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Constant monitoring of manufacturing processes is crucial for ensuring high-quality products and cost-
effectiveness. Non-destructive testing (NDT) techniques, such as eddy current testing (ECT), offer a direct and
accurate means of evaluating weld quality in real-time. ECT can assess microstructural changes in welded ma-
terials by measuring electrical conductivity. Establishing a robust correlation between electrical conductivity and
microstructural changes induced by FSW process parameters remains a critical step to bridge existing knowledge
gaps. In this study, electrical conductivity field analysis using eddy currents was conducted on AA6082-T6 FSW
joints. A pivotal factor controlling process heat input and influencing defect formation and weld microstructural
features is the ratios of FSW tool rotational speed () to travel speed (v). Previous works often evaluated only one
set of process parameters, while our study examines multiple combinations of w and welding speed v to develop a
more robust correlation between electrical conductivity and microstructural changes. Both defective and defect-
free joints were obtained employing various /v ratio and electrical conductivity results were compared with
hardness measurements and tensile test results. The analysis reveals a consistent trend between electrical con-
ductivity variations, microstructural changes in weld zones, and microhardness as the w/v ratio varies. Our
findings show that, at a constant travel speed, an increasing /v ratio is associated with enhanced microhardness
and decreased electrical conductivity, attributed to grain refinement. Conversely, at a constant rotational speed,
a higher w/v ratio leads to increased electrical conductivity, due to the enhanced dissolution of strengthening
precipitates. Furthermore, analyzing electrical conductivity profiles and identifying local maxima corresponding
to weld failure zones could strengthen the correlation. This approach suggests the potential to assess variations in
mechanical properties resulting from process drift, specifically influenced by changes in the w/v parameter over
time. Microstructural analysis through electrical conductivity evaluation emerges as a valuable and predictive
tool for assessing weld properties, with promising applications in process monitoring.

1. Introduction traditional fusion welding techniques such as solidification cracking and

porosity when joining high-strength aluminum alloys [3]. FSW is

Friction stir welding (FSW) is an outstanding joining technique of-
fering advantages over traditional methods such as tungsten inert gas
(TIG) and metal inert gas (MIG) [1]. FSW achieves material joining
without the need for melting and subsequent solidification. This solid-
state joining process offers numerous advantages, including lower en-
ergy input, minimal human intervention, and a more environmentally
friendly process due to the absence of welding gases [2]. Additionally,
the solid-state nature of FSW addresses the limitations encountered by
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particularly suitable for dissimilar metal combinations, since FSW
operates below the melting point of the base materials minimizing issues
related to metallurgical incompatibility [4,5]. This characteristic makes
FSW an ideal choice for joining materials with different melting points
and thermal expansion coefficients, ensuring superior joint integrity and
mechanical properties. Furthermore, FSW reduces distortions and re-
sidual stresses while minimizing strength degradation within the weld
zone. FSW involves intense mechanical deformation and thermal energy
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input, leading to significant changes in the microstructure and proper-
ties of the welded material, including grain size refinement, precipitate
dissolution, and phase transformations [6]. In particular, heat input
plays a critical role in governing defect generation and weld micro-
structures in FSW. As the primary driving force behind the FSW process,
heat input influences the material flow, degree of deformation, and
thermal history experienced by the welded components [7]. Variations
in heat input can significantly affect the formation of defects. Insuffi-
cient heat may hinder material flow and plasticization, leading to the
occurrence of defects like tunnel or wormhole defects [8], kissing bonds
[9], and lack of fills [1]. Excessive heat levels can induce material
softening, resulting in weld nugget collapse, excessive flash formation
[10], adhesion of material to FSW tool (surface galling) or anvil (stick-
ing) [11].

Given that FSW is susceptible to defect formation, achieving defect-
free FSW joints is imperative, especially in today’s manufacturing
landscape where delivering high-quality products at minimal costs is
essential [12]. In response to this demand, continuous monitoring of
manufacturing processes has become crucial [13]. Non-destructive
testing (NDT) techniques are instrumental in ensuring the cost-
effective operation and safety of industrial components across sectors
[14]. Unlike destructive methods, NDT techniques reduce scrap parts,
thus lowering product costs. Among various NDT methods applicable to
FSW joint quality control, X-radiography [15], ultrasonic testing [16],
and eddy current [17] evaluation yield promising results. While X-
radiography detects defects causing significant radiation absorption,
ultrasonic methods have limitations related to coupling conditions,
acoustic attenuation, and defect detectability [18]. Eddy current testing
(ECT) has garnered attention for its fast detection, non-contact opera-
tion, versatility, and environmental friendliness, making it suitable for
real time process monitoring applications and in-field inspections [17].

Real-time process monitoring involves continuously collecting and
analyzing data with minimal latency to provide immediate feedback and
enable rapid detection and correction of anomalies. Fig. 1 illustrates a
typical monitoring architecture for FSW. This architecture focuses on
data fusion, where sensor data is aggregated in a “knowledge box™ [12].
This fusion integrates experimental data, historical records, and nu-
merical simulations to create a digital twin of the FSW process. The
digital twin provides real-time monitoring by combining past data,
current observations, and predictive models. It not only tracks the pro-
cess but also supports decision-making and optimization. When
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discrepancies arise between real-time data and the digital twin, feed-
back is sent to the control system to adjust parameters accordingly [19].

The monitoring methods can be traditionally classified into two
categories namely, indirect and direct [12]. Indirect means of moni-
toring sense physical quantities of machines such as current, power,
force, torque, vibration etc., Direct methods utilize NDT techniques,
including optical, laser and camera vision, to directly assess the quality
of produced components by detecting defects.

In the context of FSW, the main indirect methods employed for FSW
monitoring used machine signals of vertical and horizontal tool forces
[20,21], torque [22,23], and current signals from spindle and feed
motors [24]. These methods show good correlation with various weld
defects and mechanical properties but rely heavily on trained neural
networks, requiring extensive training datasets and specific welding
parameters [25].

