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Abstract The quality of friction stir welding joints is intimately related to the
correct mixing of the stirred material. The material flow is strongly dependent on
the plastic behavior of the welded alloy. For this reason, the friction stir weldability
depends on the structure, microstructure and chemical composition of the base
material. In this work, in-plane forces and acoustic emission signals were monitored
while welding two heat-treatable aluminum alloys. The forces evolutions suggested
possible continuous and intermittent material flow during friction stir welding
depending on the welding parameters. The differences observed in the in-plane
forces were corroborated by acoustic emission, confirming the modification in the
material flow phenomenology. Therefore, differences observed in aluminum alloys’
friction stir weldability are due to the plastic behavior at high temperature and
medium-high strain rate. The higher the deformability of the aluminum alloys,
the wider the weldability window in friction stir welding because of continuous
material flow in an extended range of process parameters.

Keywords Friction stir welding · Forces · Acoustic emission · Plastic behavior ·
Material flow

1 Introduction

The revolutionary solid-state welding process known as friction stir welding (FSW)
was invented in 1991 [1]. Since then, it has been the focus of countless research
to understand the complex mechanisms of this welding technique to increase its
use in industry. Among the several investigations on different materials, the fric-
tion stir welding of aluminum alloys (AA) 6xxx and 7xxx families has been widely
studied for their relevance for the automotive [2] and aerospace [3] industries. The
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extrapolation of all the results obtained in the various studies is complicated be-
cause of the high number of variables such as process parameters, type of control
(force or position), tool geometry, etc. However, a rough weldability window can
be identified by gathering the literature results on sheets thickness equal to or
below 6 mm and considering only welding and rotational speed. The percentage
of sound weld out of all the trials found in literature can be an indicator of the
specific alloy’s weldability. By sound weld is meant a joint that has neither internal
nor external defects. From the analysis of the work provided on AA6xxx-T6 [4,5,
6,7,8] and AA7075-T6 [9,10,11,12,13,14,15,16], it was evident the greater weld-
ability of the former, as shown in Fig. 1. Specifically, it is interesting to observe
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Fig. 1 Weldability windows for AA6xxx-T6 and AA7075-T6 from previous works.

the high defectiveness at a rotational speed equal to or higher than 1000 rpm for
AA7075-T6. These results demonstrate different weldability of the materials, even
though they are two aluminum alloys.
The only study found focusing on the weldability of aluminum alloys to explain
their different plastic behavior was proposed by Leitão et al. [5] in their analy-
sis of AA5083-H11 and AA6082-T6 friction stir weldability. The authors justified
the different weldability windows by the plastic behavior of the materials at high
temperatures, relying on quasi-static mechanical characterization tests at temper-
atures similar to those reached during the FSW process. The good weldability of
AA6082-T6 was attributed to its sensitivity to the intense flow softening in FSW
conditions.
Although not straightforward due to the impossibility of accessing the deformed
zone during the process, the investigation of the plastic behavior of aluminum
alloys in friction stir welding is fundamental for the real understanding of the
process. An alternative approach based on the measurement of physical quanti-
ties intrinsically connected to the tool-workpiece interaction is proposed. In this
case, it refers to the in-plane forces and acoustic emission signals generated during
the process. The evolution of in-plane forces during friction stir welding has been
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extensively studied over the last twenty years. The information in these studies
confirmed the changes in the plastic behavior of welded materials as the process
parameters change. Specifically, the welding force decreases with rotational speed
until a minimum is reached and then slightly increases again if rotation continues
to be increased [17]. On the contrary, by increasing the welding speed, the welding
force increases due to the less time available for the heat to diffuse and soften the
material [18]. Furthermore, as far as the occurrence of defects is concerned, it has
been suggested the correlation between defective joints and irregular evolution of
in-plane forces [19,20]. Hence, a correlation between anomalies in the oscillatory
nature of the in-plane forces and defects has been demonstrated [21]. Contrarily,
acoustic emission (AE) technique has been rarely employed for monitoring friction
stir welding. Very few studies were proposed to detect the occurrence of defects
[22], to study the evolution of AE signals with welding parameters [23] and re-
cently, a model was developed to assess the quality and strength of friction stir
welds employing AE signals together with machine vision [24].
The authors propose an alternative investigation of plastic behavior by monitoring
forces and acoustic emission signals while welding two different aluminum alloys,
AA6082-T6 and AA7075-T6. Identical welding conditions were tested on both al-
loys to see any plastic behavior differences under the same welding conditions.
The objective is to find differences in the monitored quantities due to the plastic
behavior of the two materials and explain the different weldability windows. The
results may elucidate differences in weldability windows according to the consid-
ered aluminum alloys’ plastic behavior.

