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Abstract: The influence of temperature on the precipitation evolution in different zones
of friction stir welded (FSW) heat-treatable aluminum alloys has been well investigated.
However, the role of plastic deformation in affecting precipitation transformations remains
less explored. To isolate the contribution of these factors and specifically assess the role of
plastic deformation, an approach combining numerical and physical modeling techniques
was used. Welding temperature cycles in the FSW weld zones calculated by means of a
3D finite element model were accurately reproduced using a Gleeble instrument. This
approach was implemented under two scenarios such as the reproduction of the influence
of temperature alone, and the combined effects of temperature and thermally induced
plastic strain. The precipitation states and hardness obtained from these controlled experi-
ments were compared to those observed in actual friction stir welds, providing a deeper
understanding of the influence mechanisms at play. The results revealed that deformation
significantly influences precipitation formation in the stir zone of both 2024 and 6082 alloys,
with this effect extending to the heat-affected zone in the case of the 2024 alloy.

Keywords: friction stir welding; heat-treatable aluminum alloys; physical simulation;
Gleeble simulation; plastic deformation; precipitation evolution

1. Introduction

The properties of heat-treatable aluminum alloys are primarily influenced by their
precipitate state, which is governed by the aging time and temperature. During thermal
exposure, the strengthening precipitates in the 2xxx and 6xxx series transform through
specific sequences. While multiple transformation sequences are reported in the literature,
this study uses the sequences presented below. It is worth mentioning that these sequences
were also utilized in previous studies [1,2] focusing on the investigation of precipitation
evolution and served as the basis for the current study.

For the alloy 6082 [3-7]:

SSS — clusters — GP zones — needle-like B — rod-like B’ — plate-like 3 (MgSi) + (Si)

For the alloy 2024 [8]:

SSS — co-clusters — GPB2/S" — S

The influence of aging time and temperature on the phase transitions according to
these sequences is well studied and documented, as can be drawn from the mentioned
papers and reviews. This process, known as static aging, does not involve deformation.
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However, evidence shows that plastic deformation can significantly impact the precipitation
evolution and, consequently, the final precipitation state and alloy properties. For instance,
the effect of plastic deformation of 3 to 10% applied prior to aging on the precipitation has
been reported in [9-14]. These studies reveal that pre-deformation promotes heterogeneous
nucleation of strengthening precipitates.

When deformation is involved, dynamic aging takes place. This process combines
precipitation with plastic deformation during material processing, typically at elevated
temperatures. In this context, deformation plays a crucial role in shaping the final pre-
cipitation state. However, systematic investigations into its influence remain limited. For
instance, dynamic precipitation during severe plastic deformation (SPD) has been stud-
ied using equal channel angular pressing (ECAP) [15-20], but the reported findings are
inconsistent. Some studies suggest that '/ precipitates nucleate during SPD through a
dislocation-assisted process [16,19], while others report the facilitated dissolution of hard-
ening precipitates [15,18]. The latter occurs as dislocations shear precipitates, causing
fragmentation and faster dissolution of smaller particles. Similarly, Murayama et al. [21]
observed complete 6 precipitate dissolution in aged Al-Cu alloys, which belongs to the
2xxx series, during ECAP, driven by deformation rather than heat. Subsequent aging of
the deformed structure led to the reformation of the stable 6 phase. According to [20], SPD
induces complex precipitate evolution, including the p’’ formation, partial dissolution due
to dislocation cutting, and subsequent re-formation.

Friction stir welding (FSW) can be associated with dynamic aging due to severe plastic
deformation, particularly in the stir zone (SZ). Temperature and deformation gradients
drive precipitation transformations across the weld zones of 6xxx and 2xxx series alloys,
which have been also extensively studied and reconstructed [22-29]. However, these phase
changes have been attributed to thermal cycles, while the influence of deformation was
neglected. Frigaard et al. [30] emphasized though that the high dislocation density in the
SZ accelerates dissolution kinetics.