Common real-time NDT techniques include machine vision [26,27],
acoustic emission (AE) [28,29], and phased array ultrasonic testing
(PAUT) [30]. These methods are primarily used to detect surface and
gap defects and analyze weld regions. The application of digital image
processing (DIP) techniques to friction stir welding (FSW) is primarily
limited to classifying defective and defect-free welds, with the main
limitation being the detection of only surface defects [27]. AE methods
detect transient elastic waves from irreversible internal changes in ma-
terials, offering valuable insights into welding defects [29]. However,
real-time monitoring and control using AE data are challenging due to
the high computational demands of processing large data volumes.
Kleiner and Bird [30] utilized a PAUT system to evaluate weld quality in
7xxx series aluminum alloys, determining proper forging. PAUT, which
uses multiple ultrasonic elements for detailed imaging and inspection,
faces challenges such as system complexity and the need for careful
selection of scanning parameters like focal distance, inspection angle,
and scan pattern, which may require adjustments based on defect
location. Upon extensive examination, the authors found no existing
studies on the use of ECT for real-time process monitoring of FSW.

Within this framework, ECT offers significant advantages for real-
time monitoring due to its non-contact nature, rapid measurement
capability, and sensitivity to microstructural changes. In ECT, the elec-
trical conductivity of materials is a crucial parameter due to its direct
influence on the electromagnetic response of the inspected component.
The high sensitivity of ECT to variations in electrical conductivity,
resulting from microstructural changes such as precipitate dissolution or
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grain refinement, extends beyond mere defect detection. It could facil-
itate the establishment of a robust correlation between electrical con-
ductivity and the mechanical properties of the weld. This capability has
the potential to enhance the development of a more accurate digital twin
of the welded joint, improving both the monitoring and predictive ca-
pabilities of the welding process. In the context of FSW, the electrical
conductivity of the inspected material assumes particular significance
due to the substantial modifications it undergoes during the welding
process [31]. Assessing the electrical conductivity field provides an in-
direct method to gauge microstructural alterations within the weld,
offering a potential alternative or supplement to hardness assessment
[32]. A scaling factor exists between electrical conductivity and
microhardness testing due to their mutual dependency on microstruc-
tural factors: electrical conductivity reflects electronic mobility, while
hardness is influenced by plastic deformation mechanisms like crystal
defects, precipitates, and mechanical strengthening [33]. In particular,
the electrical conductivity of heat-treatable aluminum alloys, such as
those in the 6000 series, is intricately linked to their composition,
microstructure, and precipitate distribution. Abdo et al. [34] investi-
gated the influence of alloying elements such as copper and magnesium,
as well as thermal and mechanical treatments, on the electrical con-
ductivity of aluminum alloys. Their findings indicate that these factors
significantly affect conductivity by altering the microstructure and
precipitate distribution. Additionally, Cui et al. [35] demonstrated that
the dissolution of precipitates enhances conductivity by reducing elec-
tron scattering and thus increasing electron mobility. Coarser grains
were found to improve conductivity by minimizing the overall surface
area of grain boundaries, which impede electron flow [32,35].
Previous research on ECT in FSW joints has primarily concentrated
on detecting a range of common defects, including lack of penetration
[36], kissing bonds [16,36], root micro defects [37,38], cavities [36,39],
and tunnel defects [36]. These investigations involved developing and
validating probes with enhanced sensitivity [39,40], as well as
combining ECT with other non-destructive testing methods [16] and
implement variations of conventional technique such as Pulsed eddy
current (PEC) [41] and Lorentz force eddy current testing (LET) [42].
However, there remains a limited understanding of the relationship
between alterations in electrical conductivity and the physical and
metallurgical phenomena occurring during both solid-state and fusion-
based welding processes. Santos et al. [32] conducted an analysis of
electrical conductivity fields to evaluate FSW joints in AA6013 and
AA7075 alloys, revealing a consistent correlation between variations in
microstructure across the joint’s transverse section and changes in both
hardness and electrical conductivity. Similarly, in another study [31],
profiles of electrical conductivity and hardness in various friction stir
processed materials and gas tungsten arc welded AISI 304 stainless steel
were compared, consistently demonstrating that an increase in hardness
corresponded to a decrease in conductivity within FSW regions. Addi-
tionally, Malikov and Ishkov [43] observed variations in average grain
size within the microstructure of welded joints, which were directly
linked to changes in electrical conductivity. Sorger et al. [31] employed
four-point probe and eddy currents testing as non-destructive techniques
to investigate microstructural changes in various materials welded by
FSW. Their study demonstrated that electrical conductivity provides a
more comprehensive understanding of microstructural alterations
across a range of materials, including Ti6Al4V, Cu, Pb, S355 steel, and
AISI 304 stainless steel. This research highlights a qualitative relation-
ship between electrical conductivity and hardness, offering valuable
insights into material properties. To the best of authors’ knowledge, no
studies have investigated the electrical conductivity of AA6082-T6
aluminum alloy FSW welded joints. AA6082-T6 is notable for its high
strength, superior corrosion resistance, and excellent machinability,
making it a favored material in numerous engineering applications [44].
It possesses the highest strength among the 6000 series alloys, with
tensile strength 10 % to 18 % higher than that of Aluminum 6061,
depending on thickness [45]. Additionally, its overall corrosion

95

Journal of Manufacturing Processes 131 (2024) 93-110

resistance is enhanced due to a lower copper content compared to Al-
6061. The alloy’s exceptional strength-to-weight ratio is particularly
beneficial in the aerospace and automotive industries, where reducing
weight without sacrificing structural integrity is paramount.

This study investigates the electrical conductivity of various AA6082
FSW joints produced under different process parameters to achieve both
defective and defect-free joints by altering the heat input.

Previous works have typically evaluated only a single set of process
parameters, whereas our study investigates multiple combinations of
rotational speed (®) and welding speed (v), providing a comprehensive
analysis of how changes in heat input affect electrical conductivity.
Specifically, we conducted a comparative analysis of electrical con-
ductivity fields, microhardness evaluations, and mechanical properties
across various ratios of FSW tool rotational speed (o) to travel speed (v).
This critical parameter not only influences defect formation and weld
microstructural features in FSW joints but its variation over time could
represent potential process drifts during manufacturing. The ultimate
goal is to leverage electrical conductivity field analysis as a valuable tool
for evaluating weld properties, including defects and mechanical char-
acteristics with a potential application in monitoring process stability.