2 Methods

2.1 Experimental devices

The tests were performed on an adapted CNC lathe machine, Somab Genymab
900. The welding forces were recorded using a Kistler quartz three-component dy-
namometer type 9255C. The acquisition was carried out with Dynoware software
at 1500 Hz. The in-plane forces can be separated into two components: Fx and
Fy which are, respectively, the component in the welding direction (i.e., welding
force) and the transversal one (i.e., transversal force).
Acoustic emission acquisitions were performed using two sensors fixed on two cor-
ners on the same side of the support system, as displayed in Fig. 2. As the sensors
gave similar signals, only the signals from the one closer to the plunging point
were considered in this article. A large band sensor type operating whose maxi-
mum sensitivity ranged between 100 and 1000 kHz was employed. The sensor was
set using a water-based adhesive containing styrene acrylic copolymer. Through
trial tests, the threshold value of 30 dB was chosen to remove possible noise due
to the environment rather than process-related phenomena. The sample rate was
set at 1 MSPS (Mega Samples Per Second), and an amplifier operating with a
single-ended was set at 40 dB.
The internal quality of the joints was inspected through the use of an optical
microscope (Olympus PMG3) after properly polishing the specimens and etching
them with Kellers reagent. The samples were all taken at the same position, 10 mm
before the exit point, to make sure they were in the steady-state of the process.
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Fig. 2 Experimental setup. Three-axis loadcell and acoustic emission sensors.

2.2 Friction stir tools and materials

Four different combinations of process parameters were tested per material, as
displayed in Tab. 1. The welding speed was kept constant at 180 mm/min. The 70

Table 1 Process parameters in the tested configuration. Rotational speed (N), welding speed
(v), advance per revolution (APR), plunge depth (d).

Material N APR d
- (rpm) (mm/rev) (mm)

AA6082-T6

750 0.24 0.3
1000 0.18 0.25
1500 0.12 0.25
2000 0.09 0.2

AA7075-T6

500 0.36 0.3
1000 0.18 0.25
1500 0.12 0.25
2000 0.09 0.2

mm long bead-on-plates were carried out on 3 mm thick sheets along the rolling
direction for AA7075-T6 and perpendicularly to it for AA6082-T6.
Some mechanical and thermal properties of the two materials are shown in Tab. 2.
It is also worth reporting some information regarding the chemical composition of
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Table 2 Mechanical and thermal properties of AA6082-T6 and AA7075-T6. Yield stress (Y),
ultimate tensile strength (UTS), solidus temperature (Tsolidus), specific heat (c), thermal
conductivity (λ) [25]

.

Material Y UTS Tsolidus c λ
- (MPa) (MPa) (◦C) (J/kgK) (W/mK)

AA6082-T6 270 330 580 900 160
AA7075-T6 503 572 477 960 130

the two alloys. AA6082-T6 is made of aluminum between 95-98%, and the highest
percentages of alloying agents are silicon, magnesium, and manganese. Contrarily,
in AA7075-T6, the percentage of aluminum is between 87-92%, and the major
alloying elements are zinc (5.6-6.1%), magnesium (2-2.5%), and copper (1.2-1.6%)
[25].
The tool, manufactured by Stirweld out of H13 steel, was characterized by an 11,5
mm grooved shoulder diameter and frustum shape threaded pin with an upper and
lower diameter of 5 and 4 mm, respectively. Mild steel was used as a backing plate.

2.3 Forces analysis

In-plane forces in FSW represent the resistance offered by the material during
the tool rotation and advancing along the welding line. The material resistance
depends on both thermal and mechanical aspects. During deformation, the higher
the temperature, the stronger the thermal softening, and the decrease in the ma-
terial strength [26]. The higher the strain rate, the higher the resistance offered
by the material [27].
The analysis focuses on two factors, the in-plane force average values evolution as
the rotational speed increases and the periodicity of these signals in the various
tests to detect specific changes attributable to a perturbation of the process. The
former can provide information regarding the overall resistance offered by the ma-
terial to tool movement. It can therefore reveal whether the maximum softening
has been achieved or not. The analysis of the harmonic part with a focus on sin-
gle rotations can instead reveal disturbances attributable to instabilities that may
occur during the cyclic pin-layer interaction.

2.4 Temperature measurement

The temperature measurement in the stirred zone was obtained through a thermal
FEM model. A surface heat flux was applied on the shoulder-workpiece and lateral
pin-workpiece contact areas, as shown in Fig. 3. To quantify the heat flux to be
applied on the surfaces, the power generated during the process and the contact
surfaces must be calculated. The mechanical power is attributable to the tool
rotation and feed:

P = Prot + Padv = Mω + Fxv (1)
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Fig. 3 180◦ view of the workpiece and the surface heat flux applied on the contact surfaces.

