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Abstract
Friction Stir Welding (FSW) and Friction Stir Processing (FSP) are solid-state joining and material processing techniques that 
have garnered considerable attention for their versatility and industrial applicability. In the present work, FSP was performed 
on AA 6056 T4, dealing with the issue of monitoring tool wear and assessing its impact on the process. The impact of tool 
wear on power requirements was analyzed, and it was expanded the understanding of tool behavior and its implications for 
the overall process performance. Specifically, variations in energy consumption, temperatures, and vibrations are observed 
with changing tool conditions. Further insights are provided by analyzing the microhardness and the pin volume ratio, which 
show distinct trends as the tool wears. Two tool maintenance ways are proposed, that are cleaning the tool with a sodium 
hydroxide solution and increasing the tool’s rotational speed. Both the strategies exhibit the potential to partially restore the 
tool’s initial characteristics. This study highlights the critical importance of assessing tool condition, energy consumption, and 
process sustainability, particularly in industrial settings where material processing requires efficiency and quality assurance.
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1 Introduction

Friction Stir Welding (FSW) has gained a lot of interest as 
a solid-state joining process due to its intriguing potentiali-
ties [1, 2]. Extensive research has been conducted to explore 
the feasibility of the process for various alloys [3–6] and 
configurations [7, 8], and fundamental studies, both numeri-
cal and experimental, have been carried out to understand 
the physics of the process and the underlying mechanisms 
[9–12]. Along with the FSW development, Friction Stir Pro-
cessing (FSP) has emerged as an interesting process variant. 
Developed by Mishra et al. in 2000 [13, 14], the aim of 
FSP is not to join but to refine the microstructure of a given 
part, following the same steps as in the FSW process. The 
fundamental principle of FSP is based on the insertion of a 
rotating pin into a monolithic workpiece, with the shoulder 

of the tool making contact with the base metals. As the tool 
moves along its path, the rotation of the shoulder, combined 
with the applied pressure, generates heat in the surround-
ing metal. Meanwhile, the rotating action of the pin induces 
metal from each section to flow and form the processed 
area [15]. This results in a refined microstructure within the 
workpiece, offering opportunities for enhancing its prop-
erties to suit various applications [16, 17]. As technology 
becomes more reliable and mature, industrial applications 
rise up, so new aspects of the process need to be studied: tool 
wear, energy consumption and sustainability of the process, 
and monitoring of the process [18–22].

Tool wear is a key factor affecting the part quality, 
processing efficiency, manufacturing costs, and tool life 
[23–26]. Therefore, monitoring and considering tool wear 
during FSP is very important for improving process per-
formance and extending tool lifespan. The wear in FSP has 
been scarcely studied, while several papers have investigated 
the wear during FSW [27–30]. However, considering the 
similarities in tool loads between the two processes, the 
results obtained for FSW were also considered and dis-
cussed in this paper. Previous studies demonstrated that the 
tool design rules the plastic flow around the tool tip and, in 
turn, affects the quality of the weld [31]. The shape of the 
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tool tip influences both temperature development and mate-
rial mixing along the joint line. Moreover, the tool size has 
been shown to significantly affect the properties of dissimilar 
joints, along with variable combinations of the tool speed 
and feed rate in AA6061 and copper joints [31].

Tool wear is the most significant factor governing tool 
useful life in FSW and FSP [32], but tool wear monitor-
ing is a major challenge in both processes. Abrasive wear 
and adhesive wear are two distinct mechanisms identified in 
prior investigations [33, 34]. The former refers to the abra-
sion resulting from the displacement of material from a solid 
surface caused by the sliding of hard particles or protuber-
ances along the surface, while adhesive wear is characterized 
by the transfer of material during relative motion facilitated 
by solid-phase welding. In this process, particles removed 
from one surface adhere permanently or temporarily to the 
other surface [35]. In addition, the reaction between the tool 
material and its environment also contributes to tool wear 
[36]. Severe wear and, consequently, failure predominantly 
occur in the pin part of the tool, leading to downward mate-
rial loss and changes in pin geometry. Therefore, in a worn 
tool, it is possible to observe alterations in the shape of the 
tool pin [33], which affect process dynamics and part qual-
ity [37–39]. However, detecting and monitoring tool wear 
present substantial challenges. The development of effective 
monitoring techniques to track the tool condition degrada-
tion is important for maintaining high production efficiency 
and ensuring quality standards. Consequently, the field of 
joining processes has gradually directed attention towards 
tool condition monitoring [39], considering that numerous 
defects in welds can also be attributed to poor tool condi-
tions. Monitoring the condition of the tool enables the pre-
diction of its behavior during the welding process [40]. With 
usage, every tool undergoes gradual or progressive wear 
after a certain welding duration. Unusual tool conditions 
give rise to vibrations, noise, and other detrimental effects 
that can damage the workpiece [41]. Hence, the analysis 
of tool condition becomes crucial. Vibration-based analysis 
stands out as one of the most effective non-destructive meth-
ods, enabling the identification of specific elements values 
and facilitating the assessment of component health [42, 
43]. Although some authors have characterized tool wear 
by tracking material loss along a length of weld, no reliable 
methodology for monitoring and assessing tool wear during 
the process has been established [32, 35]. The most common 
method for monitoring and evaluating tool wear is a direct 
offline measurement, which often overlooks the intricate 
physics of the welding process [33].