2. Experimental procedure
2.1. Materials, processing and characterization

The material under investigation was a 6082-T6 aluminum alloy
under the form of rolled plates of 3 mm thickness. Yield strength, ulti-
mate tensile strength, and elastic modulus of the base material were
determined following ISO 6892-1 standards. These mechanical proper-
ties were measured using an MTS QTEST 159 Universal Testing Machine
under controlled temperature and humidity conditions (23 + 2 °C and
50 + 10 % RH). Additionally, Vickers microhardness was assessed for
the base material with a Buehler 1600/3600 hardness testing machine.
Tables 1 and 2 provide detailed information on chemical composition
and mechanical properties of the base material. Plates were welded
perpendicularly to the rolling direction using a vertical milling machine
specific for FSW (Fig. 2). Initially, the plates were securely positioned
within the fixture to facilitate the friction stir welding process, as
depicted in Fig. 2(a). A tool with an 11.5 mm shoulder diameter and a
conical threaded pin with a diameter of 5 mm and a length of 2.7 mm
was utilized.

The selection of process parameters was undertaken deliberately to
induce the formation of weld seams exhibiting both the presence and
absence of defects. A prevalent flaw encountered in FSW is the occur-
rence of wormholes, a continuous void situated completely inside the
weld region along the length of the weld, eluding detection by human
operators [49]. Due to the decreased joint area between parts, worm-
holes pose a significant threat, substantially compromising the me-
chanical integrity of the weld. There are indications suggesting that the
/v / ratio plays a significant role in influencing the formation of the
wormhole defect [49]. Crawford et al. [50] observed that for w/v < 1.3
rev/min~! a wormhole is likely to develop in AA6061-T6 FSW butt
joints. Kim et al. reported [51] wormhole defect occurring for w/v values
between 1 and 5 rev/min! and for different values of plunge down
force in 4 mm ADC12 FSW welded plates. Salih et al. developed a
thermo-mechanical finite element model for simulating the FSW process
of aluminum alloy AA 6082-T6. Experimental and numerical findings
demonstrated that employing a /v ratio of 4 (with ® = 800 rpm and v
= 200 mm/min) led to inadequate and uneven plastic deformation
during welding, resulting in decreased flow of softened metal behind the
tool and subsequent formation of wormhole defect.

Based on the previous considerations, the process parameters were
defined to encompass a spectrum of values for parameter /v, ensuring
the fabrication of welded joints both with and without wormhole de-
fects. Table 3 summarizes the employed welding parameters.

Tensile test specimens were extracted from each weld in accordance
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Table 1
Chemical compositions in % of 6082 aluminum alloy [46].
Si Fe Cu Mn Mg Cr Zn Ti Al
0.7-1.3 Max 0.5 0.1 0.4-1.0 0.6-1.2 Max 0.25 Max 0.2 Max 0.1 Rest
In order to detect weld defects within the inner zone of the welded
Table 2 joint, X-ray radiography inspections were also conducted on FSW joints.
Properties of the base metal AA6082-T6. . . .
These inspections also served as an NDT approach, complementing the
Yield Ultimate  Elastic Microhardness  Electrical Tielting interpretation of results obtained through eddy current testing. X-ray
strength - tensile modulus,  [HV] conductivity  (°C) radiography inspections were performed employing a cathode tube
(MPa) strength, E (GPa) [% IACS] [48] . .
UTS [47] potential of 100 kV and a beam current of 0.25 mA, with an exposure
(MPa) time of 1300 ms. The resulting X-ray images were subjected to post-
310 355 P 1181 44 650 processing using Image J software, which included appropriate light-

with ISO 25239-4, having dimension of 50 mm gauge length and 12.5
mm width. Tensile tests were under controlled temperature and hu-
midity conditions, maintained within the range of 23 £+ 2 °C and 50 +
10 % RH, respectively.

Vickers microhardness measurements were conducted employing a
Buehler 1600/3600 hardness testing machine. Measurements were
taken along the length of the specimens with 0.3 mm between consec-
utive indentations, positioned at a distance of 0.8 mm from the upper
surface, corresponding to the point of entry for the FSW tool. The
evaluation of Vickers microhardness serves as a valuable tool in dis-
tinguishing variations attributable to changes in grain size, defect con-
tent, and precipitate distribution across the distinct weld zones, namely
the stirred zone (SZ), thermo-mechanically affected zone (TMAZ), and
heat-affected zone (HAZ) [1]. The SZ undergoes dynamic recrystalliza-
tion and texture formation due to frictional heat and intense plastic
deformation, influenced by tool rotational speed and traverse speed.
Adjacent to the SZ is the TMAZ, characterized by reduced strains, strain
rates, and peak temperatures compared to the SZ [1]. This region typi-
cally exhibits grain distortion patterns indicative of material shearing
and flow around the rotating tool. Lastly, the HAZ encompasses both
sides of the SZ, experiencing primarily thermal effects without signifi-
cant plastic deformation. The thermal diffusivity, as well as electrical
and thermal conductivities, are crucial factors in the development of the
nugget zone during FSW. These properties influence the heat distribu-
tion and peak temperatures achieved during the welding process, which
are fundamental in forming a robust nugget zone. The significance of
these parameters in the context of FSW is discussed in the work by Serier
etal. [52], which highlights their impact on the thermal profile and weld

quality.

dark contrast grading to enhance visualization and analysis of internal
structures and defects within the specimens.