The rotary part is derived from the CNC machine’s power output, while the ad-
vancing amount is calculated from the average force in the welding direction and
the feed rate. Only part of this energy is converted into heat:

Pheat = ηP (2)

The η parameter represents the fraction of power transformed into heat. Based on
previous work [28,29] this percentage has always been considered to be between
0.8 and 0.9. In this work, the parameter was used to calibrate simulation and
fit experimental measurements. Then, the total heat flux must be split between
the tool surfaces. For the sake of simplicity, features such as grooves and threads
have not been considered. The contribution of the individual surfaces to the total
heat generated can be determined using the Schmidt approach based on simple
geometric considerations [30]:

fs =
Ashoulder

Ashoulder +Apin
= 0.67 (3)

fp =
Apin

Ashoulder +Apin
= 0.33 (4)

The parameter f represents the heat generation ratio from the considered sur-
face. Therefore, it is possible to obtain the surface heat flux by dividing the heat
generated by the shoulder and pin by their surfaces:

qshoulder =
fsPheat

Ashoulder
[
W

m2
] (5)

qpin =
fpPheat

Apin
[
W

m2
] (6)

The bottom surface of the pin was neglected for simplicity as it represents less than
5% of the tool surface in contact with the material, and thus its low contribution
to overall heat generation.
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Regarding the boundary conditions, two different contact conditions were applied
on the lower surface, contact with a steel backing plate, and the upper surface,
contact with air. The convective heat transfer coefficient for the air is set at 15
W m−2 K−1 with an ambient temperature of 23 ◦C. The interaction with the
steel backing plate, fundamental to take into account the heat dissipation through
this element has been introduced for simplicity through a convective heat transfer
coefficient of 500 W m−2 K−1 [31].
The calibration of η was made fitting the experimental measurements found in
the bibliography [32], with the experiments performed on AA6082-T6. The ma-
terial employed in [32] was 4.5 mm AA6061 sheets, and the welding speed is 200
mm/min. The similarities between the materials, thicknesses, and roughly the
same welding parameters allowed these data’s employment for the model calibra-
tion. Experimental measurements were obtained with a thermocouple embedded
in the tool shoulder very close to the pin. The η parameter has been fixed be-
tween 0.85 and 0.87, decreasing it from 500 to 2000 rpm taking into account the
increase in heat losses increasing the heat generation. The comparison between the
simulation results and the experimental measurements is shown in Fig. 4a. The
Tmax,NZ obtained from the simulations is the highest around the tool, as displayed
in Fig.4b. The differences between experiments and simulations are lower than 5%
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Fig. 4 Comparison with temperature measurement in bibliography.

confirming the FEM thermal model’s reliability for predicting the maximum tem-
perature during welding. Moreover, since a 15 mm shoulder diameter was used by
Fehrenbacher et al. [32] while in the test performed in this work on AA6082-T6, it
is 11.5 mm, the difference between the real peak temperatures is further reduced.
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3 Results

3.1 In-plane forces

The average in-plane forces evolution with rotational speed for both aluminum
alloys is shown in Fig. 5.
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Fig. 5 Average value of in-plane forces as a function of the rotational speed.

For AA6082-T6, the force in the welding direction decreases by 65% between
750 and 1500 rpm and then stabilizes between 1500 and 2000 rpm when likely
the max softening is reached. The transversal component is constant in the whole
investigated window of rotational speed with minimal differences. Also, for 750
and 1000 rpm Fx > Fy while for 1500 and 2000 rpm Fx < Fy.
Regarding AA7075-T6, the welding force increases by 5% from 500 to 1500 rpm
while it suddenly increases, almost doubling for a rotation of 2000 rpm. Conversely,
the y component decreases by 12% between 500 and 1000 rpm and then stabilizes.
About the relationship between the two components, the x component is greater
than the y component over the entire range except for the 2000 rpm configuration.
From these results, the different evolution of the in-plane forces for the two materi-
als is highlighted. Specifically, AA7075-T6 showed stability in the range 500-1500
rpm, while AA6082-T6 displayed a substantial decrease between 750 and 1500
rpm of the welding force. The almost negligible influence of rotational speed on
the transverse component is evident from tests on both aluminum alloys. Further-
more, it is noteworthy how the relationship between x and y components varies
as the rotational speed varies and the overall higher value of forces reported for
7075-T6 alloy compared to 6082-T6.
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3.2 Periodicity of in-plane forces

The periodic evolution of the in-plane forces during ten rotations is displayed in
Fig. 6 and Fig. 7 for AA6082-T6 and AA7075-T6, respectively.
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Fig. 6 Periodic evolution of in-plane forces over ten rotations while welding AA6082-T6. a)
750 rpm, b) 1000 rpm, c) 1500 rpm, d) 2000 rpm.