Despite these studies, a reliable methodology for moni-
toring and assessing tool wear during the process has not 
yet been released. Furthermore, studies regarding energy 
consumption during the process are even more scarce. Con-
sidering that tool wear directly affects the properties of the 

welded or treated parts, it can be argued that it also affects 
energy consumption. In the context of friction stir process-
ing of aluminum alloys, the abrasive wear of the tool can 
be neglected, and the tool is considered non-consumable 
[44–47]. However, the adhesion of material on the tool tip 
is a commonly observed phenomenon; this adhered material 
changes the tool geometry and behaves as a built-up edge 
(BUE) encountered in machining processes. The formation 
of this BUE could result in increased energy consumption 
and vibrations.

This paper aims to address the aforementioned challenges 
by proposing an effective methodology for monitoring and 
assessing the tool conditions during the service and in study-
ing the energy consumption to assess the sustainability of 
the process. By analyzing temperature, energy consumption, 
and vibrations as monitored outputs, this research aims to 
develop a comprehensive understanding of tool wear and its 
impact on process performance.

2  Experimental

Aluminum sheets of AA 6056 T4 were utilized as the work-
piece for FSP, whose detailed chemical composition and 
mechanical properties are fully available in literature and 
not reported here for the sake of brevity [48, 49]. The sheets 
were rectangular with 200 mm length, 100 mm width and 
6 mm thickness. The tool employed in the experiments was 
provided by FPT Industries and was made of H13 steel. As 
depicted in Fig. 1, it consisted of a three flat threaded tool 
with a shoulder diameter of 13 mm, a pin length of 3.15 mm, 
and a pin diameter of 1.4 mm.

A milling machine ADRIA Machine FEL-660HG, 
equipped with a customized clamping system, was used to 
perform the FSP experiments.

To facilitate understanding of the experimental campaign, 
Fig. 2 presents the flow-chart of the proposed monitoring 
system. The power consumption of the FSP machine was 
measured to assess the full machine power during the pro-
cess as the tool conditions vary. Furthermore, the vibrations 
induced on the tool were assessed, and the temperature was 
measured at eight points near the tracks.

The monitoring system is composed of several sensors, 
described in detail below. A Montronix PulseNG acceler-
ometer was used to acquire the vibrations during the pro-
cess; the accelerometer was mounted on the spindle head to 
measure the vibrations acting on the tool. The accelerometer 
was based on Micro-Electro Mechanical Sensors (MEMS) 
technology, and the technical specifications are reported in 
Table 1.

The temperature was measured by using type K thermo-
couples and a RS 200 Pro data logger. The thermocouples 
were inserted into 2 mm deep holes drilled on the top surface 
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of the plates. In total, eight thermocouples were strategi-
cally positioned to map the temperature distribution within 
the workpiece during the process. A scheme of the ther-
mocouples is given in Fig. 3. As shown in the same figure, 
two processed tracks were produced on each sheet (tracks 
to be processed were highlighted with black markers on the 
sheets). In order to monitor temperature variations, four 
thermocouples were placed in the middle of the sheets to 
record the temperature for both Track A and Track B. Addi-
tionally, two thermocouples were positioned at the external 
regions of the sheets to monitor the initiation and completion 
stages of the process, for both track A and B. This arrange-
ment allowed for comprehensive temperature data collection 
across different locations within the sheets throughout the 
entire process.

Power consumption was measured during all the pro-
cessing operations by means of a power monitoring device, 
i.e., the Qualistar Plus Power and Energy Quality Ana-
lyser CA8331. It is equipped with three current sensors, 
the Rogowski coils MiniFLEX MA 193–350, four tension 
cables and four crocodile clips [50]. The milling machine 
utilized a three-phase connection without a neutral line, with 
current and voltage values of 32 A and 380 V, respectively. 
Consequently, data acquisition was carried out by means 

Fig. 1  Shape of the tool used 
in this experimentation: a) top 
view and b) side view

Fig. 2  Flow-chart of the proposed monitoring system for FSP

Table 1  PulseNG accelerometer technical specification

PulseNG Accelerometer

Measurement Range ±60 m∕s2

Output Linearity 0.1% F.S.