The question arises as to how the local precipitation evolution is affected by the
combined influence of plastic deformation and temperature during FSW. Attempts have
been made to simulate the effect of temperature on the precipitation phenomena in the FSW
weld. For instance, Sato et al. [25] sought to replicate the microstructure in various FSW
zones by applying simulated thermal cycles to AA6063. By comparing the precipitation
states observed after thermal simulation with those formed during welding, precipitation
sequences in the softened weld region were suggested. Genevois et al. [31] conducted
thermo-compression tests to simulate the strain in the heat-affected zone (HAZ) of the
2024 alloy. Similar to the approach in [25], the heating and cooling rates were fixed, but
a 10 s holding stage at the test temperature was added. Additionally, deformation was
applied continuously at different peak temperatures during this isothermal stage. Testing
was conducted at temperatures below 350 °C, which are typical for the HAZ. The study
demonstrated that even a small degree of plastic deformation can significantly influence
the precipitation kinetics at these temperatures.

In the current study, a technique combining numerical simulation and physical model-
ing was developed. Thermal cycles calculated for different locations of the FSW weld were
reproduced using a Gleeble instrument. The resulting precipitation state and hardness
were monitored and compared with the corresponding structures and hardness observed in
the FSW welds. The Gleeble experiments followed two schemes: one focused solely on the
effect of temperature, while the other considered both temperature and thermally induced
plastic deformation. Previous studies on precipitation in the AA6082 [1] and AA2024 [2]
alloys during FSW provided the foundation for planning the physical simulations and
served for comparison with the results obtained after FSW. These studies are referenced
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throughout the paper, in particular for the comparison of the precipitation states after the
FSW and Gleeble tests.

The objective of this study was to independently assess the contributions of temperature
and plastic deformation to the precipitation evolution in heat-treatable 6082 and 2024 alloys
across different FSW zones and to qualify the extent of plastic deformation that needs to be
considered in relation to temperature-induced effects on the precipitation development.

2. Materials and Methods

In this study, two wrought heat-treatable aluminum alloys, AA6082-T6 (solutionizing
at 530 °C, water quenching, and artificial aging at 185-190 °C) and AA2024-T351 (solution-
izing at 530 °C, water quenching, stretching 1-2%, and natural aging in air), were used.
The chemical compositions of these alloys are provided in Table 1.

Table 1. Chemical composition of the aluminum alloys used in this study, wt%.

Alloy Si Mg Cu Mn Fe Sn Ti Al
6082 0.89 1.18 0.31 0.4 0.4 - Bal.
2024 0.11 1.28 494 0.41 0.08 0.11 0.07 Bal.

The macrographs and microhardness profiles obtained after FSW were used to select
points for physical simulation with the Gleeble instrument (Figure 1). The advancing side
(AS) and retreating side (RS) were located on the right and left, respectively. The legend
below the points provides information about the weld zones, while the corresponding
hardness values in these points can be derived from the hardness profiles presented in the
following section.

HAZ HAZ TMAZ sz
(min. hardness)
(a)

0.9 mm

HAZ TMAZ (rﬁin. hardness) TMAZ Sz
(b)

Figure 1. Location of the points for physical simulation: (a) AA6082; (b) AA2024. Legend: SZ—stir
zone, TMAZ—thermo-mechanically affected zone, HAZ—heat-affected zone.

The thermal history induced in the selected points was reconstructed by numerical
simulation. A description of the 3D finite element model (FEM) used for the FSW process is
given in [32]. The calculated thermal cycles were reproduced using the Gleeble instrument

(see Figure 2).
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Figure 2. Thermal cycles calculated in the selected points: (a) AA6082; (b) AA202; (c) Gleeble sample;
(d) Gleeble camera with the testing sample.

Flat test specimens were extracted from the base material sheets (Figure 2c). The tests
were performed on a Gleeble-3500 thermomechanical simulator (Dynamic Systems Inc.,
New York, NY, USA), equipped with a Pocket Jaw MCU system, a Low Force 5K setup, and
a sensitive load gauge. Cooling during the experiments was achieved through conductive
heat dissipation via the clamping jaws. Temperature monitoring was conducted using a
K-type thermocouple, placed at the center of the specimens, to ensure the reproducibility
of the thermal cycle, as shown in Figure 2d.