2.2. Eddy currents testing

Eddy current testing (ECT) utilizes electromagnetic induction by
passing alternating current through a coil to produce a varying magnetic
field. When placed near a conductive material, such as metal, this field
induces eddy currents within the material. These currents generate
magnetic fields that interact with the original field, allowing detection
and analysis of material defects or conductivity variations through
changes in impedance or electromagnetic properties. The depth of
penetration is a critical parameter in eddy current testing, delineating
the extent to which the electromagnetic field permeates the material.
The depth of penetration () is defined as the depth below the surface of

Table 3

Process parameters used for each welded specimen.
Sample Tool rotational speed, @ Travel speed, v [mm/ w/v [rev/
code [rpm] min] mm]
wl 600 600 1.0
w2 1200 900 1.3
w3 1200 700 1.7
w4 400 200 2.0
w5 600 200 3.0
w6 800 200 4.0
w7 1200 300 4.0
w8 1200 200 6.0
w9 1000 120 8.3
w10 1000 90 11.1
wll 1200 90 13.3
wl2 1000 60 16.7

240 mm

Fig. 2. (a) Bench of the vertical milling machine used for friction stir welding, FSW tool and plate clamping fixtures. (b) Image of one of the manufactured butt joints.
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the conductor at which the current density has fallen to 36.79 % of the
material surface density [32]. This depth is determined by various fac-
tors, including the frequency of the alternating current (f), magnetic
permeability (u), and electrical conductivity of the material (¢) and it
could be expressed by the following equation [32]:

1
\/ wfuc

In the presence of discontinuities, defects, or microstructural alter-
ations, variations in the local electrical conductivity and magnetic
permeability of the material occur, facilitating the detection of micro-
structural features. Higher frequencies yield shallower penetration
depths, making them more sensitive to surface defects, while lower
frequencies enable deeper penetration, suitable for detecting subsurface
anomalies.

Electrical conductivity measurements were performed using an ab-
solute cylindrical helicoidally probe with a 10 mm diameter and with a
ferrite core of 2 mm diameter,1230 turns of the coil and permanent lift-
off of 0.5 mm (Fig. 3), with signal generation and acquisition conducted
using DEFdiscover® platform (ISEND S.A.).

The electrical conductivity at each point in the material was deter-
mined from the real and imaginary components of the probe’s electrical
impedance. The impedance measurement incorporates factors such as
electrical conductivity, probe lift-off, frequency, and magnetic perme-
ability. In non-ferromagnetic materials, the magnetic permeability re-
mains constant, thus the impedance is primarily influenced by electrical
conductivity, lift-off, and frequency. With lift-off and frequency held
constant throughout all measurements, variations in electrical imped-
ance directly corresponded to changes in electrical conductivity. The
procedure began with the calibration of the ECT equipment using
AA6082-T6 standard reference materials with known conductivity
values to ensure accuracy. The FSW specimens were then subjected to
ECT by positioning the absolute eddy current probe in close proximity to
the weld surface, maintaining consistent probe orientation and spacing
for all measurements. The resulting impedance changes were meticu-
lously recorded and analyzed, facilitating a detailed mapping of the
electrical conductivity distribution across the weld zone. The 5 MHz
frequency was selected to ensure a penetration depth of up to 1.5 mm
into the material. The inspections were conducted perpendicular to the
weld seam, as depicted in Fig. 4(a), on both the upper and lower surfaces
relative to the FSW tool entry point, with the spacing between lines set at
30 mm. The extreme zones of the weld seam having an extension of 40
mm were excluded from inspection due to transient phenomena occur-
ring in these areas, which may not accurately reflect the actual process
parameters set in the machine.

Assessments on the upper surface aimed to evaluate conductivity
alterations attributed to varied microstructural characteristics within
the weld, while inspections on the lower surface targeted the identifi-
cation of the wormhole defect. In the upper surface inspections, the
excitation frequency was chosen to accurately assess conductivity

5=

(€Y

(@) (AR
24. |

Absolute cylindrical
helicoidally coil
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measurements within the weld area, specifically targeting the region
where microhardness values were obtained (Fig. 4(b)), in order to
investigate the correlation between electrical conductivity and weld
microhardness. In contrast, during the inspection of the lower face, the
frequency was strategically chosen to concentrate the eddy currents
subsuperficially. This decision was made to enable the identification of
the wormhole defect with heightened sensitivity (Fig. 4(c)).

3. Result and discussion
3.1. X-ray inspection results

The X-ray inspections reveal the existence of a wormhole defect in six
of the twelve manufactured samples as reported in Table 4. The genesis
of such defect lies in the anomalous flow of material due to insufficient
heat provided during the welding process. Insufficient thermal input
during the process can arise from various factors, including the combi-
nation of low rotational speed (®) and high travel speed (v) values. In
fact, wormhole defect was found for exactly the lowest ®/v ratio values.
In these cases, insufficient heat is generated due to limited contact
duration between the workpiece and the tool, impeding the effective
softening and blending of the material with a consequent inadequate
plastic deformation. Notably, there is a transition zone around a /v
ratio of approximately 4, where conditions shift from defective to defect-
free. This transition is governed by critical values of ® and v, which
determine the heat input. As detailed in Section 3.2, each constant w/v
ratio has a specific threshold of » or v that marks the boundary between
the presence and absence of defects. Fig. 5(a) and (b) shows the typical
appearances of X-ray radiographies for a welded joint respectively
without defect and with the presence of a wormhole defect. For all cases
considered, the defect was found in the bottom of the weld at a distance
of approximately 0.5 mm from the lower surface of the samples as shown
in Fig. 5(d) by taking a lateral cross section of the weld. The positioning
of the wormhole can be attributed to the insufficient material flow in the
bottom of the weld, as evidenced by previous studies on flow patterns
during the FSW process [53,54]. Consequently, the diminished material
flow coupled with inadequate plasticity due to insufficient heat input,
leads to the formation of the defect in this region of the weld. Of
particular interest is the welded sample w1 (Fig. 6), which shows an area
along the weld seam where X-ray analysis reveals the presence of the
wormhole defect alongside defect-free regions. Furthermore, the X-ray
examination indicates a gradual size increase of the defect as it extends
from the defect-free section towards the FSW tool exit. A potential
reason for the selective occurrence of the wormhole defect in only one
extension of the weld seam could be variations in local mechanical
stresses or thermal gradients during the welding process. For example,
uneven distribution of residual stresses or temperature gradients along
the weld path may create preferential zones for defect formation.
Additionally, factors such as local variations in material flow dynamics,
including turbulence or irregularities in tool movement, could
contribute to the formation of defects in specific regions of the weld.