Bandwidth 1.6 kHz

Resolution(±2g∕ ± 6g) 0.01 m∕s2∕0.03 m∕s2

Fig. 3  Thermocouples and 
processed tracks position on the 
sheets
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of three crocodile clips for the voltage measurements, and 
three Rogowski coils for the current measurements, with a 
sampling period of one second. Figure 4 illustrates the full 
experimental setup, highlighting: i) the accelerometer placed 
on the FSW motor (highlighted in the orange box); ii) the 
thermocouples installed on the plate (highlighted in the red 
circles); and iii) the power analyzer that is mounted between 
the power source and the FSW machine (highlighted in blue 
boxes). Figure 5a shows the energy monitoring set-up in 
detail, including the connections of the voltage probes and 
Rogowski coils, as illustrated in the schematic representa-
tion in Fig. 5b.

The experimental campaign was conceived to monitor 
the process under various process conditions, which can be 
divided in four main groups, as follows:

i) New tool;
ii) Used tool;

iii) Used tool but cleaned with a sodium hydroxide solution;
iv) Used tool but increased rotational speed.

The last two groups were designed with the aim to regen-
erate the tool in an economical manner; group iii) involves a 
quick and cost-effective removal of the adhered aluminum 
from the tool tip surface, while group iv) consists in trying 
to promote a better material flow by increasing the tool rota-
tional speed (TRS) and the linked heat input. This condition 
is particularly interesting because, although increasing the 
rotational speed leads to higher power consumption, it may 
also facilitate improved material flow and greater material 
softening, potentially reducing the required energy.

Regarding the cleaning procedure, a sodium hydrox-
ide solution was prepared by dissolving 10 g of sodium 
hydroxide pellets in 90 g of distilled water. The tool was 
subsequently immersed in the beaker containing the sodium 

Fig. 4  Experimental setup: a) 
FSP system with the acceler-
ometer, b) power analyzer, c) 
thermocouples

Fig. 5  Energy monitoring setup: 
a) power analyzer connections 
with the power source cables, b) 
connection scheme
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hydroxide solution and placed in an ultrasonic bath for 2 h, 
at room temperature.

Group ii), iii) and iv) each include two conditions: “Used 
Tool” (hereinafter indicated as UT), and “More Used Tool” 
(hereinafter indicated as MUT). The discriminant is the 
number of times the tool was used between one condition 
and the other, which is equal to 5.

The experiments consisted in producing treated straight 
FSP tracks, with a fixed length of 180 mm. A summary 
of the monitored experiments and corresponding samples 
(tracks) is provided in Table 2. However, as previously men-
tioned, it is important to highlight that the total number of 
FSP tracks performed exceeds those listed in Table 2, spe-
cifically, seven conditions, considered more representative, 
were monitored. Table 2 also summarizes the codes used, 
which consider the tool condition and the proposed tool 
maintenance procedure.

In the first monitored experiment, an FSP track was pro-
duced with a completely unused tool, therefore the tool con-
dition was indicated as “New Tool” (NT). In experiment 2, 
the tool condition was denoted as “Used” because, between 
the two tracks, the tool underwent five further usages. This 
ensured the measurement and monitoring of a tool in a 
“used” state, and also for sample 3, i.e. MUT.

In Samples 4 and 5, the tool was thoroughly cleaned, 
hereinafter indicated as C-UT and C-MUT, respectively, 
while in Samples 6 and 7, the rotational speed was increased 
to 2500 rpm, hereinafter indicated as IS-UT and IS-MUT, 
respectively.

Beyond the NT condition (Fig. 1), the tool in each inves-
tigated condition is shown in Fig. 6.

It is important to emphasize that the additional FSP tracks 
were performed to ensure a comprehensive evaluation of the 
tool’s performance and its response to various conditions.

The quality of FSP was also investigated through Vickers 
microhardness measurements and microstructure analysis, 
both conducted on the cross-section of the processed tracks, 
and macrographic observations were also performed to com-
plete the analysis.

Specimens for microhardness measurements and macro-
graphic observations were prepared by cutting sections from 
the processed sheets by means of a metallographic cutter. 
These sections were then hot-mounted in epoxy resin and 
polished until the surface finish was 1 μm. Optical macro-
graphs were collected using a Zeiss Axioskop 40 instru-
ment, while Vickers microhardness measurements were per-
formed using a Rupac CSV microindenter with a 100 g load 
and a dwell time of 15 s. Each treated track was subjected 
to 21 indentations. Specifically, for each specimen, three 
rows of indentations were made, with each row consisting 
of 7 indentations. The first row was positioned at 1.5 mm 
from the upper surface, and the distance between rows was 
1.5 mm, the distance between two consecutive indentations 
of the same row was 2 mm. A schematic representation of 
the indentation strategy is given in Fig. 7.

3  Results

Images of the top view of the FSP tracks are given in Fig. 8.
Looking at Fig. 8, it is possible to appreciate that all the 

treated tracks appear free from superficial defects, such as 
grooves or cracks [17]. Furthermore, the width of the tracks 
is also quite regular, indicating effective processing and ade-
quate tool-to-sheet contact [2]. As a difference among the 
different tracks, it can be noted that the amount of flash pro-
duced varies and, in particular, increases with the increase 
of the tool wear.