The Gleeble experiments were run according to two schemes:

(1) A sample is rigidly fixed at one end throughout the entire thermal cycle, including
both heating and cooling steps. The opposite end of the sample moves freely with the grip
when the sample expands during heating and contracts during cooling. As a result, the
stresses in the working zone of the sample remain zero throughout the entire experiment.
This setup ensures that the material is exposed to elevated temperatures while eliminating
plastic deformation. It is important to note that this scheme does not replicate the actual
conditions found in the FSW weld, particularly in the HAZ. However, it allows for the elim-
ination of plastic strain and the evaluation of temperature influence alone. The described
procedure is designated as “unrestraint” and marked without index.

(2) A sample is rigidly fixed at both ends throughout the entire duration of the thermal
cycle. In this setup, compressive and tensile stresses develop in the working area of the
sample during the heating and cooling stages, respectively. The fixed clamping simulates
the surrounding cold areas of the welded sheet, thus replicating the welding conditions
more accurately than the previous setup. In this scenario, temperature and thermal stresses
influence the precipitation process. It should be noted that this scheme aims to replicate the
microstructure in the HAZ to assess the impact of a small amount of plastic deformation.
For the TMAZ, the level of plastic deformation is considerably greater than that induced by
the thermomechanical modeling, i.e., the strain induced by the welding thermal cycle only.
This procedure is referred to as the “stroke” schema, and the corresponding samples are
labeled with the index “s”.
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The plastic strain levels induced in samples 1s and 2s were assessed by applying a
well-established theoretical uniaxial bar model presented in [33]. This model describes the
stress—strain evolution of the rigidly restrained sample subjected to the welding thermal
cycle by means of an ideal elastic—plastic material low. The calculated plastic strains, shown
in Table 2, illustrate the conditions of the different samples.

Table 2. Plastic strain thermally induced during Gleeble experiment.

Samples AA6082 AA2024
1s 2s 1s 2s
Tmax, °C 337 425 194 371
Compressive pl. strain (heating) —4.65 x 1073 —6.75 x 1073 —~1.85 x 1073 —6.06 x 1073
Tensile pl. strain (cooling) +1.8 x 1073 +39 x 1073 - +3.21 x 1073
Accumulated pl. strain 6.45 x 1073 10.65 x 1073 1.85 x 1073 9.27 x 103

The samples for transmission electron microscopy (TEM) were extracted using an
abrasive cutting machine under water cooling from the center of the Gleeble specimens,
where the thermocouple had been placed. They were initially mechanically thinned to
100 pm, followed by electrolytic polishing using Tenupol 5 (Struers, Cleveland, OH, USA)
with a reagent containing 10% perchloric acid in butoxyethanol. Ion polishing was then
performed with the DuoMill (Gatan, Pleasanton, CA, USA) device. TEM observations were
conducted at an operating voltage of 150 kV using a Hitachi H-800 transmission electron
microscope (Hitachi, Tokyo, Japan) equipped with a tungsten filament and a Quemesa
camera (Olympus, Miinster, Germany).

Vickers microhardness measurements were taken on the cross-section of the Gleeble
samples using a 0.980 N load (HV 0.1) for 10 s. It is important to note that both the TEM
investigation and hardness measurements were conducted after at least 1 month of natural
aging in order to ensure the process of natural aging was fully complete.

3. Results and Discussion

3.1. Microhardness Distribution

Figure 3 illustrates the hardness of the Gleeble-treated samples superimposed on the
hardness profiles obtained after FSW for both alloys.

130 180
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Figure 3. The hardness of the samples after physical simulation superimposed on the hardness
profiles of the FSW joints: (a) AA6082; (b) AA2024. The dotted lines represent the BM hardness.

For the 6082 alloy, the hardness observed after physical simulation closely aligned
with the microhardness profile after FSW. The hardness values of the ‘stroke’ samples (1s
and 2s) were nearly identical to those of the corresponding thermally treated samples.
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These results suggest that the evolution of strengthening precipitates during FSW of the
6082 alloy is primarily governed by temperature.

For the 2024 samples, the hardness obtained after Gleeble treatment corresponded to
that in the SZ while it exceeded the hardness measured outside the SZ of the FSW weld. A
notable feature of the graph is the high hardness of sample 2 and 2s, which experienced
a thermal cycle resulting in a minimum hardness in the TMAZ (145 HV vs. 129 HV after
FSW). In contrast to the 6082 alloy, the ‘stroke” samples of the 2024 alloy exhibited higher
hardness compared to the corresponding thermally treated samples. This suggests that the
evolution of S precipitates in the TMAZ and HAZ of the 2024 alloy is influenced by both
temperature and plastic deformation.

