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Abstract: The friction stir welding (FSW) process is a unique combination of deformation and high
temperature, which provides opportunities to modify microstructures through the adjustment of
the processing parameters and is an ideal way to join non-weldable aluminum alloys by avoiding
the formation of a molten pool. The 7xxx series heat-treatable aluminum alloys are widely used
in the aerospace field as high-performance structural materials. The microstructure evolution and
mechanical performance of these alloys are affected by the effects of thermomechanical processing,
which provides opportunities to optimize the material properties by controlling microstructural
features such as intermetallic constituent particles, dispersoids and nanoscale precipitates. This paper
focuses on the basic principles of the thermal and mechanical effects generated during FSW on the
evolution of second-phase particles in different zones of the weld.

Keywords: Al-Zn-Mg alloy; intermetallic constituent particles; dispersoids; strengthening precipi-
tates; friction stir welding; microstructure evolution

1. Introduction

Heat-treatable Al-Zn-Mg alloys are widely used in the aerospace industry due to
the high strength, low density, high crack resistance and good thermal stability of their
microstructures. Since components must withstand a variety of challenging loading condi-
tions, the demand for joining different materials in various industries is growing. However,
various defects such as cracks, voids, pores, and inclusions appear in the traditional fusion
welding process for Al-Zn-Mg-Cu alloys, which seriously affect the mechanical properties
of the joints [1,2].

The friction stir welding (FSW) process is a widely used and inventive solid-state
joining technique that does not form a melt pool, making it a method well-suited for joining
low-melting-point alloys such as aluminum. During FSW, materials are softened and joined
together at temperatures below the corresponding melting temperatures of the materials,
resulting in higher mechanical properties of the weld zone compared to those obtained
when using fusion welding, especially when the focus is on heat-treatable lightweight
alloys. Undesirable microstructures due to melting and resolidification are eliminated
in friction stir welds, resulting in improved mechanical properties, including ductility
and strength. Thus, these welds are characterized by lower residual stresses, the absence
of microdefects and high dimensional stability [3-5]. Compared with fusion welds, the
tensile strength of friction-stir-welded joints increases by about 15-20%, the ductility almost
doubles and the fracture toughness increases by more than 30% [6,7]. FSW effectively
solves the problem of finding a welding method for lightweight materials, expanding the
range of material choices in the design process.

Thermal processes, such as the heating rates and cooling rates, as well as mechanical
processes, such as plastic deformation and material flow, affect the microstructure of the
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weld. Due to the thermal cycle that occurs during welding, the strengthening precipitates
in the material may become coarser or dissolve, resulting in a decrease in joint strength and
the formation of softening zones in the weld [8-11]. Therefore, it is necessary to study the
precipitation behavior of the strengthening phases in welds.

2. Al-Zn-Mg Heat-Treatable Alloy

Alloying elements in aluminum are either in a solid solution state or segregated as
second-phase particles and are usually divided into three categories according to the func-
tion they perform and the temperature range of their formation: constituent particles,
dispersoids and precipitates. Their sizes are usually in the ranges of 0.5-50 pm, 0.1-1 pm
and 0.005-0.1 um, respectively [12,13]. Alloy properties can be controlled through proper al-
loying and processing. The processing stages for heat-treatable Al-Zn-Mg-series aluminum
alloy sheets are shown in Figure 1.

Solution Treatment

Homogenization

Hot Rolling

SuIyduaND

Figure 1. Schematic processing route of Al-Zn-Mg heat-treatable aluminum alloy sheets.

2.1. Intermetallic Constituent Particles in Al-Zn-Mg Alloys

Non-equilibrium solidification during aluminum alloy casting causes micro- and
macro-segregation. Micro-segregation can be removed during homogenization, while
macro-segregation cannot be redistributed by subsequent heat treatment. During the
solidification process in aluminum ingots, the primary phase formed by the liquid—solid
eutectic reaction between the arms of «-Al dendrites is called “constituent particles” [14].
Their size, quantity, distribution and composition depend on the solidification rate, the
dendrite size and the contents of alloying elements and impurity elements, which can be
transformed during further high-temperature heat treatment, such as homogenization or
solution heat treatment. They are large, irregular in shape and very diverse in chemical
composition, containing different amounts of Al, Cu, Fe, Mn and Si and characteristically
crystallizing into different atomic structures [15].

Depending on whether the constituent particles are soluble in the subsequent heat
treatment process, they can be divided into two categories: insoluble constituent particles
and soluble/partially soluble constituent particles. Insoluble constituent particles are
usually rich in Fe, since Fe is difficult to remove from molten metal and is poorly soluble
in Al [16,17]. Large insoluble constituent particles have a negligible effect on strength
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(the incoherent ratio of constituent particles to the matrix and their larger size virtually
eliminate strengthening) but have a negative impact on ductility and fracture toughness
since the particles are brittle and easily fragment or may be broken during processing [18].
During the deformation process, broken intermetallic particles may serve as initiation
points for microcracks, which have an extremely negative effect on the fracture toughness
of alloys [19]. The constituent particle size can be reduced by increasing the solidification
rate, reducing the Fe and/or Si content (inevitable impurities in Al alloys) or increasing the
degree of deformation during mechanical and thermomechanical processing [12,20].