As mentioned in the previous section, the power required 
to perform the treatment was continuously measured and 
recorded through the Qualistar Plus Power and Energy Qual-
ity Analyser CA8331. A plot relative to the NT sample (see 
Table 2), but representative of all the experiments, is dis-
played in Fig. 9.

From the acquired data, it is possible to distinguish the 
three different stages of the process, as described by [51, 52], 
and in particular: I) plunging phase: the tool is rotating at the 
desired TRS and it is slowly plunged within the plate to be 

Table 2  Summary of the experimental campaign and codes used

Sample Tool Condition No. of usages Code TRS [rpm] Travel Speed 
[mm/min]

Plunging 
depth [mm]

Tilt 
angle 
[deg]

1 New 0 NT 2000 40 2.9 2
2 Used 5 UT 2000 40 2.9 2
3 More Used 10 MUT 2000 40 2.9 2
4 Cleaned-Used Tool 15 C-UT 2000 40 2.9 2
5 Cleaned-More Used Tool 20 C-MUT 2000 40 2.9 2
6 Increased Speed-Used Tool 25 IS-UT 2500 40 2.9 2
7 Increased Speed-More Used Tool 30 IS-MUT 2500 40 2.9 2
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treated, some peaks can be seen (highlighted by arrows in 
the picture) and can be attributed to different plunging stages 
(peak A: plunging of the tip of the pin; peak B: plunging 
of the shoulder; peak C: further plunging of the shoulder 
to reach the desired plunging depth); II) dwelling phase: 
the tool is plunged within the plate but is not travelling, the 
purpose of this stage is to soften the material before the pro-
cessing starts, the power appears quite constant with a slight 
decrease due to the softening of the material; III) process-
ing or travel phase: the tool starts to travel the processing 

path at the desired travel speed, the power required suddenly 
peaks, and then achieves a kind of steady state value, some 
peaks are still present and can be attributed to the complex 
phenomena occurring during the process.

As a first result, it can be noted that the power consump-
tion diagram well describes the phenomena occurring during 
the process and all the different phases of the process can 
be clearly evidenced from the diagram. An interesting con-
sideration can be made by looking at the plot relative to the 
MUT sample (see Table 2), shown in Fig. 10.

Fig. 6  Pin comparison in the examined conditions: a) Used Tool, b) More Used Tool, c) Cleaned-Used Tool, d) Cleaned-More Used Tool, e) 
Increased Speed-Used Tool, f) Increased Speed-More Used Tool

Fig. 7  a) Schematic representation of the indentations grid performed on each specimen, b) SEM image of a microhardness indentation
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The diagram depicted in Fig. 10 starts from the pre-
viously described phase II and focuses on the process-
ing phase, namely phase III. In this case, two distinct 
sub-phases can be identified within phase III: phase IIIa 
and phase IIIb. In particular, a significant power peak is 
observed during the processing, after which the measured 
power remains at high values. This peak acts as a demarca-
tion point between the two sub-phases. It is important to 
recall that this experiment was conducted using a highly 
worn tool, i.e. MUT condition, and the observed increase 
in power suggests an event occurred within the tool that 

led to the peak and subsequent rise in power consumption. 
This phenomenon is similar to what happens in machin-
ing when a BUE is formed. After the failure of BUE, a 
power peak is experienced, followed by a higher steady-
state power consumption [53]. So, it can be argued that a 
wear-related phenomenon occurs and determines the peak 
and the increase of power consumption. Another inter-
esting observation is that also in phase IIIa, the average 
power consumption is higher than the one observed in NT 
sample during phase III. This result suggests that a phe-
nomenon associated with tool usage is present, resulting in 

Fig. 8  Picture of the top view of 
all the treated tracks

Fig. 9  Power consumption versus time for the NT sample Fig. 10  Power consumption versus time for the MUT sample
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an increased power requirement. At a certain point, these 
use-related phenomena turn into wear-related phenomena.

Elaborating the power acquisitions, it is possible to calcu-
late the energy required for each FSP track. The results are 
presented in the diagram shown in Fig. 11, where the energy 
required to perform each track is plotted.

Looking at the diagram, some considerations can be 
clearly highlighted. The first consideration concerns the first 
three samples, where the tool conditions were labeled as 
“New”, “Used”, and “More Used”: when the tool was new 
(NT sample), the minimum value of required energy was 
observed, this value increased with increasing tool service, 
reaching the maximum value in the FSP process with the 
MUT sample (the energy required is three times higher than 
the initial one). The second consideration refers to C-UT and 
C-MUT samples: the cleaning step had a positive effect on 
reducing energy consumption. Although the energy require-
ment remains slightly higher compared to that of a new tool, 
it is remarkably close to it. The third consideration refers to 
the IS-UT and IS-MUT samples: increasing the TRS also 
reduced the required energy with respect to the MUT sam-
ple. Although the energy values are slightly higher in these 
cases than those achieved through tool cleaning, this strategy 
eliminates the need for tool pause or replacement, resulting 
in time-saving by reducing machine idle time.