The dashed vertical red lines mark the period of one rotation in the various
configurations. The evolution of the forces is stable for all the tested rotational
speed welding AA6082-T6 with a periodicity coincident with the tool rotation (Fig.
6). It is possible to recognize the tool rotation with one peak and one valley in all
the configurations. In contrast, the results for the tests performed on AA7075-T6
seem to belong to three groups. The first one is formed only by the configuration
at 500 rpm (Fig. 7a) with the forces period equal to the tool’s rotation and with
a steady evolution of both forces around their average value. It is interesting to
point out the momentary interruption in the growth of both forces before the peak
is reached. The second group consists of the 1000 and 1500 rpm configurations,
Fig.7b and c, respectively. In some cases, it seems more peaks and valleys can be
identified in one cycle, while in others, it is not even possible to find a peak and a
valley. Strong instability characterizes these two intermediate configurations. Fi-
nally, in the 2000 rpm configuration (Fig. 7d), it is possible to find the periodicity
equal to the tool rotation again but with an unexpected marked difference between
the two forces.
The evolution of the in-plane forces revealed differences associated with the tool-
workpiece interaction depending on the considered aluminum alloy. In all tested
configurations, the in-plane forces developed during friction stir welding of AA6082-
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Fig. 7 Periodic evolution of in-plane forces over ten rotations while welding AA7075-T6. a)
500 rpm, b) 1000 rpm, c) 1500 rpm, d) 2000 rpm.

T6 showed a stable evolution around the average value with regular periodicity,
i.e., one tool rotation, one peak and one valley with a perfect sinusoidal trend.
Contrarily, the complexity of the mechanisms occurring during friction stir weld-
ing of AA7075-T6 has been captured by studying the in-plane forces and how they
evolve during rotations.

3.3 Acoustic emissions

Regarding the information on acoustic emissions, the main feature was provided
by analyzing the elastic waves absolute energy evolution as a function of centroid
frequencies (Fig. 8). The absolute energy is obtained by integrating over the entire
burst duration the squared voltage signal [33]. The centroid frequency represents
the frequency center mass of AE signals and characterizes the overall frequency
content of an acoustic emission signal [34]. It can provide information about the
nature of the source and help distinguish different sources of AE. In general, abso-
lute energy has increased with the rotational speed, while the dispersion of these
values and their frequency range has evolved differently depending on the alloy.
For AA6082-T6, the centroid frequency is contained between 240-290 kHz for ro-
tational speeds lower or equal to 1500 rpm. Two different features should be noted
for the 2000 rpm configuration. The first is a slight shift toward lower frequencies,
while the second is an increase in the dispersion of the absolute energy values.
The difference in categories previously made for the tests done on AA7075-T6 can
also be extended to AE analysis. Specifically, the first configuration at 500 rpm
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Fig. 8 Absolute energy as function of the centroid frequency for all the tests (1aJ = 10−18J).

is distinguished from the others by the 240-290 kHz range frequencies. The inter-
mediate configurations, 1000 and 1500 rpm are instead contained in frequencies
between 210-250 kHz. The 2000 rpm configuration is different from the previous
ones. Not only are the frequencies between 200 and 300 kHz, but the dispersion of
the absolute energy values is significantly greater than in the other configurations.
Then, regardless of the material, acoustic emission analysis allowed a division into
two macro-families of joints. Those whose centroid frequency is between 240-290
kHz and the others between 210-250 kHz. This classification fits well with the
observations on the periodicity of the force signals since, wherever the periodicity



12 Danilo Ambrosio et al.

turned out to be non-regular and non-coincident with a tool rotation, the cen-
troid frequency range is 210-250 kHz, while in cases of regular evolution 240-290
kHz. Thus, the AE results corroborated the observed differences in the periodic
evolution of the forces.