It is important to note that the grain and subgrain structures remained unchanged
after the Gleeble processing compared to the base material (BM) state of both the 6082 and
2024 alloys. This indicates that the evolution of the grain structure in the TMAZ and HAZ
is influenced not by temperature alone, but by the combined effect of temperature and
plastic deformation.

3.2. Precipitation Evolution in AA6082

Coarse, round particles (visible as dark spots in the TEM images) observed in all
microstructures were identified as Al(Fe,Mn)Si dispersoids.

3.2.1. Stir Zone

Sample 4 underwent a thermal cycle corresponding to the SZ of the FSW weld. Bright-
field TEM micrographs (Figure 4) revealed thin, needle-like B precipitates ranging in
length from 50 to 500 nm. They were oriented along the [100]Al and [010]Al directions,
while fine dots, representing end-on views of the needles, were aligned along the [001]Al
direction. These B” precipitates are the primary hardening phase in 6xxx series alloys. The
SAED pattern exhibited faint B diffuse streaks rather than bright ones, likely due to the
small size and limited quantity of the p” phase.

1000 nm

(b)
Figure 4. Bright-field TEM micrographs of sample 4 (SZ): (a) high density of " needles; (b) magnified

image of (a) with associated SAED.

Comparison with the BM in the T6 state [1] revealed that the Gleeble test produced
precipitates with lower density and larger interparticle spacing. This explains why the
hardness of sample 4 (83 HV) was lower than that of the BM (120 HV), as the BM structure
has the maximum B” precipitate concentration.

Interestingly, the SZ after FSW had no B” precipitates [1] in contrast to the Gleeble
sample. Two possible explanations could account for the presence of B” in the Gleeble
structure. One possibility is that the precipitates were only partially dissolved. However,
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this scenario seems unlikely, given the peak temperature of 510 °C and a dwell time of 9 s
above 200 °C, which is the threshold for the 3’ dissolution. This observation aligns with
the findings of Sato et al. [25], who reported complete dissolution of precipitates during a
simulated thermal cycle with a maximum temperature of 402 °C.

In this scenario, the presence of 3" precipitates is attributed to re-precipitation dur-
ing cooling. However, this was not observed in the SZ of the weld, suggesting that the
re-precipitation of B’ is hindered during FSW. The severe plastic deformation extensively
generates dislocations within the SZ structure [34,35], accelerating the dissolution of the
initially present precipitates. However, dynamic recrystallization consumes dislocations,
thereby limiting their availability for the heterogeneous nucleation of precipitates. Further-
more, newly formed grain boundaries act as efficient sinks for solutes, depleting the matrix,
while the rapid cooling rate suppresses diffusion. These combined factors create conditions
that are highly unfavorable for the re-formation of precipitates.

In the Gleeble experiment, the BM structure, characterized by a high dislocation
density, readily facilitated the formation of " precipitates during the thermal cycle, with
the short cooling duration being the primary factor limiting their quantity.

The Gleeble test showed that the deformation in the SZ affects the precipitation
evolution, primarily by inhibiting the reformation of precipitates. Despite this, the material
in the SZ achieved the same hardness as the Gleeble-treated sample. While a small amount
of fine B” precipitates in the thermally treated material contributed to the hardness, the
5Z’s hardness was increased by grain refinement, co-clusters, and GP zones.

3.2.2. TMAZ

Sample 3 was subjected to a thermal cycle corresponding to the TMAZ, with a peak
temperature of ~460 °C. The hardness of this sample (87 HV) closely matched the hardness
observed at the corresponding location of the weld (83 HV).

