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Abstract: Friction stir welding (FSW) is a widely employed welding process, in which advancing
and rotational speeds consitute critical parameters shaping the welding outcome and affecting the
temperature evolution. This work develops an experimental methodology to identify optimal FSW
parameters based on real-time temperature measurement via a thermocouple integrated within
the tool. Different rotational and welding speeds were tested on AA5083-H111 and AA6082-T6.
Our results underscore the importance of attaining a minimum temperature threshold, specifically
0.65 times the solidus temperature, to ensure high-quality welds are reached. The latter are defined by
combining temperature measurements with joint quality information obtained from cross-sectional
views. Our research contributes to advancing the efficiency and effectiveness of friction stir welding
in industrial settings. Furthermore, our findings suggest broad implications for the manufacturing
industry, offering practical insights for enhancing weld quality and process optimization.

Keywords: thermocouple; rotational speed; advancing speed; quality; FSW operating window; heat
generation

1. Introduction

Friction stir welding (FSW) is a solid-state welding method invented by The Welding
Institute (TWI) in 1991, allowing for the assembly of two workpieces, using a rotational rigid
tool (Figure 1) [1]. It has emerged as a pivotal technique employed in mass production,
a significant milestone within the industrial sector. Its welding speed and exceptional
versatility, especially with lightweight materials, have propelled it to the forefront of
industrial applications. This technique enables one to control melting defects [2] and obtain
high mechanical properties of the weld [3,4]. Another remarkable advantage of the process
is its ability to operate below the melting point of the workpiece material, making it possible
to weld aluminum alloys that cannot normally be joined by conventional fusion welding
techniques [2,5]. Therefore, understanding heat generation phenomena is crucial towards
achieving successful welds and optimizing the welding process, given that industrials are
interested in reaching the highest welding speeds [6]. This phenomenon is the result of
(i) the plastic deformation of the material around the tool, depending on advancing and
rotational speeds; and (ii) the friction between the tool and the material, governed by the
shape of the rotating tool [6–8].

However, weld quality control is a challenging task due to temperature variation
throughout the weld [8]. In other words, temperature has an important influence on
the porosity rate [9], which could dramatically decrease the mechanical properties of the
welded part [10,11]. Moreover, for aluminum alloy strengthened by second phases, the
welding temperature will affect the dissolution, coarsening, or precipitation of second
phases. That could result in a significant decline in the alloy’s mechanical properties as
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reported in the literature [12]. Accordingly, ISO-252395 [13] specifies the requirements for
determining the capability of a manufacturer in order to use the friction stir welding (FSW)
process to reach the specified quality in the final product. One of its primary criteria for
assessing the quality of a weld revolves around the presence of porosity defects, which
are categorized into two main types: (i) “hot weld” and (ii) “cold weld” (Figure 2). Hot
welds exhibit porosities that form along the top of the weld, creating a groove structure. In
contrast, cold welds display porosities located at the bottom of the weld, typically attributed
to insufficient penetration forming a tunnel-shape [14].

Figure 1. Schematic of the FSW proccess, with ω as rotational speed and V as welding speed.

Figure 2. Porosity defects: (i) hot welds; (ii) cold welds, WP1 workpiece 1, and WP2 workpiece 2.

Pushing welding speeds to their upper limits can lead to outcomes such as porosity
defects when not meticulously managed. These defects lead to a welding window con-
sisting of three distinct zones (Figure 3; this welding window serves as a representative
scheme for an aluminum alloy, and its values depend on the the material’s characteristics).
These areas are classified as follows: a high-quality weld, often referred to as a “good
weld”; a “hot weld”, characterized by porosities occurring due to excessive heat produced
at high rotational speeds; and a “cold weld”, featuring porosities resulting from inadequate
penetration (the result of high advancing speeds) [14–16]. The temperature increases along
with the increase in rotational speed and the decrease in advancing speed [17].