In addition to the energy analysis, the examination of 
temperature measurements provides valuable insights. 
Due to the complexity of the phenomena and the extensive 
amount of data recorded, a careful selection process was 
made to choose the diagrams to be presented and discussed 
in this section. It is important to note that, out of the eight 

thermocouples mounted on the sheets for each FSP track 
(see Fig. 3), only the measurements from the six thermo-
couples closest to the given track were considered. Figure 12 
and Fig. 13 display the temperature measurements specifi-
cally for IS-UT (see Table 2), although all tracks exhibited 
similar behavior with variations in peak values. Therefore, 
the discussion of the curves in Fig. 12 and Fig. 13 is appli-
cable to all the performed experiments.

It is possible to observe that all the curves showed the 
same behavior: at the beginning, the temperature meas-
ured by each thermocouple is at room temperature; as the 
tool approached the thermocouple, the temperature gradu-
ally increased, reaching its maximum value when the tool 
crossed the thermocouple; subsequently, the temperature 
started to decrease. All the thermocouples showed similar 
peak values, proving the reliability and consistency of the 
process. The thermocouples positioned at the end of the pro-
cessed path showed a slight increase in the maximum meas-
ured temperature, that can be attributed to the continuous 
heating up experienced by the plate during the process. It is 
also worth recalling that the values recorded by the thermo-
couples were proportional to the temperature achieved in the 
processed area but represent, of course, only a fraction of the 
actual temperature. Given the aim of this work, i.e., compar-
ing the results of different tracks, this approximation can be 
accepted as long as the distance where the thermocouples 
are placed is constant for all the FSP tracks.

In Fig. 14 is reported a histogram showing the maximum 
values recorded for each FSP track. These values were cal-
culated as the mean of the maximum temperature measured 
by each of the six thermocouples considered for each respec-
tive track.

Looking at the diagram, two considerations can be high-
lighted: i) the temperature increased with the TRS; ii) the 
temperature decreased with the increase of the tool usage. 
While the former is an expected outcome, as higher TRS 

Fig. 11  Energy required to perform the different FSP tracks with dif-
ferent tool conditions

Fig. 12  Comparison of temperature measurements for IS-UT sample
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results in increased heat input [17], the latter deserves a 
more detailed explanation. In friction stir processes, heat 
generation is due to two mechanisms: the friction between 
the tool’s shoulder and the top surfaces of the plates, and the 
friction between the tool’s pin and the stirred material, it is 
generally agreed that most of the heat is generated by the 
tool [17, 54]. Based on these comments and the observed 

results, it can be argued that adhesive wear occurring on 
the tool during the process (characterized by the accumula-
tion of processed material on the tool’s surface, creating a 
kind of BUE) reduces the efficiency of the friction action, 
resulting in a reduction in the temperatures reached during 
the process. This reduction of heat generation also accounts 
for the observed increase in the required power: aluminum’s 
mechanical properties are strictly related to the temperature 
[55–57], and a lower temperature involves a reduced soften-
ing of the material, leading to a higher power required to stir 
and mix the material.

As a further analysis, the vibrations during the FSP pro-
cess were acquired by means of the PulseNG accelerometer 
with the aim to evaluate the effects in the seven different 
conditions (Table 2). The data were collected for a time of 
about 400 s for each test and the accelerometer sampling 
rate was set to 3241 Hz. In particular, the acceleration data 
were analyzed in the transformed domain, i.e., the acceler-
ometer signal spectrum was obtained by means of the Fast 
Fourier Transform (FFT). The tests were conducted with 
two different TRSs i.e. 2000 rpm and 2500 rpm, to which 
correspond frequencies of 33.3 Hz and 41.7 Hz, respectively. 
So, the analyses conducted on frequency are evaluated in 
the observation window following the effect of rotational 
speed. As shown in Fig. 15a, the results highlight that in the 
NT sample, the maximum amplitude value was 0.12 m∕s2 

Fig. 13  Temperature measurements for IS-UT sample of each thermocouple

Fig. 14  Maximum temperature measured for each track
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at 32 Hz, and the second maximum value was 0.09 m∕s2 
at 89 Hz, while the MUT sample shows a peak value at 
213 Hz with the same amplitude value (Fig. 15b). On the 
other hand, Fig. 16a shows the fourth case (C-UT sample), 
where the vibration frequency was equal to 33 Hz and the 
maximum amplitude value was 0.17 m∕s2 and second maxi-
mum value was 0.13 m∕s2 at 90 Hz, while Fig. 16b shows 
the results of IS-UT sample, that highlights the maximum 
amplitude value equal to 0.20 m∕s2 at 41 Hz and the second 
maximum amplitude value equal to 0.13 m∕s2 at 83 Hz. For 
the sake of clarity, only four tests are shown in Fig. 15 and 
Fig. 16, which are then compared in Fig. 17, while the maxi-
mum amplitude values at the corresponding frequency are 
reported in Table 3, according to the defined observation 
window i.e., subsequent to the rotation frequency.