(b)

Power connector

External coil
support

Fig. 3. (a) Absolute cylindrical helicoidal probe used for conductivity measurements. (b) External support structure and power connector.
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Fig. 4. (a) Movements of the eddy current probe in a transversal FSW inspection. (b) Upper surface assessments evaluating conductivity changes due to micro-
structural variations. (c) Lower surface inspections identifying wormhole defects.

Table 4
Results of X-ray inspections to identify the presence of defects in the welded
joints considered.

Sample code o/v X-ray results

wl 1.0 Wormbhole defect
w2 1.3 Wormbhole defect
w3 1.7 Wormbhole defect
w4 2.0 Wormbhole defect
w5 3.0 Wormbhole defect
w6 4.0 Wormbhole defect
w7 4.0 No defects

w8 6.0 No defects

w9 8.3 No defects

w10 11.1 No defects

wll 13.3 No defects

wil2 16.7 No defects

Nevertheless, this particular sample provided an excellent opportunity
to assess the probe’s capability in detecting the defect and observing
local variations in electrical conductivity along the weld seam.

3.2. Tensile tests and microhardness measurements

Stress-strain curves of base material and the welded samples are
given respectively in Fig. 7(a), (b) and (c), whereas Table 5 presents the
tensile properties, joint efficiency and microhardness values for base
material and FSW specimens.

Compared to the base material, FSW specimens show a reduction in
tensile values expressed by a joint efficiency between 62 and 70 % for no
defective joints and between 53 and 62 % for defective joints (Table 5).
The degradation in mechanical properties stems from the nature of heat-
treatable Al-alloys, such as AA6082-T6, wherein strengthening mecha-
nisms rely on the formation of second-phase precipitates to enhance
strength. During FSW process, the temperature in the nugget zone ele-
vates to 400-550 °C due to friction between the tool and workpiece,
alongside plastic deformation surrounding the rotating tool. This
elevated temperature prompts degradation in the base metal, including
precipitate dissolution and coarsening, within and around the SZ of FSW
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joints resulting in weakened joint integrity [55]. This is the reason why a
decrease in hardness within the nugget zone and tensile properties of the
welded sample respect to the base material is observed as reported in
Table 5 due to the disruption of the artificial ageing T6 treatment (ob-
tained at approximately 180 °C [56]). Furthermore, considering the
welded samples from wl to w6, the presence of a wormhole defect
impacts tensile properties, evidenced by decreased ultimate tensile
stress (UTS) values and significant reductions in elongation, as illus-
trated by the pronounced drop in the strain-stress engineering curves for
the defective welds depicted in Fig. 7(b) The exhibited brittle nature of
the defective specimens could be attributed to the creation of stress
concentration points within the weld region by the presence of a
wormhole defect. Previous studies [57-59] have shown that welding
defects can lead to fatigue cracks due to stress concentration. These
defects amplify stress at the defect site during tensile testing, causing
premature failure and a more abrupt decrease in stress. Furthermore, the
structural irregularities caused by the wormhole defect can initiate crack
propagation and structural instability within the weld zone, exacer-
bating the drop in stress and resulting in a more pronounced deviation
from the stress-strain behavior of defect-free samples.

In evaluating the microhardness values and tensile properties of the
welded samples across different process parameters investigated in this
study, it is essential to consider two key phenomena within the weld: the
intensity of heat input and the degree of deformation.

Arbegast and Hartley [60] proposed a pseudo-heat index (w?/v) to
characterize the relationship between welding parameters and heat
generation. It has been demonstrated that, for numerous aluminum al-
loys, a generalized correlation between FSW parameters and maximum
temperature (T) can be described using Eq. (2) [60].

®* \“
:K<1/~104>

where the exponent a varies between 0.04 and 0.06, and the constant K
between 0.65 and 0.75. T, in °C, is the melting point of the alloy.

Fig. 8 illustrates the process window where specific combinations of
®-v pairs tested in the study are categorized based on weld quality
outcomes—whether defects were present or absent. The plot features

T

Tn

(2)
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Fig. 5. Frontal X-ray inspection showing a welded joint (a) without defect (w9) and (b) with wormhole defect (w4). (c) Magnification at the FSW tool exit hole and

(d) cross section of the wormhole defect obtained by microscopic analysis.

contour lines representing constant temperature levels, derived using
Eq. (2), which delineate areas within the process window where heat
input remains consistent despite variations in ® and v settings. These
contours provide visual insights into how temperature distribution in-
fluences defect formation in friction stir welding (FSW) joints. According
to the findings of this study, a critical cut-off temperature (Teu—off =
407°C) is identified, below which insufficient heat input predominates,
leading to an increased likelihood of wormhole defect formation. This
threshold is clearly depicted in figure, aiding in the identification of
process parameter combinations that promote defect formation.
Additionally, the plot includes straight contour lines representing
constant ®/v ratio values, which traverse the process window and
illustrate how variations in ® and v impact weld quality at fixed ratios.
Contours corresponding to lower o/v ratios exhibit a shallow slope,
indicating consistent insufficient heat input across the parameter space
and consequently higher incidences of wormhole defects. As the w/v

99

Wormhole defect

Fig. 6. Frontal X-ray inspection of the welded joint w1l showing a section of the weld seam with and without the wormhole defect.

ratio increases, the contours traverse transition zones where defect
occurrence varies.

An illustrative case highlighted in Fig. 8 is observed at w/v = 4
(welds w6 and w7), which serves as an example illustrating the general
trend observed across the dataset. Welds produced at this ratio
demonstrate a transition zone where defect occurrence is sensitive to
both w and v values individually, emphasizing their combined influence
rather than the ratio alone.

Fig. 9 shows the variation of UTS and microhardness in the nugget
zone as the o/v ratio varies considering for each case the maximum
input temperature estimated with Eq. (2). The results are organized by
varying the ®/v parameter while keeping one of the two process vari-
ables constant. Specifically, three levels of constant rotational speed
(600, 1000, 1200 rpm) and a scenario with constant welding speed (200
mm/min) were considered, as illustrated in Fig. 8. The cases at a con-
stant rotational speed of 1200 rpm and a constant welding speed of 200
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Fig. 7. Engineering stress—strain curves for (a) AA6082-T6 base material, (b) defective and (c) no defective FSW joints.
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welded specimens.

mm/min are of particular interest as they intersect the defect-to-non-
defect transition zone.