3.4 Welds quality

The quality of the joints was evaluated by analyzing the external surface and
the cross-section. Cross-sections and details of the nugget zone (NZ) for all the
AA6082-T6 friction stir welds are displayed in Fig. 9. As for the outer surface,

(a) 750 rpm (b) 1000 rpm

(c) 1500 rpm (d) 2000 rpm

Fig. 9 Cross-sections and details of the NZ for AA6082-T6 joints.

no defects were detected. Focusing instead on the cross-sections, it is as if two
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groups could be distinguished. In the first group formed by the 750 and 1000 rpm
configurations, two features in Fig. 9a and b are worth noting. The first is the
not distinguishable NZ with a hint of onion ring structure at the bottom of the
sheet. The second highlighted in the black dashed rectangles is the micro-voids
between the various packed layers constituting the onion ring in the lower part
of the nugget zone on the AS that become smaller going from 750 to 1000 rpm.
In the second group, 1500 and 2000 rpm, the classic onion ring structure is easily
recognizable throughout NZ.
A similar analysis can be done for the AA7075-T6 joints shown in Fig. 10. The

(a) 500 rpm (b) 1000 rpm

(c) 1500 rpm (d) 2000 rpm

Fig. 10 Cross-sections and details of the NZ for AA7075-T6 joints.

division made earlier results evident in studying the joints’ details obtained with
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the different rotational speeds. The only sound joint is obtained with the lowest
rotational speed, 500 rpm, as displayed in Fig. 10a. The intermediate 1000 and 1500
rpm configurations, which were characterized by the irregular period of the in-plane
forces and by lower frequency range associated with the AE compared with the
500 rpm configuration, have internal defects in the NZ (Fig. 10b and c). Instead,
the 2000 rpm configuration is characterized by a marked external flaw along the
entire weld (Fig 11). From the cross-sectional analysis in Fig 10d, the upper central

Fig. 11 External defects welding AA7075-T6 at 2000 rpm.

part of the joint is characterized by many material fragments. This macroscopic
defect suggests different phenomena related to the tool-workpiece interaction and
explains the marked differences observed in the monitored quantities, forces, and
acoustic emissions.
The cross-section analysis showed both aluminum alloy transitions related to the
material behavior during friction stir welding. For AA6082-T6, two groups were
identified, 750-1000 rpm and 1500-2000 rpm, with a noticeable change in the shape
and characteristics of the NZ. For AA7075-T6 alloy, on the other hand, a double
transition was observed, going from sound joint (500 rpm) to internal defects
(1000-1500 rpm) and then to an external defect along the entire weld seam (2000
rpm).

4 Discussion

The results presented, both quantitatively, forces and acoustic emissions, and qual-
itatively, joint cross-sections, provided information to infer the different plastic
behavior of the two materials and the same material by changing process param-
eters.
The values of the welding force Fx in the various tests on the two aluminum al-
loys confirmed different behavior in the investigated rotational speed windows. For
AA7075, the welding force is stable between 500 and 1500 rpm, as displayed in
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Fig. 5. This result suggests maximum softening of the material already achieved
at the lowest rotational speed [17]. Differently, the 2000 rpm configuration is char-
acterized by an external macro defect all along the weld and by a sudden doubling
of the static value of the welding force compared to the other configurations. This
excessive force in the x-direction can be linked to the following phenomenon. The
difficulty in shearing the volume of material while rotating determines a stronger
frontal reaction since the tool rotation contribution is minimized. In other words,
the incipient local melting is responsible for an increase in the slipping between
tool and workpiece, and the volume of material is more pushed than sheared by the
tool. In contrast, a different behavior was observed in the welding force evolution
with the rotational speed for AA6082-T6 tests. Between 750 and 1500 rpm, Fx

first decreases due to an increase in temperature with the rotational speed, greater
thermal softening, and consequential loss in the mechanical strength of the alloy,
and then stabilize between 1500 and 2000 rpm. This higher resistance of the ma-
terial at rotational speeds less than or equal to 1000 rpm is also reflected in the
micro-defects observed in the dashed black rectangles in Fig. 9a and b, which can
be associated with the lack of mechanical bonding between the successive layers de-
posited successively during the advancement of the tool. Increasing the rotational
speed from 750 to 1000 rpm, the size of these areas decreases, confirming a greater
heat generation, mixing and bonding between the various layers, even if not yet
optimal. These considerations are supported by the temperature estimation made
through thermal simulation and shown in Fig. 12. For AA7075-T6, at 500 rpm, the
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Fig. 12 Maximum temperature in the NZ for both materials in all the tested configurations.