To establish the welding operating window, conventional methods typically rely on
destructive testing, according to ISO-25239 [13] guidelines. Consequently, extensive testing
is required by industrials to derive a set of process parameters. However, our aim is to
develop a non-destructive method for defining this window. Given the important role
of temperature in Friction Stir Welding (FSW), we propose measuring the temperature
to determine the welding operating window. This approach presents a non-destructive
advantage, especially considering the intimate connection between temperature and the
process parameters. Despite the limited availability of data regarding welding operating
windows based on temperature and process parameters, our research focuses on this novel
avenue for obtaining high-quality welds. To this end, our work involves an extensive
experimental campaign involving two widely used aluminum alloys, specifically AA-5083-
H111 and AA-6082-T6, to provide valuable insights into optimizing the welding process.
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Figure 3. Representative scheme of FSW operating window zones, and temperature evolution
according to ω and V.

In our study, we begin with a literature review of experimental temperature measure-
ments (Section 2). This is followed by the introduction of a tool-mounted temperature
measurement approach and the execution of experiments involving parameter variations
while monitoring the temperature (Section 3). Subsequently, the paper discusses the results
obtained through porosity analysis and temperature data, along with the establishment of
operational windows (Section 4). Finally, the paper concludes with a discussion and offers
insights into future directions and conclusions (Section 5).

2. State of the Art

FSW is a complex process influenced by various parameters. The importance of each
parameter can vary based on the specific application and material being welded. In this
context, two crucial parameters significantly influence the process: the rotational speed ω
and the welding speed V.

Rotational speed holds significant importance as a process parameter. It affects several
critical aspects such as the amount of heat generated, the plastic deformation of the material,
and the forces applied on the tool, which impact the defect generation and the size of the
stirred zone. A low rotational speed can lead to imperfect joints due to insufficient heat
input [18] and tends to yield joints with higher hardness [19]. Conversely, a high rotational
speed helps stir the material but presents challenges. One challenge is increasing tool wear
resulting from intense friction, particularly when dealing with high-strength aluminum, as
it will reduce tool life [20]. However, finding the right balance in the choice of rotational
speed is crucial, even more so when excessively high rotational speeds may lead to
undesirable consequences. Elevated values may lead to an over-aggressive stirring action,
potentially inducing flashes and/or porosities within the joint [21]. Simultaneously, if
rotational speeds are too low, there may not be sufficient mixing of the mechanical bonding
between the welding plates [22]. Therefore, the temperature increases when the rotational
speed increases.

The significance of the welding speed in achieving high-quality is equivalent to that of
the rotational speed in the FSW process. Extremely high welding speeds can lead to joints
with incompletely welded interfaces due to inadequate heat input [23]. This deficiency is
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particularly notable in cases where the welding speed is excessively high, reducing the
thermal cycle duration [24]. Conversely, low welding speeds contribute to increasing the
material stirring during the welding process [22]. So, reducing the advancing speed leads
to an increase in temperature during FSW.

The interplay between rotational speed and welding speed is extensively documented
as a key determinant of weld quality. The optimal combination of these parameters is
critical as it dictates the thermal conditions during the welding process regarding whether it
leans towards the cold weld (the blue area, Figure 3) or the hot weld (the red area, Figure 3).

To that end, researchers and engineers are interested in determining the optimal
parameters, specifically rotational and advancing speeds, for achieving defect-free welded
pieces. Numerous experimental temperature measurement methods are employed to define
the welding process window. Table 1 outlines the experimental methods employed by
researchers over the past 25 years on different aluminum alloys and the temperature limits
of a good weld.

These methods (Figure 4) include thermal cameras (IR Camera), the thermoelectric
method (TWT), and thermocouples embedded in the workpiece (TC-Workpiece) or the
FSW tool (TC-Tool). However, obtaining accurate weld temperature measurements through
experimental validation poses challenges.

Figure 4. Experimental temperature measurement methods during FSW: (i) infrared camera, (ii) TWT,
(iii) thermocouples embedded in the workpiece, and (iv) thermocouples embedded in the tool.