Low values of the w/v ratio result in reduced frictional heating,
leading to inadequate material flow and the formation of weld defects
such as wormbholes, as previously discussed. In Fig. 9(a), as the heat
input increases with rising rotational speed, a threshold rotational speed
of approximately 886 rpm is identified. This threshold marks the tran-
sition from the presence to the absence of the wormhole defect. The

100

Welding speed, v [mm/min]

Fig. 8. Process window highlighting the relationship between process param-
eters, heat input, and defect occurrence based on the specific combinations of
®-v pair tested in the present study.

limited degree of deformation fails to induce sufficient grain refinement,
as evidenced by the notably lower microhardness values observed in
defective welds; conversely, increasing the rotational speed enhances
grain refinement, resulting in higher microhardness values in defect-free
welds. The observed inverse relationship between microhardness and
grain size can be attributed to the higher density of grain boundaries in
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refined grain structures. This increased density impedes dislocation
movement, enhancing the material’s resistance to plastic deformation
and consequently leading to higher microhardness values. Conversely,
coarse grain structures are associated with lower microhardness values
due to fewer grain boundaries and increased susceptibility to plastic
deformation. A similar trend is observed in the UTS values shown in
Fig. 9(b). Moving from defective samples to free-defect w8 weld, an
increase in UTS from an average value of 193 MPa to 236 MPa is clearly
observable. This relevant change is likely attributed to intense frictional
heating and plastic deformation within the stir zone associated with the
higher values of w/v ratio resulting in fine-grained microstructure.
When considering the scenario where the rotational speed is kept
constant while varying the welding speed, a reduction in welding speed
results in an increase in the w/v ratio, thereby leading to a higher heat
input. As depicted in Fig. 9(c) this adjustment is associated with a
decrease in microhardness values as the heat input increases, observable
from right to left across the graph. This decline may be attributed to the
simultaneous increase in both the degree of deformation and the heat
input. Elevated frictional heating could result in extensive growth of
recrystallized grains within and around the stirred zone, alongside the
dissolution of strengthening precipitates. This aspect is also evident in
the UTS values within the defect-free zone (Fig. 9(d)), where a further

Journal of Manufacturing Processes 131 (2024) 93-110

increase in the /v ratio results in a slight decrease in UTS, attributed to
the dissolution of strengthening precipitates. For defective joints,
although the hardness values are high, approximately 93 HV and higher
than in defect-free joints, the presence of the wormhole defect signifi-
cantly reduces the load-bearing section and acts as a stress concentrator,
leading to diminished mechanical performance.

Among the welds examined in this study, the most favorable balance
between the degree of deformation and heat input was achieved with
welded sample w7, exhibiting a UTS of 249.4 MPa. In the remaining
cases where rotational speed is held constant while welding speed is
varied (Fig. 9(e)—(h)), there is a consistent trend of decreasing micro-
hardness and UTS with increasing heat input across the range of welding
speeds investigated. In these cases, as the w/v ratio increases, the
dissolution of precipitates emerges as the predominant factor influ-
encing the observed trends, despite the concurrent increase in the degree
of deformation.

Figs. 10 and 11 show the specimen after tensile tests respectively for
defective and free-defect FSW welds. For joints with defects (w1-w6),
failure occurred within the weld nugget (SZ, Fig. 10(g)), primarily
attributed to lower microhardness values observed in these specimens,
likely exacerbated by the presence of wormholes, which facilitated
nucleation and propagation of the failure. Fig. 12(a) depicts hardness

Fig. 10. (a)-(f) Defective FSW joints after test. (g) A detailed view of the rupture zone in correspondence of SZ observed within these specimens.
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Fig. 11. (a)-(f) No defective FSW joints after test. (g) A detailed view of the rupture zone in correspondence of transition zone between TMAZ and HAZ observed

within these specimens.

profiles for defective joints, revealing a V-shaped pattern with minimum
microhardness observed at the central region of the weld nugget. For
defect-free welds (w7-w12), fracture occurred outside the welded area,
as depicted in Fig. 11. In these joints, microhardness values within the
SZ exhibit higher levels. The increased heat input, which typically in-
duces grain refinement within the SZ, also suggests a potential for grain
coarsening within the HAZ zone. Specifically, Fig. 12(b) illustrates
microhardness profiles with a W-shaped pattern, indicating a minimum
at the HAZ/TMAZ transition zone. The HAZ undergoes thermal cycling
during welding and generally exhibits lower microhardness values
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3.3. Eddy currents testing results

The electrical conductivity of heat-treatable Al-alloys is influenced
by composition, defects, microstructure, and precipitate distribution.
Alloying elements like copper and magnesium affect conductivity [34]
and thermal and mechanical treatments also alter conductivity by
modifying microstructure and precipitate distribution [47]. Coarser
grains enhance the electrical conductivity. Indeed, the overall surface
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Fig. 12. Vickers hardness profile in (a) defective and (b) defect free FSW joints.
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area of grain boundaries per unit volume opposes electron mobility and
its reduction promotes an increment of electrical conductivity [32]. The
dissolution of precipitates in 6000 series aluminum alloys typically re-
sults in an increase in electrical conductivity [35,61]. This occurs
because the dissolution of precipitates reduces the scattering of electrons
within the material, allowing for greater electron mobility and therefore
higher conductivity.

In this study, with a single material type under investigation, the
alterations in electrical conductivity are primarily driven by variations
in grain size, defects, and precipitate dissolution, highlighting these as
the primary influencing variables.

Fig. 13 illustrates the changes in microhardness values and electrical
conductivity within the SZ as the o/v ratio varies, as observed through
eddy current inspection conducted on both the upper and lower surfaces
of the welded joint. As done previously, the results are organized by
varying the w/v parameter while maintaining one of the two process
variables constant. Specifically, three levels of constant rotational speed
(600, 1000, 1200 rpm) and a scenario with constant welding speed (200
mm/min) were considered.