temperature is already close to the solidus temperature, and the material softening
had already reached its natural limit. The further increase of the rotational speed
is responsible for a higher shear rate and increased risk of local incipient melting.
On the contrary, concerning AA6082-T6, the configurations at 750 and 1000 rpm,
the temperature is still far enough from the solidus. By increasing the rotational
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speed, there is a greater softening of the material with consequent reduction of the
resistance offered by the latter. Hence, the relatively cold first welds (i.e., 750 and
1000 rpm) with the unusual appearance of onion rings only in the lower part of
NZ and the micro-defects between the various layers resulting from an incorrect
stirring were confirmed. These results are coherent with the thermal properties
of the aluminum alloys. For AA7075, the maximum softening can be reached for
low rotational speed being characterized by lower Ts and thermal conductivity
compared to AA6082. Consequently, the higher rotational speed can easily induce
local incipient melting in the hottest point during friction stir welding, i.e., the
corner between pin and shoulder [35], impeding the correct plastic deformation of
the material layer around the tool increasing the reaction in the welding direction.
On the other hand, the relatively cold welds obtained with the lowest rotational
speed for AA6082 are coherent with their thermal properties. Higher heat gener-
ation is required to increase the temperature in the material due to the higher
thermal conductivity (i.e., faster heat dissipation). It is also interesting to observe
the relation between Fx and Fy in all the tested configurations. When sufficient
heat input for the correct softening and stirring of the material was guaranteed,
Fy > Fx. On the other hand, for the relatively cold welds, 750 and 1000 rpm for
AA6082 (Fig. 9a and b), Fx > Fy. Therefore, this relationship can be an indi-
cator of understanding whether the chosen welding configurations guarantee the
achievement of temperatures close to the solidus temperature or not. This analy-
sis excluded the configuration at 2000 rpm on AA7075 not comparable with the
others because of the external macro-defects.
To understand the observed differences in the periodicity of force signals, it is nec-
essary to focus locally on single rotations. The average value was subtracted from
the forces to analyse only the harmonic part of the signals, and the cyclical peaks
(Fmax) and valleys (Fmin) were highlighted (Fig. 13a). In-plane forces oscillation
is associated with the eccentricity of the process [36] introduced by the system,
the tool, and the interaction with the material to be welded [37]. Hence, during its
period, the tool is making two different movement associates with the rotation. It
rotates around its axis due to the spindle action. Simultaneously, its axis revolves
around the theoretical tool axis. The two movements are displayed in the sketch
in Fig. 13b. The eccentric motion is responsible for the reactions with the material
around the pin, and the force sensor sees with a 90◦ offset the same thing along
x and y (Fig. 14). However, due to the tool’s rotation around its axis, a second
pin-workpiece interaction also intervenes. The tool shears a portion of the material
because of its rotation. Under optimal welding conditions, the material layer is de-
formed and sheared around the tool following its eccentric revolution. Therefore,
the pin radius at the eccentric side increases due to the sheared material layer, fur-
ther increasing the compression exerted on the matrix around the pin, generating
the in-plane forces oscillation, as displayed in Fig. 13a. The interaction with the
material layer ends during the eccentric rotation towards the trailing edge (TE),
where space is created due to the tool advancing, and then the layer is released
and compressed against the previously deposited layer. The consequences of the
tool axis’s rotation and revolution are the cyclical processing of successive layers
and the cyclical increase/decrease of the forces. To associate the peaks of the two
forces with a specific tool position in proper stirring condition, the following as-
sumption is made. When the tool is in the eccentric position towards the leading
edge (LE), the y component is zero while the one along x is maximum (Fig. 14b).
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(a) Example of the maximum and minimum forces in the har-
monic evolution once subtracted the average.

(b) Focus on the eccentricity. Tool rotation around itself (i.e. around the tool axis) and
revolution around the theoretical tool axis (i.e. rotation of the tool axis around the theoretical
tool axis).

Fig. 13 Explanation of the link between forces oscillation and tool revolution. a) In-plane
forces oscillation, b) tool axis rotation and revolution in one period.

When after 90◦ the tool is towards RS, the x component is zero, while Fy reaches
its maximum, as displayed in Fig. 14c. The same, but in the opposite direction,
happens on the TE and AS. To summarize everything, Fx,max in LE, Fy,max in
RS, Fx,min in TE, and Fy,min in AS according to the orientation of the loadcell,
welding direction and rotation. The resultant is equal to Fx or Fy in the conditions
shown in Fig. 14, while it is composed of an x and y component in all others. Sim-
ilarly, the resultant angle with the welding direction (clockwise direction) can also
be calculated. In Fig. 15, the evolution of the in-plane forces, the resultant and
its angle (α) with respect to the welding direction during three rotations in the
AA6082-T6 configuration at 1500 rpm are shown. In-plane forces evolve regularly
with a periodicity equal to the tool rotation with one peak and one valley. The



18 Danilo Ambrosio et al.

Fig. 14 Tool revolution during the rotation each 90◦. a) AS, b) LE, 3) RS, 4) TE.
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Fig. 15 Focus on three rotations while welding AA6082-T6 at 1500 rpm.