Therefore, the results highlighted that as the pin wear 
increased, effects in terms of vibration were observed at fre-
quencies on the order of about 200 Hz while increasing the 
TRS gave comparable results in terms of vibration effects to 
the cleaned tool. In addition, by considering the observation 
window following the rotation frequency, anomalies and, in 
the specific case, pin wear can be identified through the use 
of the FFT on the acceleration data.

The analysis of the Vickers microhardness also led to 
interesting observations. Figure 18 presents the microhard-
ness measurements for the FSP track that exhibited the low-
est temperatures (MUT sample) and the highest temperature 
(IS-UT sample).

The microhardness achieved in the friction stir pro-
cessed area is the result of very complex phenomena, 
including the temperature reached during the process, the 
amount of plastic deformation, the experienced strain rate 
and the occurrence of dynamic recrystallization phenom-
ena [17]. Therefore, inferring the exact influence of the 
tool condition and temperature achieved is quite complex, 

Fig. 15  One-side accelerometer signal spectrum: a) NT sample, b) 
MUT sample

Fig. 16  One-side accelerometer signal spectrum: a) C-UT, b) IS-UT

Fig. 17  Comparison of Accelerometer Spectrum in test cases

Table 3  Vibration amplitude and frequency results in the observation 
window

Sample Code Amplitude
[m∕s2]

Vibration 
Frequency 
[Hz]

1 NT 0.09 89.5
2 UT 0.13 209.7
3 MUT 0.13 213.5
4 C-UT 0.13 90.9
5 C-MUT 0.09 89.5
6 IS-UT 0.13 83.9
7 IS-MUT 0.12 91.8
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however, some considerations can still be drawn. Firstly, 
it is possible to observe that the microhardness increased 
as the temperature decreased, which is coherent with the 
available literature [58, 59]. Then, it can be noted that 
as the tool wear increased, the differences between the 
advancing side (AS) and retreating side (RS) become more 
pronounced, suggesting a more asymmetric and irregular 
material flow during the process.

The macrographic observations highlighted the absence 
of defects, as shown in Fig. 19.

Moreover, in all the samples it is possible to observe the 
refinement of the grains in the nugget zone in comparison 
with the base material (BM). A representative example is 
shown in Fig. 20, focusing on the IS-MUT sample. The 
figure illustrates the presence of the nugget zone (NZ), 
the thermomechanical affected zone (TMAZ) on both the 
advancing and retreating side, as well as the BM. The NZ 
is composed of equiaxial grains resulting from the dynamic 
recrystallization, induced by the stirring and deformation of 
the material at high temperatures and strain (Fig. 20a and 
b). In contrast, the TMAZ experiences comparatively lower 

Fig. 18  Vickers microhardness measurements for a) MUT sample, and b) IS-UT sample

Fig. 19  Micrographics of all the performed tracks
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heat input and less material stirring and movement compared 
to the NZ, resulting in stretched and deformed grains, but 
without undergoing full recrystallization (Fig. 20a, d and e).

An interesting consideration can be made in relation to 
the pin volume ratio, i.e. the dynamic volume to static vol-
ume ratio. As mentioned above, the role of the tool pin is to 
stir the material and move it behind to achieve a sound joint. 
The pin’s geometry significantly influences material flow 
and consequently, the pin volume ratio is influenced by the 
pin’s geometry [60–62]. Figure 21 illustrates the outcomes 
related to the pin volume ratio for each condition, and it is 
possible to note a distinct trend, showcasing that the stir-
ring zone undergoes variations with tool wear. This variation 
indicates the alteration of the tool’s initial shape, rendering 
it no longer applicable to label the tool as non-consumable. 
Notably, the pin volume ratio decreases from the new tool 
condition to the more used state. After the cleaning phase, 
this value increases, albeit not fully regaining the initial 
value. Subsequently, there is a further decrement observed 
in the last two conditions, i.e. IS-UT and IS-MUT.

4  Discussion

4.1  Tool wear

In the literature, it is widely accepted that a steel tool used 
for welding or processing aluminum sheets can be con-
sidered non-consumable, and its wear can be neglected 
[44–46], this assessment is based on the observation indi-
cating that the tool retains its initial shape after the process, 

and no abrasive wear can be observed. Instead, the adhesion 
of aluminum was observed, although easily removable to 
restore the tool to its initial shape. Moreover, it was noted 
that using a “used” tool did not impact the performance of 
the joints or treated parts. However, this assumption falls 
short in considering the energy consumption during the pro-
cess and the overall behavior of the tool. As shown in previ-
ous section, it is possible to see that the energy required to 
perform a given process varies with the tool conditions. The 
motivation of this outcome can be explained by introducing 

Fig. 20  Microstructure of the different zones for the IS-MUT sample: 
a) Thermomechanical Affected Zone and Nugget Zone in the retreat-
ing side, b) Nugget, c) Base Material, d) Nugget Zone and Thermo-

mechanical Affected Zone in the bottom side, e) Nugget Zone and 
Thermomechanical Affected Zone in the advancing side