In the case of IR cameras [25], issues are related to aluminum emissivity and the
measurement of the zones outside the weld, as well as problems with measurement quality
if the camera is not well fixed. To validate the accuracy of this method, Ambrosio et al. [8]
integrated thermocouples into the back of the workpiece for comparative analysis.

The thermoelectric TWT method [26] is based on the thermoelectric effect where the
electric potential generated between the FSW tool material and the aluminum workpiece is
associated with the weld temperature. Each tool–workpiece material combination requires
a calibration of the voltage temperature relation. Therefore, it involves an extensive study
leading to excessive experimental work.

As for the TC-Workpiece [27,28], the significant plastic deformation at the workpiece-
tool interface poses a primary obstacle. However, interpreting thermocouple measurements
becomes intricate due to their extreme sensitivity to location, and caution is warranted in
data interpretation. There is a risk of thermocouple destruction by the rotating pin and the
intense plastic deformation in the stir zone.

Thermocouples embedded in the FSW tool may experience a time delay if not posi-
tioned correctly, as reported by [29].

To conclude, standard temperature measurement methods often lack the repeata-
bility, accuracy, or speed required to obtain a window in an industrial way. Therefore,
we recognized the need for further research centered around a straightforward tempera-
ture measurement method suitable for industrial use, enabling the determination of the
welding window.

Despite their limitations, thermocouples embedded either in the workpiece or in
the tool have proven to be the most successful. Therefore, in this study, we utilized a
thermocouple embedded in the tool and positioned in the plane of the shoulder as well
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as in the middle of the tool that measures the temperature of the weld in real time. This
choice was driven by the necessity to explore alternative methods for determining optimal
parameters that ensure the production of high-quality welds.

Table 1. Experimental temperature measurement methods review. Tm, measured temperature;
Tmelt, melting temperature of the material; Ts, solidus temperature; Tmin, minimum temperature of
a good weld; Tmax, maximum temperature of a good weld; TC-Tool, thermocouple embedded in
the tool; TC-Workpiece, thermocouple embedded in the workpiece; IR, infrared camera; and TWT,
tool–workpiece thermocouple.

Author Year Method Material Tmin < Tm < Tmax References

D. Ambrosio 2022 TC-Tool AA-6082-T6 477 < Tm (°C) < Ts [8]
AA-5083-H111

AA-7075-T6

A. Wright 2021 TC-Tool AA-6111 Tm = 450 °C [30]

D. Ambrosio 2020 TC-Workpiece AA-7075-T6 Tmin = 350 °C [21]
IR Camera

S. Verma 2020 TC-Workpiece AA-7039 283 < Tm (°C) < 390 [26]

T. Wu 2019 TC-Tool 2A14-T6 [31]
TC-Workpiece

G. Sorger 2018 TC-Workpiece HSS 650 < Tm (°C) < 900 [32]

A. C. F. Silva 2016 TC-Workpiece AA-6082-T6 Tmax = 500 °C [27]
TWT

TC-Tool

A. Fehrenbacher 2013 TC-Tool-Shoulder AA-6061 515 < Tm (°C) < Ts [33]
AA-5083 H111 518 < Tm (°C) < Ts

TC-Tool-Pin AA-6061 460 < Tm (°C) < Ts
AA-5083 H111 479 < Tm (°C) < Ts

J. De Backer 2013 TWT AA-6082-T6 Tmax = 432 °C [34,35]

C. Hamilton 2010 IR Camera SSA038-T6 Tmax = 400 °C [36]

P. Upadhyay 2010 TC-Tool AA-7050 Tmax = 350 °C [37]
T7451

P. L. Threadgill 2009 TC-Workpiece AA-6061 T6 Tmax = 500 °C [38]

F. Gratecap 2008 TC-Workpiece AA-2017 T4 0.7 Tmelt < Tm (K) < 0.8 Tmelt [39]

Yuh J. Chao 2003 TC-Workpiece AA-2195 0.8 Tmelt < Tm (°C) < 0.9 Tmelt [40]