Bright-field TEM images (Figure 5) revealed two types of precipitates, both oriented
along the <100> directions of the matrix. One type consisted of needle-shaped B pre-
cipitates, approximately 100 nm long and 10 nm thick. The other was rod-shaped B’
precipitates, up to 300 nm in length and 15 nm in thickness. End-on views of the 3" needles
and B’ rods, aligned parallel to [100]Al, appeared as dark dots a few nanometers in size.
The B’ particles were found to be pinned to Al(Fe,Mn)Si dispersoids or at the interaction
points between dislocations and dispersoids, suggesting a dislocation-assisted nucleation
mechanism. The SAED pattern showed typical diffuse streaks, confirming the presence of
both precipitate types.

Figure 5. Bright-field TEM micrographs of sample 3 (TMAZ): (a) " needles and 3’ rods on dispersoid
particles; (b) magnified image of (a) with associated SAED.

At the peak temperature of 460 °C, all " precipitates dissolved, and the solute atoms
recombined to form B” and B’ precipitates as the material cooled. The slightly higher
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hardness of sample 3 is likely due to the lower quantity of B’ particles, as no additional
dislocations were introduced during the Gleeble test.

In the TMAZ, the material transitions into a solutionized o-phase by the end of the
heating phase. Upon cooling, B’ precipitates begin to form, but the cooling rate favors
" precipitation. The dislocation-assisted formation of B’ was observed in sample 3. The
welding process causes intense plastic deformation in the TMAZ, which promotes the
formation and growth of B’ at the newly formed subgrain boundaries and dislocations,
although the amount of ' remains relatively small. Therefore, it can be concluded that the
thermal cycle plays a decisive role in determining the ratio between the formed p” and B’
phases in the TMAZ.

3.2.3. HAZ

Samples 2 and 2s underwent a thermal cycle that produced the hardness minimum of
68 HV in the HAZ of the FSW weld. All hardness values were nearly identical, suggesting
a comparable precipitation state.

Bright-field TEM micrographs of sample 2 (Figure 6) revealed an abundance of B’ rods
and fine " needles with the dimensions of 5 nm x 50 nm aligned in the <001> matrix
directions. Although B” precipitates were present in the structure, the ' phase dominated
significantly in quantity. The characteristic streaks in the SAED confirmed the presence of
both metastable phases. This microstructural state corresponded to a hardness of 74 HV.

e . &

g fntrh

Figure 6. Bright-field TEM micrographs of sample 2 (HAZ): (a) high density of B’ rods; (b) magnified
image of (a) with associated SAED.

The primary characteristic at the location of the hardness minimum in the FSW weld
was the extensive presence of coarse B’ precipitates. This aligns well with the interpretation
of the Gleeble experiment conducted with sample 2.

The simulated weld thermal cycle test revealed that the most significant precipitation
of B’ occurred after the dissolution of initial B’ precipitates upon heating to 425 °C, a
condition also encountered during welding. This observation is consistent with findings
by Myhr et al. in the study [36], where a hardness minimum was reported at a peak
temperature of approximately 430 °C. The comparable hardness of samples 2 and 2s
indicates that thermally induced strain had no impact on the precipitation state. Based on
this, one can conclude that the " — P’ transition is solely driven by the thermal cycle, and
it is responsible for the hardness minimum in the HAZ of the 6082 alloy.

The behavior of samples 1 and 1s further supports this trend. Due to the lower peak
temperature of 340 °C, fewer B’ precipitates dissolved compared to samples 2 and 2s.
A small amount of B’ formation in sample 1s might occur due to a dislocation-assisted
mechanism. However, this process is significantly restricted by the limited dissolution of
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B/ precipitates into the saturated solid solution. The strain induced at this temperature in
sample 1s was negligible and insufficient to influence precipitation transformations. This
finding also applies to the corresponding location in the FSW weld.

Collectively, the evidence indicates that extensive 3’ formation is primarily governed
by the thermal cycle, with no impact from plastic deformation. Similarly, in the HAZ
regions adjacent to the boundary with the base material, low deformation grade has no
significant effect on precipitation evolution.

3.3. Precipitation Evolution in AA2024

In all the described microstructures, uniformly dispersed particles up to 350 nm in size
were observed as dark, irregularly shaped spots in the TEM images. The EDS spectrum
of these particles exhibited prominent peaks for Al, Cu, and Mn, indicating that they are
T-dispersoids with the composition AlygCuyMnj [8,37].