Fig. 21  Pin volume ratio versus tool conditions
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the following mechanism. During the process, there are two 
main factors to be considered: i) the interaction between the 
tool shoulder and the top surface of the sheets; ii) the inter-
action between the tool pin and the stirred material. It can 
be also introduced that, during the process, due to the high 
temperatures and the high contact pressures, adhesion phe-
nomena occur between the processed aluminum and the steel 
tool, in particular, some adhered aluminum can be found on 
both the shoulder and the pin, as shown in Fig. 22. This phe-
nomenon can be considered, under some aspects, similar to 
the built-up edge observed on the rake face of cutting tools 
[63]. The formation of this kind of BUE affects the contact 
condition between the tool and the material resulting in an 
altered material flow.

The adhesion of material on the shoulder changes the 
contact conditions between the shoulder and the sheets. Con-
sidering that the shoulder exerts a forging action, confining 
the material in the processed zone and preventing excessive 
flash formation [45], it can be argued that the adhered alu-
minum influences the role played by the shoulder: in fact, 
it is possible to observe a more pronounced flash when the 
tool became more used (refer to Fig. 8), suggesting that this 
adhered material limits the effectiveness of the shoulder in 
confining the processed material. Regarding the tool’s pin, 
the adhered material affects its stirring action leading to a 
more complex material flow. As a result, a more asymmet-
ric hardness distribution between the advancing side and 
retreating side can be observed. Moreover, both the shoulder 
and the pin contribute to the generation of the frictional heat 
required to soften the material. Considering that the tem-
perature decreases with the increase of the tool service life, 
it is possible to assess that this adhesion phenomenon also 
leads to less efficient heat generation. The lower heat gener-
ated, and the consequent lower temperatures achieved lead to 
a lesser softening of the material, resulting in higher forces 
required to stir the material and higher energy consumption 
to perform the process.

Summarizing, it can be concluded that the tool experi-
ences adhesive wear, leading to the formation of a kind of 
BUE that could be called BUTI (Built-Up Tool Interface), 
which changes the material flow (altering the flash forma-
tion and the microhardness distribution) and reduces the 
effectiveness of the heat generation mechanism (leading 
to higher power required to perform the process and so to 
higher energy consumption). On this basis, it could be possi-
ble to define a tool life beyond which the process became too 
energy-consuming. The definition of such duration would 
be of great interest for industrial applications where large 
amounts of material need to be processed.

4.2  Energy Consumption

In FSP, the main forces involved are the vertical force 
(required to keep the tool plunged within the material, 
whose application direction can be considered coaxial 
with the rotating tool) and the force opposing to the 
tool’s travel (acting in-plane force on a plate’s plane to 
be treated, with the same application direction of the 
tool’s advancing speed) [64]. Additionally, the torque 
necessary to stir the material and keep the tool rotating 
should be considered. An important factor is the tem-
perature achieved during the process: the higher the 
temperature, the greater the softening of the material, 
resulting in lower forces required to process the material. 
The overall energy consumption during the process can 
be divided into three components: i) the energy required 
to keep the machine running; ii) the energy related to 
the spindle rotation and workpiece table travel; iii) the 
energy needed to process the material. The first com-
ponent depends mainly on the machine and its auxiliary 
units and so can be considered constant, while the second 
and third components are strongly influenced by the pro-
cess parameters and material properties. As previously 
shown, the adhesive wear experienced by the tool leads 

Fig. 22  More Used Tool: a) top view and b) side view
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to lower temperatures achieved, resulting in less softening 
of the material; this, in turn, requires higher power to pro-
cess the material and leads to higher energy consumption. 
It can be noted that the energy consumption increased 
with the tool wear, leading to two main considerations: 
i) monitoring the power can also help in monitoring the 
tool conditions, as done in machining [59, 65]; ii) it can 
be defined a tool service life beyond which the process 
became too energy consuming, and a maintenance action 
on the tool could be considered.

4.3  Tool Maintenance

Aiming to introduce a strategy to mitigate the increment 
of energy consumption due to the tool wear, two differ-
ent strategies were investigated: i) cleaning the tool with 
a sodium hydroxide solution; ii) increasing the TRS to 
compensate for the reduction in heat generation. The 
approaches behind these two methodologies are com-
pletely different. In the first case, the proposed method 
involves stopping the process and cleaning the tool to 
remove as much adhered material as possible. In the sec-
ond case, an increase in TRS is proposed to enhance con-
tact velocity and promote the dissipation of more energy. 
The first solution involves a stop of the process, while the 
second involves an increase of the previously mentioned 
second component of energy consumption. The results 
showed that when the tool was cleaned, a noticeable 
reduction in the required energy is observed compared to 
the worn tool (C-UT and C-MUT vs MUT). However, the 
energy was still higher than that required for the case of a 
new tool, probably because the cleaning process is unable 
to remove all the adhered material. The cleaning process 
requires a stop and introduces a new working step, i.e., 
tool cleaning, so its application in an industrial environ-
ment should be carefully considered.