resultant angle varies between 0◦ and 360◦ in one rotation following the eccentric
trajectory of the tool, and its value oscillates between 400 and 700 N. Contrarily,
for AA7075, in the 1000 rpm configuration (Fig. 16), in-plane forces evolve irreg-
ularly without the expected periodicity equal to the tool rotation. The resultant
angle with the welding direction does not complete the 360◦ in one tool rotation,
and its value oscillates between 50 and 800 N (Fig. 16b). The critical element is
the unexpected difference between peaks Fx and Fy in the second rotation (black
dashed rectangle in Fig. 16a). Throughout the weld, in AA6082 considered config-
uration, the Fx and Fy peaks are always very similar. On the contrary, in the case
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of AA7075, this marked difference cyclically occurs. If the interaction between the
coupled pin-layer and the base material around the pin is considered equal during
the rotation, the values of the two forces should not differ much. Hence, the sudden
y-force drop is explained by material failure during the plastic deformation (i.e.
compression due to the revolution and shearing due to the rotation).
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Fig. 16 Focus on three rotations while welding AA7075-T6 at 1000 rpm.

The fractures determine a de-phasing between the revolution and the sheared
layer position around the tool, causing instabilities in the forces. This phenomenon
can also be analyzed by observing the in-plane forces’ evolution during one rev-
olution when displayed in the compass plot, Fig. 17 and Fig. 18, focusing on the
second rotation of Fig.15 and Fig. 16, respectively. Under stable conditions, the
resultant is always directed toward the eccentric position of the tool (Fig. 17),
whereas this effect is lost under unstable welding conditions (Fig. 18). This phe-
nomenon may result from a fragmented plastic deformation of the material layer
rather than continuous, giving rise to irregularities in the force signals and defects
within the weld bead.

In FSW, the increase in rotational speed keeping constant the welding speed
determines APR decreases (the volume processed per rotation) and the greater lo-
cal concentration of stress and plastic deformation in a smaller portion of material.
Regarding AA7075-T6, the maximum temperatures shown in Fig. 12 reached at
500 rpm is very close to the solidus temperature. Thus, the increase in rotational
speed combined with a higher concentration of plastic deformation induces a local
temperature increase exceeding the solidus temperature, causing instability in the
process. Similar findings have been found when investigating the hot extrusion of
aluminum alloys. Studying the deformability of various aluminum alloys, Zakharov
[38] demonstrated the significant difference between AA7075 and AA6xxx during
hot extrusion. The low deformability of AA7075 is due to its sensitivity to hot
tearing defect [39]. This defect consists of micro-cracks on the external surface of
the extrudates (Fig. 19) due to high temperatures close to or above the solidus
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Fig. 17 In-plane forces evolution in one tool revolution while welding AA6082-T6 at 1500
rpm. The eccentric position is indicated below each picture respect to the LE.

temperature reached in correspondence of the stress concentration zones at the
die edges.

The increase in temperature above the solidus temperature is responsible for
local incipient melting in second phase particles causing sudden embrittlement of
the material with its resistance dropping below the flow stress previously required
for the plastic deformation. The consequence is the unexpected fracture with the
appearance of tears on the external surface of the extruded part [41]. This defect
is more likely to appear in heavily alloyed aluminum, characterized by the high
density of intragranular and intergranular second phase particles [42]. For the same
reason, in FSW of heavily alloyed aluminum such as AA7075-T6, the rotational
speed represents a critical parameter for the occurrence of a phenomenon similar
to hot tearing in extrusion, here defined as intermittent material flow. The inter-
mittent material flow is likely responsible for the occurrence of flow defects during
the process. A sketch to compare continuous and intermittent material flow is
shown in Fig. 20. Between Step2 and Step4, the plastic deformation concentration
due to compression and shear action performed by the tool on the small volume
of material can lead to local fracture of the layer processed by the tool.
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Fig. 18 In-plane forces evolution in one tool revolution while welding AA7075-T6 at 1000
rpm. The eccentric position is indicated below each picture respect to the LE.

The point at which this phenomenon occurs depends not only on the thermo-
mechanical conditions but also on the material’s microstructure, i.e. second phase
particles density. Hence, to guarantee continuous material flow, it is necessary to
choose the appropriate rotational speed according to the material, welding speed,
axial force or plunge depth, clamping system, backing plate, and tool. If the crit-
ical rotational speed is exceeded, the intermittent material flow may occur. This
critical value is lower for materials characterized by low deformability, and conse-
quently, they have a narrower weldability window. This phenomenology explains
the connection between high rotational speeds and internal voids previously re-
ferred to as abnormal stirring [43].
Acoustic emissions corroborate the introduced concept of continuous and inter-
mittent material flow. As displayed in Fig. 8 the conditions characterized by the
intermittent material flow, 1000 and 1500 rpm welding AA7075-T6, presented a
different range of frequencies associated with the absolute energy of the acoustic
emission compared to the others. The shifted elastic wave frequencies confirm a
different nature of the source of these emissions, justifying the intermittent ma-
terial flow. In conclusion, AE reinforced the concept of intermittent flow when
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Fig. 19 Hot tearing in AA7075 hot extrusion [40].