It is common for small amounts of Fe to be present as an impurity in commercial Al
alloys. In the case of low Fe impurity levels, most of the Fe remains in solid solution, and
when the eutectic reaction occurs, x-Al and AlzFe intermetallic compound particles with a
monoclinic crystal structure are produced. For Al-Zn-Mg alloys with low Si contents, Fe
exists in the form of Al3Fe, while at higher Si contents, x-AlFeSi is formed first. Al;Cu,Fe
is formed in 7xxx alloys with high Cu content. High-Si-content phases (such as Mg,Si and
5i0O,) and high-Mn phases (such as Alg (Fe, Mn), Al5Siy (Fe, Mn) and Alz (Fe, Mn, Cr))
can be also formed in Al-Zn-Mg alloys [21]. Although Si has noticeable solubility in Al,
its solubility is reduced by alloying elements, especially Mg; therefore, although Mg5,5i is
soluble in some alloys, it is practically insoluble in Al-Zn-Mg alloys [22].

For soluble/partially soluble constituent particles with high concentrations of alloying
elements, solid-solution processing for a longer time or at a higher temperature can reduce
the number of particles. The Cu content is usually controlled in 7xxx aluminum alloys
to limit the formation of large intermetallic particles such as the S-phase (Al,CuMg) and
0-phase (Al,Cu) [23,24].

2.2. Dispersoids in Al-Zn-Mg Alloys

Dispersoid particles are formed during homogenization. Since dispersoids are formed
by solid-solid reactions, they are coherent with at least one interface of the matrix. The
tendency towards recrystallization is counteracted by Zener pinning, which is created
by dispersoids at migrating boundaries [25]. In aluminum alloys used for structural
applications, their primary role is to suppress recrystallization and grain growth, controlling
the grain size during high-temperature heat treatment and thermomechanical processing.

The dispersoids can not only suppress recrystallization and grain growth to improve
the fracture toughness of alloys but also serve as nucleation centers for strengthening
precipitates [26,27]. As shown in Figure 2, the MgCu,Zn;_y phases are attached to the
Al;gMgsCr; (E-phases) dispersoids in 7075 aluminum alloy [28]. Scanning electron micro-
scopes (SEMs) using backscattered electrons (BSEs) and transmission electron microscopes
(TEMs) are commonly used to determine the size distribution of nanoscale phases such as
dispersoids. Dispersions appear brighter than the main substance in grayscale images [29].

In 7xxx aluminum alloys, transition elements such as Cr, Mn and Zr form dispersoids
during the homogenization process. The volume fraction of the dispersoids is approx-
imately 0.05-0.2%, and the typical particle size range is approximately 20~500 nm. In
Cr-containing alloys, dispersoids such as Al;sMgsCr, (E-phase) or Alj,Mg,Cr with a size
of 50~300 nm can be formed to prevent the nucleation and grain growth of recrystallized
grains in the aluminum alloy during processing [23,30]. A trace amount of Cr (0.1-0.2%) is
beneficial to improving the stress corrosion resistance of aluminum alloys and combines
well with Cu [31]. AlsZr phases (size: 20~60 nm) are present in Zr-added alloys [32,33],
while AlgMn and Mn3SipAly5 are present in Mn-containing alloys. The AlgMn particles gen-
erated in 7xxx aluminum alloys can improve the alloys’ stress corrosion resistance [34]. Cr-
or Mn-based dispersoids are generally incoherent with the matrix, whereas Zr-containing
dispersoids are coherent with the matrix. The fracture toughness of the alloy increases
with a change in the dispersoid type from Mn-based to Zr-based; this may be due to a
decrease in the average dispersoid size. The actual effect of the dispersoid type on fracture
toughness is quite complex, taking into account other factors such as an increase in the
dispersoid phase modulus and the differences in dispersoid particles [35].
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Gr+.Zn +Mg

Figure 2. HAADF-STEM images of dispersoids and precipitates in single-peak aged 7075 aluminum
alloy: (a) precipitates (green box) and dispersoids (red arrows); (b) MgCuxZn;_4 nucleated on
Al1gMg3Cr, dispersoids; (c) an n precipitate (yellow arrow) among a high density of fine n’ pre-
cipitates; (d) a large quantity of fine n/ precipitates (green arrows); (e) elemental mapping (EDS)
of (b) [28].