The second proposed method, i.e., the increase of TRS, 
also reduced the required energy with respect to the worn 
tool but required higher energy than the cleaned tool. 
In this case, two aspects need to be considered. On one 
hand, the increase of TRS requires higher energy to bring 
the spindle to this higher velocity, on the other hand, the 
increased temperature (see Fig. 14), leads to increased sof-
tening of the material, resulting in a reduction of the torque 
required to stir the material. The interaction between these 
two phenomena leads to a positive balance, resulting in the 
observed reduction of the required energy. This strategy 
does not require a process stop but cannot be endlessly 
repeated by continuously increasing the TRS, considering 
that it is limited by the maximum temperatures compatible 
with a sound and well-performing process and the maxi-
mum spindle speed available.

4.4  Sustainability of the Process

Usually, in FSP, the choice of the process parameters is 
only driven by the performances of the treated parts [2, 66], 
for example, a process window is suggested based on the 
good properties of the final part. However, it is important to 
consider the sustainability of the process as a parameter to 
support decision-making. Within the processing window, 
where different combinations of process parameters can 
lead to good properties of the final part, the combinations 
that result in lower energy consumption should be chosen. 
Additionally, an adequate maintenance strategy should be 
implemented for long-lasting processes. In selecting the pro-
cess parameters, the balance between the energy required 
to accelerate the spindle and the softening reached by the 
material should be considered. Monitoring the tool condi-
tion should also be taken into account to adjust the process 
parameters according to the tool conditions (to promote 
material softening) or to plan a maintenance strategy for 
the tool.

5  Conclusions

In this study, a method to monitor the tool condition is pro-
posed by investigating its influence on the FSP of aluminum 
sheets and its impact on energy consumption. Based on the 
outcomes, the following conclusions can be drawn:

– The tool can no longer considered “non-consumable” 
on the basis of the observed adhesive wear, indeed the 
energy requirements, the achieved temperatures and 
vibrations during the FSP process, vary depending on the 
tool condition. The measurements of energy consump-
tion, temperature and vibrations have proven to be useful 
methods for monitoring tool conditions.

– Adhesive wear on the tool was observed, leading to the 
formation of a built-up tool interface (BUTI) caused by 
the adhesion of aluminum material. The BUTI altered the 
material flow dynamics and reduced the efficiency of heat 
generation, resulting in increased power requirements to 
stir the material. Consequently, the tool can be consid-
ered “worn” or “consumed” when the power required for 
the process exceeds a certain threshold. Based on these 
findings, it becomes possible to establish a tool lifespan, 
after which the process becomes excessively energy-con-
suming. Determining such a duration is of significant 
value for industrial applications that requires extensive 
material processing.

– Two strategies were proposed to mitigate the incre-
ment in energy consumption associated with the tool 
condition: cleaning the tool with a sodium hydroxide 
solution and increasing the tool’s rotational speed 
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to compensate for the reduction in heat generation. 
These strategies have a positive impact on reducing 
energy consumption. Although the energy requirement 
remains slightly higher than that of a new tool, it is 
remarkably close. This highlights the effectiveness of 
cleaning in restoring the tool’s performance and reduc-
ing energy consumption. On the other hand, increasing 
tool rotational speed prevents the process from stop-
ping but cannot be endlessly repeated.

– The outcomes highlight that by serving a process moni-
toring method, such as measurements of energy con-
sumptions, temperatures and vibrations, a more sus-
tainable selection of process parameters can be made. 
Within an identified processing window, where several 
combinations of parameters can lead to desirable part 
properties, preference should be given to combinations 
that minimize energy consumption, additionally imple-
menting an appropriate maintenance strategy for the 
tool.

In conclusion, the present work proposed methods for 
monitoring the tool during the service under various con-
ditions measuring the energy requirements, temperatures 
and vibrations. The impact of tool wear on power require-
ments was analyzed, and it was expanded the understand-
ing of tool behavior and its implications for the overall 
process performance. By prioritizing energy efficiency 
and implementing effective maintenance strategies, the 
sustainability of the FSP process can be enhanced, mak-
ing it a viable option for industrial applications requiring 
large-scale material processing.

Nomenclature AA:  Aluminum Alloy; BM:  Base Material; 
BUE: Build-Up Edge; BUTI: Built-Up Tool Interface; C-UT: Cleaned-
Used Tool; C-MUT: Cleaned-More Used Tool; FSP: Friction Stir 
Processing; FSW: Friction Stir Welding; IS-UT: Increased rotational 
Speed-Used Tool; IS-MUT: Increased rotational Speed-More Used 
Tool; MEMS: Micro-Electromechanical Sensors; MUT: More Used 
Tool; NT: New Tool; NZ: Nugget Zone; TMAZ: Thermo-Mechanical 
Affected Zone; TRS: Tool Rotational Speed; UT: Used Tool
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