Comparison of microhardness values and electrical conductivity on
the upper surface reveals a reciprocal trend with varying w/v ratio for all
cases considered. Electrical conductivity, influenced by electron
mobility, and microhardness, indicative of material resistance to plastic
deformation primarily governed by dislocations and grain size,
demonstrate an inverse relationship, a trend also observed by other re-
searchers across various welded aluminum alloys and process parame-
ters [32,33,43,62]. As the /v ratio changes, enhancements in
microhardness attributed to grain refinement align with reductions in
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electrical conductivity.

As illustrated in Fig. 13(a), the elevated microhardness values pre-
viously observed in defect-free joints correspond to the lowest electrical
conductivity values measured on the upper surface. In contrast, as
shown in Fig. 13(b), (c) and (d), a decrease in weld speed (increasing o/v
ratios) leads to increased electrical conductivity. This increase in con-
ductivity can be attributed to the enhanced dissolution of strengthening
precipitates, which plays a more influential role compared to other
factors. This phenomenon occurs alongside previously discussed re-
ductions in microhardness, underscoring the complex interplay between
thermal inputs and microstructural changes.

In examining the conductivity values obtained from the lower sur-
face, it is noteworthy that in defective welds, these values are lower than
those measured on the upper surface. Conversely, for defect-free welds,
the lower surface conductivity values exceed those of the upper surface.
The presence of the wormhole, acting as a void within the material,
results in a localized reduction in electrical conductivity. This accounts
for the observed decrease when comparing the conductivity curves be-
tween the upper and lower surface of the weld.

Conversely, in the absence of defects, the electrical conductivities on
the lower side exhibit higher values compared to the upper side, likely
attributed to the smaller extent of the SZ on the lower face of the weld.

The Fig. 14 illustrates the electrical conductivity variation in welded
joint wl, the weld sample showing, according to the radiographic evi-
dence, regions without defects and areas with progressively larger
wormbholes along the weld seam. Notably, measurements on the lower
side exhibit steady values in defect-free regions, but a gradual decrease
in conductivity with the appearance of the wormhole. Conversely,
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Fig. 13. Variation of the microhardness values and electrical conductivity in SZ as the w/v ratio changes. Panel (a) illustrates the impact of varying rotational speed
at a constant welding speed of 200 mm/min. Panel (b) shows the effects of varying welding speed at a constant rotational speed of 1200 rpm, and (c) at 1000 rpm,
and (d) at 600 rpm. Conductivity values were obtained by performing eddy current inspection in both the upper and lower face of the welded joint.
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Fig. 14. (a) Variation of electrical conductivity in the SZ along the weld seam (X = 0) evaluated in both the upper and lower face of the wl FSW welded joint. (b)
Tridimensional representation of the electrical conductivity evaluated in the lower face of the wl FSW welded joint along X and Y directions.

measurements on the upper surface remain relatively constant, indi-
cating limited penetration of eddy currents without any interaction with
the defect. This result affirms the distinct purposes of the two mea-
surements: those on the upper side aim to characterize microstructural
influences such as grain size and precipitates on electrical conductivity,
whereas measurements on the lower surface are oriented towards defect
detection. However, the difference in conductivity between defective
and defect-free regions in the range of 100-200 mm is minimal, posing
challenges for using ECT to distinguish between these conditions effec-
tively, as shown in Fig. 14. This limitation underscores the necessity of
addressing the detectability threshold of ECT in identifying such defects.
The subtle variations in conductivity indicate that while ECT is adept at
detecting changes in microstructural properties, its effectiveness in
defect detection may be limited by the resolution of the existing probe
configuration. Enhancing defect detectability may require optimizing
the probe design. Adjustments in parameters such as frequency, lift-off
distance, and coil configuration could significantly improve the sensi-
tivity of ECT to subtle variations in electrical conductivity.

Fig. 15 depicts measured values of electrical conductivities in a
tridimensional imaging evaluated on the upper side in X-Y direction.
Samples welded at a constant speed of 200 mm/min while varying the
rotational speed were represented in Fig. 15. Notably, the wl sample
was included, demonstrating a similar conductivity profile. The Fig. 15
(f) shows electrical conductivity profiles with respect to the center of the
weld obtained as average values along the weld seam. In the first three
cases examined having the lowest values of w/v ratio, the electrical
conductivity distribution exhibits a bell-shaped profile, increasing from
the base material and peaking at the center of the weld nugget. Given the
inverse correlation between microhardness and electrical conductivity,
this is exactly the opposite shape of V-shaped hardness profile observed
in Fig. 12(a), with a minimum value at the center of the SZ. This aspect
was also supported by the fracture patterns observed in Fig. 10, where
all specimens exhibited fractures in the center of the weld. As the o/v
ratio increases, there is a noticeable expansion in the cross-sectional area
of the weld bead exhibiting alterations in electrical conductivity
compared to the base material. While ratios of 1 and 2 show a consistent
width of approximately 15 mm with similar conductivity changes, a
more pronounced expansion occurs at ratio 3, spanning about 20 mm.
This phenomenon correlates with the heightened heat input accompa-
nying an increase in the w/v ratio. This elevated heat input prompts
increased dissolution of precipitates and coarsening of grains within the
TMAZ and HAZ, consequently augmenting electron mobility. Fig. 15(d)
illustrates the conductivity distribution for a joint located near the
transition zone between defective and defect-free states. This distribu-
tion begins to exhibit a transformation towards the characteristic “W”

105

shape observed in defect-free joints, as shown in Fig. 15(e).

In the scenario of constant rotational speed (1200 rpm) with varying
welding speed, as depicted in Fig. 16, the two cases with wormhole
defects exhibit a V-shaped profile, reflecting a decline in electrical
conductivity within the stir zone (SZ). This inversion of electrical con-
ductivity, when compared to the earlier cases (wl, w4, and w5), is
associated with higher hardness in the welded nugget, indicative of
greater grain refinement. The welded joint w7, situated in the transition
zone, also displays a similar profile. Here, a slight increase in conduc-
tivity within the nugget zone becomes more evident with increasing heat
input (w/v = 6 in Fig. 14(e)), eventually forming the W shape charac-
teristic of defect-free joints at high w/v ratios.