3.3.1. Stir Zone

Sample 4 underwent the thermal cycle corresponding to the SZ, and the resulting
microstructure is shown in Figure 7. The dominant feature of the microstructure consists
of lath- and needle-like particles uniformly distributed within the Al matrix and oriented
along its [100] and [010] directions. These particles measure up to 20 nm in diameter
and extend up to 300 nm in length. Rod-shaped and rectangular-shaped precipitates,
approximately 10 nm X 50 nm and 50 nm x 60 nm in size, were observed as end-on
projections of the needles and laths, respectively, since they were aligned perpendicular to
the viewing direction.

[100ln (010},

@ | S|

Figure 7. Bright-field TEM micrographs of sample 4 (SZ): (a) high density of S laths; (b) magnified
image of (a).

All evidence suggests that these precipitates correspond to the S phase, most likely the
S/(S) variant. Some of these precipitates were associated with T-dispersoids, as highlighted
by the red box in Figure 7. This observation is consistent with previous studies on the 2024
alloy [38,39].

The microstructure of sample 4 differs significantly from the base material, where thin
S-phase needles predominated [2]. The values were 153 and 145 HV, respectively. After
the Gleeble test, the thickness of the needles increased, indicating that the S precipitates
coarsened after fully dissolving during heating to 500 °C. Notably, the hardness of the
thermally treated material exceeded that of the base material (Figure 3b). This means that
large S precipitates provide more strengthening compared to thinner, shorter precipitates.

Now, we compare the precipitation structure of sample 4 with that in the SZ [2]. In
the Gleeble sample, the S precipitates exhibited a periodic arrangement with overlapping
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particles spaced approximately 60 nm apart. In contrast, the SZ exhibited randomly
distributed, larger precipitates. The thermal cycle caused the complete dissolution and
re-precipitation of S phases in both the SZ and the Gleeble sample, but the final precipitation
structures were different. The key difference was the dislocation state.

The base material used for the Gleeble test contained a uniform and dense network of
dislocations [2]. It facilitated the nucleation of thin precipitates with reduced interparticle
spacing, which was more effective in strengthening the matrix compared to the base
material state. This beneficial impact of pre-deformation on the precipitation distribution
has been highlighted in several studies [40—42].

During FSW, the structure in the SZ completely evolved. Newly introduced dislo-
cations are largely consumed during the formation of subgrains and grains, resulting in
reduced dislocation density. Consequently, S precipitates nucleated randomly at the sub-
grain boundaries and dispersoids and coarsened. This outlines that the thermal cycle alone
does not determine the final precipitation structure in the SZ of the 2024 alloy. Instead, the
process of dynamic recrystallization dictates the conditions for the re-precipitation of the
S phase.

The higher volume fraction and density of S precipitates in the Gleeble-treated material
contribute more significantly to strengthening compared to the SZ. However, both materials
achieve similar hardness, as grain refinement in the SZ provides additional strengthening
along with co-clusters.

3.3.2. TMAZ

Samples 2 and 2s exhibited a hardness of 145 and 150 HV, respectively, despite under-
going a thermal cycle that resulted in a hardness minimum of 130 HV in the FSW profile.
Given their comparable hardness, the images of sample 2s are presented below.

Figure 8 shows bright-field TEM micrographs with the SAED patter of sample 2s.
Needle-shaped S precipitates were observed along the [100]JAl and [010]Al directions,
measuring approximately 15 nm in thickness and up to 350 nm in length. The SAED analysis
confirmed the presence of the S phase. The observed particle morphology, combined with
literature data [41], suppose that these precipitates are the GPB2/S’ phases.

[010]x

Figure 8. Microstructure of sample 2s (TMAZ): bright-field TEM micrographs showing S needles;
(b) magnified image of (a) with associated SAED.

The most interesting finding from this test series is that the fine precipitate structure
of sample 2s differed significantly from the precipitation state observed in the TMAZ of the
FSW joint. In the TMAZ, coarse rod- and plate-shaped S particles caused the maximum
softening of the material. Based on the reconstructed precipitation sequence, all metastable
precipitates dissolve when heated to a peak temperature of 300 °C, followed by the re-
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precipitation and growth of S particles [2]. Considering the thermal impact, the same is
applicable to the evolution during the Gleeble thermal cycle, except for coarsening of the
S precipitates. The well-developed dislocation network in the initial structure ensured a
uniform distribution of the newly formed precipitates but did not promote coarsening.