L.E. Murr 1998 AA-6061 Tmax = 425 °C [41]

M.W. Mahoney 1998 TC-Workpiece AA-7075 T651 Tmax < Tmelt [42]

W. Tang 1998 TC-Tool AA-6061 T6 Tmax = 450 °C [43]

C.G. Rhodes 1997 TC-Workpiece AA-7075 T651 400 < Tm (°C) < 480 [44]

3. Experimental Approach

A HAAS-VF3 CNC machine with a Stirweld FSW head (maximum rotational speed
of 3500 rpm and a critical force of 25 KN) was used to conduct 250 mm welding lines of
the aluminum alloy. The selection of 250 mm for friction stir welding lines is based on
compliance with ISO-25239 [13]. The specific choice of this length is determined by the
standard’s guidelines and requirements for achieving optimal welding results and ensuring
the integrity of the welded structures.

Tools were machined from the steel-based alloy X37CrMoV5-1 H11. The tool dimen-
sions used in this study are 8.5 mm shoulder diameter with a conical pin of 4 mm diameter
at the base, 3 mm at the top, and 3 mm length (as shown in the Figure 5 cross section view).



J. Manuf. Mater. Process. 2024, 8, 137 6 of 13

Figure 5. Cross-section view of the tool and thermocouple assembly.

This tool is specifically drilled for the insertion of a type J thermocouple and a diameter
of 2 mm. The optimal distance between the thermocouple and the weld is achieved through
the precise positioning of the thermocouple within the tool, as shown in Figure 5. The
temperature measurement system accurately provides the temperature of the point that’s
nearest to the stir zone by situating the thermocouple at a minimal distance from the tool
shoulder. The thermocouple is connected to a contactless card system fixed on the FSW
head, so that real-time temperature data can be easily transmitted via a cable, facilitating
seamless communication between the rotational and fixed parts of the system.

The temperature measurement system underwent calibration tests to achieve an
optimal balance of spatial and temporal resolutions. These calibration tests were based on
measuring the evolution of the temperature of two different fluids (water and oil) under
constant heating. The results were compared to those of another calibrated thermometer,
revealing that the difference between the two measurements was insignificant.

The base metals used are AA-6082 T6 and AA-5083 H111. AA-6082 T6 is a structural
alloy with an average strength of 260 MPa but excellent corrosion resistance. Having a
solidus temperature of 555 °C, it is commonly used for machining. AA-5083 H111 is an
alloy with a higher strength of 317 MPa. Having a solidus temperature of 580 °C, it has high
resistance to seawater and industrial chemical environments. The aluminum alloys are in
the form of rectangular sheets with dimensions 595 × 120 × 4 mm. They were selected for
their significant utility in friction stir-welded structures across diverse industrial sectors [8].

The welding parameters are detailed in Table 2, and each configuration underwent a
single test.

Table 2. FSW parameters. The notation of the speed interval stands for lowest speed: increment: highestspeed.

Material AA Advancing Speed (mm/min) Rotational Speed (RPM)

6082-T6 100:250:2750 1000:500:3500
5083-H111 250:250:1750 1000:500:3500

The axial force was deliberately selected in a way to avoid producing defective joints
while also minimizing the said force. This approach ensures optimal contact between the
tool and the workpiece during the welding process.

Based on the literature, the limits of the maximum temperature generated during
welding is in general about 0.7–0.9 of the melting temperature of the material [45]. Grate-
cap [46] demonstrated that it is possible to optimize the welding speed while maintaining
a constant welding temperature by correspondingly increasing the rotation speed. Oka-
mura [47] defined a weldable zone approximately located between the isotherms at 500 °C
and 550 °C for AA-6061 T6.

