the simplified model is 0.0088, making it statistically significant. In contrast, the p-value for the interaction model is
approximately 0.05. Despite the low statistical significance, A1 may still influence strength due to local inhomogeneities or weak
bonding, acting as possible crack initiation sites.

Moreover, evaluating the F-statistic, which compares the current model to a constant model, the simplified model achieves a value
of 12.9, compared to 5.06 for the interaction model. This indicates that the interaction model is similar to the constant model, which
uses only the mean of Fy,x as the prediction.
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Fig. 13. Pictures after tensile-shear mechanical tests for each test for specimens A-B-C 1/2/3.

Fig. 14. Values of Fp,x of specimens tested.
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Fig. 15. A) histogram of correlations coefficient among parameters investigated and fmax. b) histogram of adjusted r2 values for each model.

Table 3

Results of statistical analyses for the proposed models.
Coefficient Value estimation Standard error t-stat p-value Significant?
o (intercept) 7.1385 1.5022 4.752 0.0051 Yes (p < 0.05)
B1 (A1) —0.0540 0.0376 —1.4385 0.2098 No (p > 0.05)
B2 (A2) 0.0125 0.0047 2.6694 0.0444 Yes (p < 0.05)
B3 (A1 Ap) 0.0003 0.0002 1.4448 0.2081 No (p > 0.05)

Therefore, the simplified model with only A2 is preferred, as shown below:

Frax = 6.641 +0.0150 A,
4. Conclusions

This study proposes a fully non-destructive procedure for evaluating the mechanical strength of dissimilar aluminium welded joints
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produced through novel probeless friction stir spot welding (P-FSSW) technique. The proposed procedure, based on step laser ther-
mography technique, enables quantitative analysis of the thermo-mechanically stirred region in P-FSSW joints, with the ability to
distinguish between two types of structures present in the welded region.

A thermographic procedure was developed using extended heating via a circular laser spot with a Gaussian energy distribution.

Eleven spot joints were analysed to assess the influence of the thermo-mechanically stirred area. The first two specimens were
obtained using different rotational speeds (1500 rpm and 2500 rpm) and were subjected to thermographic testing, Chisel tests, and
fractographic analysis. The remaining nine joints, produced with three rotational speeds (1500 rpm, 2000 rpm, and 2500 rpm), were
tested by thermographic method and then subjected to tensile-shear tests to evaluate their mechanical strength.

The first two specimens were used to calibrate the proposed thermographic procedure, which addresses the issue of non-uniform
energy distribution within the laser spot using reference specimens. The signals from these references were subtracted from the se-
quences obtained during tests on the produced joints. The calibrated procedure was validated through Chisel tests and fractographic
analysis using SEM, which revealed the presence of two distinct morphologies in the welded area within the thermo-mechanically
stirred region: a mixed structure and a ductile one (A; and Aj). The technique was calibrated by analysing the thermographic map
of one of the two specimens, defining thresholds to distinguish the two structures identified in the fractographic analysis. This cali-
bration was then verified on the second specimen, yielding a difference of approximately 6 % between the thermographic and SEM
measurements.

The same procedure was applied to the joints subsequently subjected to tensile-shear tests to evaluate the correlation between the
welded area and mechanical strength, focusing on Fp,ax. All thermographic maps were analysed to measure the area of each structure
and the total welded area. Statistical analyses were then conducted to verify the correlation between Aj, Ay, and Fp,ay, revealing that Ay
had the strongest correlation with Fpax (r = 0.81). Other parameters, such as A, A1/Atot, and Ay/A¢r, Were also considered but
showed weaker correlations.

Once the most significant parameters were identified, an empirical regression model for Fp,x as a function of A; and Ay was
proposed. The model that initially best described Fmax (adjusted R? = 0.603) included an interaction term A;*A,; however, the
statistical significance of this interaction was moderate, with a p-value close to 0.05. Further examination of the model’s coefficients
revealed that those associated with A; were insignificant. Consequently, a simplified model considering only A, was preferred, as it
achieved a comparable adjusted R? of 0.598 while demonstrating higher statistical reliability with a global p-value of 0.0088.

The results suggest that the step laser thermography methodology, coupled with the proposed analysis, provides a reliable and non-
destructive approach for evaluating the mechanical properties of P-FSSW joints. However, further refinement of the model and
investigation of additional influencing factors may enhance the predictive capability of this methodology. Compared to conventional
pulsed thermography, the proposed long-pulsed laser approach offers several advantages for industrial non-destructive quality control.
These include the possibility of using low-cost and low-power laser sources, a reduced need for precise control over the heating pulse,
and improved robustness against thermal reflections and material inhomogeneities. These features make the method particularly
suitable for full-field, in-line inspections of P-FSSW joints in industrial environments.

To further improve and extend the applicability of the proposed methodology, the following next steps are identified:

e Increasing the laser pulse duration to allow low-power and low-cost lasers, thereby reducing equipment costs and operator risks
while eliminating the need for surface coatings.

e Developing and adapt advanced post-processing algorithms tailored to the increased pulse duration to optimize the analysis and
enhance accuracy.

e Designing and implement a prototype system based on the developed procedure for in-situ analysis of this type of weld, enabling
real-time quality assessment in industrial applications.

Future developments will specifically explore the use of lower-power laser sources (e.g., <10 W) combined with longer heating
durations, maintaining constant energy input to ensure sufficient thermal excitation while significantly reducing equipment cost and
operational risk.
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