It is believed that the plastic strain accumulated during the processing of sample
2s introduced additional dislocation structures, which, in turn, promoted the formation
of more S precipitates. This could explain the slightly higher hardness of sample 2s
compared to the thermally simulated sample 2. However, the precipitation structure of
sample 2s was not overaged, as seen in the TMAZ, due to different degrees of deformation.
The total thermally induced strain in sample 2s, calculated using an ideal elastic—plastic
hardening model, was approximately 10 x 10~3. While this is not negligible, the plastic
deformation in the TMAZ was larger since it was sufficient to deform some grains and
generate recrystallized grains even at a significant distance from the border between the SZ
and the TMAZ [2]. It appears that the large number of dislocations generated by plastic
deformation, along with new subgrain boundaries, served as nucleation sites for the S
precipitates, and actively promoted their growth through the movement of dislocation and
solute atoms.

Interestingly, in the study by Genevois et al. [31], a thermal cycle with a peak tempera-
ture of approximately 300 °C was also simulated as it resulted in a hardness decrease in
the HAZ, but not a minimum as in the current study. Unlike our test, the microstructure at
the corresponding location of the FSW weld was well reproduced by a thermo-mechanical
treatment implying 10 s at 300 °C with 10% plastic deformation. This difference can likely
be attributed to the thermal cycle in our study being applied in the TMAZ, where the effect
of deformation on the precipitation state is evidently more pronounced compared to the
HAZ examined in [31]. Consequently, the Gleeble test in this study was unable to replicate
the precipitation structure in the corresponding location of the FSW weld.

An important conclusion drawn by Genevois et al. [31] was that even a small amount
of plastic deformation (10%) accelerates the precipitation kinetics in alloy 2024 within the
temperature range of 250-300 °C, which is associated with the HAZ. Interestingly, this
effect was found to be negligible at 350 °C. The explanation lies in the role of dislocations
as nucleation sites. This conclusion is further supported by the findings of this work, where
Gleeble simulations showed that severe plastic deformation in the TMAZ plays a critical
role in determining the final precipitation state of the 2024 alloy.

3.3.3. HAZ

The hardness of sample 1s was 155 HV, which was the highest value among all
simulated samples, followed by sample 1 with the slightly lower hardness of 150 HV.

The image of sample 1s revealed the presence of fine S needles, approximately 10 nm
thick and 200 nm long (Figure 9). In addition, there were lath-like precipitates with a
thickness of around 20 nm. Particles with a rectangular cross-section were acicular S
precipitates observed along the [001]Al direction. The average distance between separate
precipitates was approximately 230 nm. Although SAED did not show bright streaks
corresponding to the S phase, its presence was evident.

The structure of sample 1s is characterized by precipitates with a higher density and
larger size compared to sample 2s. This can be attributed to the lower peak temperature of
190 °C applied, which likely preserved some initially present particles, allowing them to
grow. Furthermore, after the thermomechanical simulation, the precipitates in sample 1s
changed compared to the base material state. The S precipitates became thicker and shorter,
and their density decreased significantly, with a greater distance between separate particles.
This suggests the coalescence of precipitates.
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Figure 9. Microstructure of sample 1s (HAZ): (a) bright-field TEM micrographs showing dense S
precipitates; (b) magnified image of (a) with associated SAED.

Two questions arise from these observations. The first question concerns the higher
hardness of sample 1s compared to sample 1. Analysis of the stress—strain behavior revealed
that a plastic strain on the order of 1.85 x 103 was accumulated at the peak temperature of
190 °C. This level of deformation evidently influenced the precipitation state, particularly
by promoting the coalescence of S precipitates. It is worth highlighting the conclusion by
Genevois et al. [31], who observed that the influence of deformation is apparent even at
temperatures as low as 200 °C. The findings of this study confirm that such effects must
be carefully considered when characterizing precipitation evolution near the HAZ. In this
context, an important discussion raised in the study [31] concerns the definition of the
TMAZ and HAZ. The current Gleeble test demonstrated that thermally induced strain
accumulated in the HAZ can significantly affect the final precipitation structure, suggesting
that such regions may need to be reclassified as part of the TMAZ.