Considering these statements and to determine the limit of cold welds, the initial
combination of welding and rotational speed (ω0; V0) is selected to be the point nearest
to the intersection between the cold and hot limits (Figure 6). Subsequent combinations
are chosen in a way to maintain a quality weld. Therefore, the rotational speed ω0 is held
constant and the advancing speed is increased to V1 (1). If a cold defect is observed, the
advancing speed V1 is stabilized, and the rotational speed is then increased to ω1 (2). Then,
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the advancing speed is gradually increased until a cold defect is observed (3). This cycle
is repeated until the maximum speed Vmax is reached and/or porosities are seen in the
cross-section (4). The axial force is continuously adjusted in each combination to ensure
optimal contact between the tool and the work-piece (if the maximum force is reached for
an advancing speed, we consider that this is the maximum advancing speed).

The same strategy is applied to determine the limit of hot welds by increasing the
rotational speed to ω1 while maintaining the advancing speed of the initial setup (5). If
a hot defect is detected, the advancing speed is increased to achieve a quality weld (6).
This cycle is repeated until the maximum speed ωmax is reached or porosities appear in the
cross-section (7).

The maximum rotational speed and axial force are limited by the head.

Figure 6. Representative scheme of the experimental approach to choose FSW process parameters.

To ensure the weld’s integrity without defects and to establish a correlation between
the parameters and the solidus temperature, a cross-section polishing at 50 mm of the
end of the weld is necessary, as per the ISO-25239 [13] guidelines. Initially, the piece is
sliced using an electrical saw. Then, the specimens are coated with thermosetting resin for
easier handling and to preserve intricate edges and surface defects during metallographic
preparation. The specimens underwent polishing with various grit sizes of emery papers,
with the final step involving the use of diamond compound (3 µm particle size). To enhance
macrostructure visibility, the sections were treated with sodium hydroxide to reveal the
tool’s trace. Macrostructural analysis was conducted using a USB digital microscope (RS
PRO) equipped with image analysis software (Micro-Capture Plus v31).

In summary, our approach involves four main steps: selecting a set of parameters (V;ω),
conducting welding, cutting, and observation. If porosity is observed at the top, indicating
excessive heat, we recommend reducing the rotational speed (ω). Conversely, if porosity is
detected at the bottom, suggesting insufficient heat, the rotational speed is increased. The
absence of porosity signifies a well-executed weld, prompting an increase in the advancing
speed (V). Furthermore, after conducting numerous test campaigns, specific thresholds of
+/−250 RPM for rotational speed ω and +/−250 mm/min for advancing speed V can be
established. This is aimed at creating a systematic and lucid framework for understanding
and implementing the steps in the process of optimizing the welding procedure.
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4. Results

The temperature variation is continually monitored through the embedded thermo-
couple in the tool, as illustrated in Figure 7 for the AA-6082-T6 material under a specific
set of parameters (V = 500 mm/min; ω = 2000 RPM). The temperature exhibits an initial
increase at the start of the weld, followed by stabilization until the finalization of the weld-
ing process. The temperature considered corresponds to the location of the cross-section
shown in Figure 7. The weld quality is subsequently assessed through the macrographic
view of the cross-section.

Figure 7. FSW workpiece scheme showing the welding line, the cross-section location, and macro-
graphic view of AA-6082-T6 for V = 500 mm/min; ω = 2000 RPM with the temperature curve obtained
over time by the temperature measurement system.

For each set of parameters (V; ω), a temperature curve is obtained, and a cross-section
is evaluated at 50 mm from the end of the weld. Figure 8 and Figure 9 show the cross-
sectional views of AA-6082 T6 and AA-5083 H111, respectively. The boundary between
the good weld (the green contouring of the macrostructure) and the cold weld (the blue
contouring of the macrostructure) is determined by the porosities at the bottom of the
cross-section, indicating a ’cold weld,’ as shown in the zoomed-in views.

We gathered temperatures that were recorded at the cross-sectional cut sites, as well
as the views of said sites, and computed them using MATLAB R2023-b. This resulted
in isothermal curves within an advance (V) and rotation (ω) speed plane, as shown in
Figure 10.