Fig. 20 Differences between continuous and intermittent material flow.

the maximum temperature in NZ is attained and too high rotational speed are
employed.
In Tab. 3, all the differences observed in the various tests are summarized with a
division into groups according to the characteristics observed in the in-plane forces,
acoustic emissions, weld quality, and type of material flow. Acoustic emissions in
the centroid frequency range between 210 and 250 kHz and forces period equal to
the tool rotation period correspond to a continuous material flow, group 1 and 2.
However, the difference between the two groups was inferred from the relationship
between the mean value of Fx and Fy and the quality of the joints. To group 1
belong cold joints, in thermal conditions still not optimal and Fx > Fy, while to
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Table 3 Summary of the experimental results. Base material (BM), weld quality (WQ), ma-
terial flow (MF). Continuous (C) and Intermittent (I).

Group BM N
(rpm)

Mean Period AE
(kHz)

WQ MF

1
6082

750
Fx > Fy ∼ 1 rot 240-290 C

1000

2
1500

Fx < Fy ∼ 1 rot 240-290 C2000

7075

500

3
1000

Fx < Fy > 1 rot 210-250 I

1500

4 2000 Fx > Fy ∼ 1 rot 200-300 I

group 2 the necessary thermal conditions (between 0.9 Ts < Tmax,NZ < 1.05 Ts)
to guarantee a correct stirring of the material had occurred and Fx < Fy. The
joints of group 3 are characterized by the forces period not equal to a tool rotation
period and by a range of centroid frequencies different from the previous one. In
qualitative terms, it resulted in the presence of internal voids. Thanks to the local
analysis of single rotations, the outcome was explained by an intermittent material
flow justifying both the difference in the monitored physical quantities (forces and
AE) and the presence of the defects. Finally, the only joint belonging to group
4 represents an extreme condition of intermittent material flow. The severe ther-
momechanical conditions (the high temperature and shear rate) led to incipient
local melting with the consequent slipping between pin and layer, giving rise to
this macroscopic external defect. In terms of physical quantities monitored, this
leads to an Fx almost twice Fy and a range of centroid frequencies extending over
continuous and intermittent domains.

5 Conclusion

In the present investigation, the plastic behavior of AA6082-T6 and AA7075-T6
was investigated by friction stir welding using the same welding parameters and
monitoring in-plane forces and acoustic emission.
The first highlight is the different rotational speed range to guarantee the maxi-
mum softening and, consequently, the maximum attainable temperatures because
of the friction between tool and material. For AA6082-T6, the stability of the
in-plane static forces components is obtained between 1500 and 2000 rpm, while
AA7075-T6 between 500 and 1500 rpm with maximum softening conditions al-
ready obtained at 500 rpm. This is justified by the different thermal characteristics
of the two alloys with AA7075-T6 having a lower thermal conductivity facilitating
the local increase in temperature approaching the solidus.
Using too high rotational speeds can result in an intermittent material flow instead
of a continuous one. An intermittent material flow generates possible voids inside
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the joint due to incorrect material stirring. This phenomenon may appears if the
following conditions occur:

– The maximum temperature in the NZ has already reached the solidus one, and
the rotational speed is further increased.

– The volume of material processed, dependent on thickness and APR, is re-
duced, resulting in a significant concentration of plastic deformation in a small
amount of material.

In the presence of these two conditions, the critical rotational speed is significantly
reduced if the alloy is characterized by a high percentage of alloying elements and
consequently a high density of second phase particles. This conclusion was based
on the plastic deformation localization in the sheared material volume combined
with the irregularities in the force signals’ dynamic part, which suggested the
failure during plastic deformation. The hypothesis made on the possible different
material flows depending on friction stir welding conditions was then corroborated
by the difference in the acoustic emissions characteristics depending on the type
of configuration, continuous or intermittent flow. Given these results, the different
plastic behavior of the two materials due to their microstructure is evident. The
higher deformability and consequent lower sensitivity to the intermittent material
flow of AA6082-T6 determines a wider weldability window. Contrarily, for AA7075-
T6, more attention is required to avoid intermittent material flow and possible
internal defects by choosing the appropriate rotational speed.
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