The second question relates to the higher hardness observed in samples 1 and 1s
compared to the FSW profile. It seems that the FSW welding cycle did not fundamentally
alter the precipitation state relative to the base material but instead led to the dissolution of
GPB zones. This phenomenon widely explains the second hardness reduction observed
in the HAZ [43-46]. According to the reconstructed sequence in [2], the peak temperature
of 190 °C during FSW caused the dissolution of existing GPB zones due to prolonged
exposure above 80 °C without their re-formation upon cooling and only partial dissolution
of metastable S particles, given their dissolution threshold of 180 °C.

In the Gleeble test, the GPB zones would also have dissolved since the material
underwent the same thermal cycle. This could further contribute to the coarsening of S
precipitates. The resulting precipitation structure in the Gleeble samples strengthened the
material more effectively than the fine metastable S needles present in the base material.
This raises the question of why the precipitation structure in the HAZ differs from that
observed in the Gleeble samples, particularly in sample 1s, which experienced processing
conditions similar to those of real FSW. Although the reason for this discrepancy remains
unclear, it shows that even small deformations influence the precipitation state. This
logically leads to the question of further studies that consider not only the degree of plastic
deformation but also the dimensionality of the deformation state.

4. Conclusions

The current paper presented results from an approach that has been designed to
distinguish the effect of the temperature and plastic deformation on the precipitation
development in AA6082-T6 and AA2024-T351 during FSW. The two base materials were
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exposed to either thermal or thermo-mechanical influence of welding temperature cycles
according to two schemes to obtain various microstructures. These were then compared
with the corresponding structures observed in the FSW zones in order to analyze the
differences. The following conclusions have been made based on these observations:

Alloy 6082:

In the base material of 6082 in T6 temper, the maximum amount of B precipitates is
present due to artificial aging. Severe plastic deformation in the stir zone accelerates the
dissolution of these precipitates, but lack of dislocations as nucleation sites suppresses their
re-precipitation upon cooling.

The thermal cycle in the thermo-mechanically affected zone governs the precipitation
transformation, so that the deformation due to the welding thermal cycle seems to have a
negligible effect on this evolution.

In the heat-affected zone, at the location of the hardness minimum, massive formation
of the B’ phase is mainly driven by temperature, so that the effect of deformation can be
neglected. Throughout the HAZ, as one moves toward the base material, 3" precipitates
gradually dissolve. Simultaneously, the strain-induced formation of the ' particles occurs.
However, considering the insignificant fraction of the formed B’ precipitates, the influence
of plastic deformation caused by the welding thermal cycle can be dropped.

Alloy 2024:

The initial T351 temper ensures the introduction of a high number of fine S precipitates
along with a developed network of dislocations. In the stir zone, a low density of the
structural defects in the final structure leads to the occurrence of a small amount of coarse
S precipitates instead of a dense structure of fine precipitates formed by the thermal cycle.

Plastic deformation in the thermo-mechanically affected zone accumulates dislocations
and subgrain boundaries which speed up coarsening of precipitates.

The precipitation evolution in the heat-affected zone requires the consideration of a
moderate amount of deformation in the temperature range of 250-350 °C. However, the
mechanism of this influence remains indistinct.

It is worth noting that heat-treatable aluminum alloys are very sensitive to the chemi-
cal analysis and initial temper condition when it comes to the precipitation kinetics. For
instance, the excess of Si or the addition of Cu in 6xxx series can lead to the formation of
new phases [47,48]. Similarly, the Cu/Mg ratio in 2xxx series has a decisive role in the
determination of which hardening phase will form [8]. Moreover, the alloy chemistry and
temper influence the post-weld natural aging response [24,49] that determines the final pre-
cipitation state. This means that the transformations of precipitates along the weld during
FSW can significantly vary depending on an alloy and its temper condition. It explains that
evidence reported in the literature can differ. Therefore, the results obtained in this study
cannot be applied to all alloys equally; they aimed at the better understanding of complex
precipitation phenomenon taking place in the vicinity of the FSW weld, considering both
the following factors: temperature and deformation.
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