These curves illustrate that the maximum temperature never reaches the solidus
temperature of the material. A boundary (represented by the blue curve, which was found
based on the cross-sectional views) separates the region of “cold” welds (identified by the
blue experimental dots, which are the cross-sections with blue contouring) from the region
of “sound” welds (identified by the green experimental dots, which are the cross-sections
with green contouring). Furthermore, these graphs display isothermal curves where the
temperature remains constant along each curve. This enables the prediction of temperatures
at different rotation and feed speeds for tests that have not been conducted.
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Figure 8. Macro-graphic views of AA-6082 T6 cross-sections.

Figure 9. Macro-graphic views of AA-5083 H111 cross-sections.
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Figure 10. Isothermal curves of AA-6082 T6 and AA-5083 H111. The green and blue dots correspond to
the temperature at 200 mm of the weld line shown in Figure 7.

5. Discussion

Based on temperature measurements and macrostructural analysis, our objective is to
develop a methodology employing temperature data to optimize the welding process of
an aluminum alloy. This involves correlating macrostructural features and temperatures
with key process parameters (rotational and advancing speed, ω and V), resulting in the
identification of a favorable weld zone distinguished by curves delimiting hot and cold
weld areas. By establishing the constancy of temperature evolution along the limit curve,
we may then associate this temperature with the solidus temperature. This methodology is
then applied to another aluminum alloy to validate the obtained results.

The conditions of the experiences were the same (tool geometry, material dimensions,
and welding parameters increments). The difference relied on material properties such
as the strength between the two materials impacting the operating window’s width. For
AA-5083 H111, with its higher strength levels at 317 MPa, more heat is required for welding.
Consequently, increasing the advancing speed while stabilizing the rotational speed risks
tool breakage due to insufficient heat generation, or the appearance of porosities at the
bottom of the weld due to a lack of penetration of the tool, as shown in the cross-sectional
views in Figures 8 and 9. Hence, the maximum advancing speed is lower than that of
AA-6082 T6, which has a lower strength of 260 MPa.

Based on the temperature, the isothermal curve that seperates the “good weld” and
the “cold weld” areas for the AA-6082 T6 is 332 °C, which is 0.6Tsolidus, and for the AA-5083
H111, it is 376 °C, which is 0.64Tsolidus.

Our findings demonstrate the generalizability of this approach by comparing experi-
mental tests with the existing literature. Notably, our identified welding zone maintains a
minimum temperature of 0.65Tsolidus, aligning with established practices outlined in the
experimental approach.

Implementing a method to optimize the welding process and ensure high-quality
outcomes is imperative for the efficient production of components with varying geomet-
ric complexities. Furthermore, this approach offers additional benefits, including a 20%
reduction in costs compared to conventional methods. This cost reduction may be at-
tributed to several factors, including the drilling of the tool for inserting the TC, as well
as the reduced operations required for temperature measurement (such as preparing the
workpieces or implementing a specific support for the temperature measuring system),
resulting in improved energy efficiency and a decrease in processing time. Notably, relying
on temperature measurements streamlines the process, making it faster and more efficient
compared to traditional macrostructural assessments for weld qualification.
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6. Conclusions

In this study, we presented an experimental methodology to identify optimal FSW
parameters for AA-6082 T6 and AA-5083 H111 based on temperature measurement. Two
analyses were carried out: the first tackled the quality of the weld, and the second examined
the temperature obtained by the integrated system.

We demonstrated that the “good weld” zone is separated from the “cold weld” zone
by an isothermal cold boundary curve equivalent to 0.65Tsolidus. This cold boundary is
defined when the ideal temperature, and consequently the appropriate heat input for the
process, is not achieved.

The results offer hope for optimizing Friction Stir Welding (FSW) through temperature
management. This involves adjusting the rotational and advancing speed to match the de-
sired temperature target. Furthermore, it suggests a straightforward method for identifying
effective combinations of operating parameters to prevent faulty joints.

Future research should prioritize the validation of the quantitative temperature find-
ings with qualitative experimental observations while taking the material flow behavior
into consideration.
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