Considering higher heat input, Fig. 17 exhibits the three-dimensional
mapping of electrical conductivities for w9, w10, and w12 samples,
characterized by constant rotational speed of 1000 rpm. In this scenario,
W-shape electrical conductivity shapes is predominant for ®/v ratios of
8.3 and 11.1, and a pronounced asymmetric profile with elevated values
on the advancing side for the maximum «/v ratio of 16.7 is observed.
Furthermore, an expansion in the cross-sectional area of the weld seam
by approximately 25 mm, displaying variations in electrical conduc-
tivity, is noted due to the increased heat input. The W-shaped electrical
conductivity profile observed can be attributed to more significant
dissolution of precipitates and grain coarsening in TMAZ and HAZ.
Consequently, there is an increase in electron mobility within these re-
gions, resulting in higher electrical conductivity. Upon closer examina-
tion of the conductivity profile across the weld seam, it becomes
apparent that the highest conductivity values are not situated at the
center of the weld, but rather at the boundary between the HAZ and
TMAZ. The localization of conductivity maxima elucidates why all w9,
w10, and w12 samples failed at the transition zone between TMAZ and
HAZ, as depicted in Fig. 11. Indeed, peak conductivity corresponds to
minimal microhardness, as clearly observed considering the micro-
hardness profiles in Fig. 12. Regarding the w12 sample, the asymmetric
profile of the electrical conductivity can be attributed to the uneven
distribution of heat and plastic deformation during welding. The
advancing side experiences higher heat input and greater plastic
deformation compared to the retreating side, leading to differences in
microstructural evolution [63]. This can result in variations in grain
size, precipitate distribution, and defect formation, all of which influ-
ence electrical conductivity.

Additionally, the flow of material during welding may not be uni-
form, causing variations in the distribution of alloying elements and
microstructural features, such as a larger size of the HAZ in the
advancing side [7]. These factors combined contribute to the asym-
metric profile observed in the advancing side of the wl2 sample,
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Fig. 15. Tridimensional representation of the electrical conductivity evaluated in the upper face along X and Y directions. Electrical conductivity maps of FSW joints
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included, demonstrating a similar conductivity profile. (d) Electrical conductivity profile obtained by taking average values along Y direction.

characterized by the highest heat input.

Fig. 18 illustrates the correlation between microhardness, UTS, and
electrical conductivity, based on the data obtained in this study.
Measured data points alongside linear interpolation curves are repre-
sented, offering a clear visual representation of the relationships among
these critical parameters.

Fig. 18(a) demonstrates an inverse correlation between microhard-
ness and electrical conductivity, suggesting that changes in
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microstructural properties, such as grain refinement and precipitate
dissolution, significantly impact both properties. This correlation un-
derscores the potential of using electrical conductivity as a non-
destructive proxy for assessing microhardness variations across welded
joints. Similarly, Fig. 18(b) shows an inverse relationship between UTS
and electrical conductivity. This finding supports the feasibility of using
electrical conductivity measurements to predict UTS, facilitating the
prognosis of mechanical performance without resorting to destructive
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testing.

However, it is crucial to obtain calibration curves with a high con-
fidence level, which requires thorough testing with a larger number of
specimens. Further experimentation and validation using diverse spec-
imen sets would enhance the robustness and reliability of the relation-
ship between electrical conductivity measurements and joint integrity.
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4. Conclusions

By adjusting the o/v ratio, both defective and defect-free FSW joints
were successfully fabricated.

Subsequent electrical conductivity field analysis using eddy currents
was performed for each joint, with results compared to microhardness
analysis, x-ray inspection, and tensile test outcomes. The main conclu-
sions of the present study are as follows:
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(1) Substantial modifications in the electrical conductivity of welded
materials are evident across all examined samples as a result of
FSW.

Changes in electrical conductivity reflect microstructural alter-
ations across different zones of the weld revealing a reciprocal
trend with microhardness values as the ®/v ratio varies.

An expansion in the cross-sectional area of the weld seam from
15 mm to approximately 25 mm, displaying variations in elec-
trical conductivity, is observed as the heat input (®/v ratio)
increases.

FSW joints, whether exhibiting wormholes or located near the
transition zone between defective and non-defective regions,
display a bell-shaped or V-shaped conductivity distribution.

For almost all defect-free joints analyzed in this study, electrical
conductivity exhibits a W-shaped distribution. The maximum
peak values of electrical conductivity measurements correspond
to the location of the failure zone in the weld where minimum
values of microhardnesss are expected.

The integration of the obtained correlations between electrical
conductivity and weld properties into the welding process
monitoring framework could offer a robust approach for real-
time prognosis of weld properties. Electrical conductivity
assessment has the potential to detect any process drifts induced
by microstructural variations, enabling timely interventions to
maintain weld quality.

(2)

3

(C))

G))

O]

In conclusion, our study emphasizes the significant influence of the
o/v ratio on defect formation and demonstrates the effectiveness of
electrical conductivity analysis in evaluating the resulting microstruc-
tural changes to control potential process drift. However, our investi-
gation only covers a specific range of process variables. To validate our
findings and explore broader trends, we recommend further studies with
varying combinations of tool rotational speed and transverse speed.
Additionally, future research should focus on dissimilar materials FSW
joints, examining how electrical conductivity varies between different
materials. Moreover, exploring the impact of temperature on conduc-
tivity for real-time process monitoring applications holds promise for
enhancing process control and ensuring weld quality across various in-
dustrial settings. Recent advancements in dynamic signal analysis pro-
vide critical insights into temperature-conductivity relationships,
aiming to mitigate the impact of material temperature, as highlighted in
the work of Xia et al. [64]. These developments hold significant promise
for enhancing the effectiveness of real-time monitoring. These in-
vestigations not only have the potential to enhance the reliability of
friction stir welding but also paves the way for advanced predictive
maintenance strategies, ultimately improving the overall efficiency and
quality of the welding process.
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