2.3. Precipitates in Al-Zn-Mg Alloys

Precipitates are nanoscale fine phases or clusters that form during aging. Factors
such as the composition, coherence, volume fraction, size and distribution of precipitates
determine their effect, and their properties depend on the type and concentration of alloying
elements, as well as the heat treatment conditions.

Three types of matrix precipitates are formed during aging heat treatment: Guinier—
Preston zones (GP zones), thermal-sensitive precipitates and equilibrium precipitates.

The initial GP zones are considered to be coherent with the matrix. During heat
treatment, the precipitates undergo a transformation, increasing in size and average spacing,
which causes them to gradually lose their coherence and become semi-coherent 1)’ phases
and incoherent 1 phases in 7xxx aluminum alloys. The improvement in alloy strength is
related to an increase in the proportion of small-scale precipitates, reaching an optimal
distribution at maximum hardness. This is followed by a decrease in hardness associated
with the coarsening of the precipitates, which leads to a gradual decrease in the number of
particles and an increase in the average solubility between particles [35]. The yield strength
of high-strength 7xxx aluminum alloys is typically in the range of 450-570 MPa.

Aging is the main means to optimize the microstructure and comprehensive properties
of 7xxx aluminum alloys. After solution treatment and quenching, the alloy elements
remain in a supersaturated state, and the dislocation density of the alloy is relatively high.
During the cooling process at room temperature, the fine GP zone in a 7xxx aluminum
alloy is easily separated from the alloy, thereby strengthening it.

Peak aging is an effective way to achieve maximum alloy strength by isolating fine and
dispersed strengthening phases inside the grains to prevent the movement of dislocations
during deformation. In 7xxx aluminum alloys, both the GP zone and 1’ phase can play a
strengthening role [36]. At an aging temperature lower than the dissolution point of the
GP zone, by controlling the heating rate, a large amount of the GP zone is preferentially
precipitated in the grains and then transformed into i’ strengthening phases.

However, the continuous chain-like grain boundary phases present in the T6-state
Al-Zn-Mg alloy can easily serve as continuous channels for corrosion expansion, increasing
the local corrosion sensitivity of the alloy [36]. Through double-stage aging (over-aging), at
the expense of some alloy strength, a discontinuously distributed coarse phase is formed
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at the grain boundary to improve the corrosion resistance of 7xxx aluminum alloys. In
order to produce aluminum alloys with good corrosion resistance, without losing too much
strength, a three-step aging (pre-aging — retrogression — re-aging) method was proposed
that not only ensures the distribution of fine precipitates inside the grains but also forms
discontinuous phases at the grain boundaries. Note that over-aging and three-step aging
produce a particle-free zone (PFZ) at the grain boundaries.

The formation sequence for 7xxx aluminum alloy precipitates is generally accepted to
be as follows [19,30,37-42]:

Supersaturated solid solution (S5SS) — GP zone— 1" — 1/ T (Al, Zn)49Mgs; (in alloys
with a relatively high Mg content).

3. Al-Zn-Mg Alloy Joined by Friction Stir Welding

FSW is a technique for joining materials in solid state by using non-consumable tools.
The tool used in the process consists of a shoulder and a probe, such that the shoulder
contacts the workpiece. Heat, created by friction, causes the material to soften and flow
in reverse compared to the motion of the tool. Due to the action of the shoulder and
probe of the rotating tool, mechanical processes such as plastic deformation, material flow
and thermal cycles occur to varying degrees in different zones of the weld. The cross-
section of the friction stir weld (FSWeld) consists of the base metal (BM), heat-affected
zone (HAZ), thermo-mechanically affected zone (TMAZ) and stir zone (5Z) (Figure 3).
Based on the characteristics of heat-strengthened aluminum alloys, it is necessary to study
the precipitation transformation in the weld to understand the influence of precipitate
evolution on the mechanical properties of the weld.

Plunge force(F)

WD

-

Figure 3. Principle of FSW process and weld zones.

Due to the heat input associated with FSW in heat-treatable aluminum alloys, metallur-
gical phenomena may occur in individual joint areas, such as aging, over-aging, precipitate
growth or dissolution.

The microstructural changes in friction-stir-welded joints are always accompanied
by softening. It is well known that the mechanical properties of heat-treatable Al-Zn-Mg
alloys depend mostly on the ' metastable precipitates. Therefore, changes in the hardness
of the entire joint are closely related to the type, shape and distribution of the precipitates.
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3.1. Evolution of Constituent Particles in Al-Zn-Mg Alloys During FSW

The insoluble constituent particle Al;Cu,Fe was detected and confirmed using a
TEM in the 7050-T651 alloy. The large rod-shaped Al;Cu,Fe particle from the base metal
was crushed during FSW and then coarsened into spherical or blocky shapes under the
influence of the thermomechanical cycle process, as shown in Figure 4 [43]. In studies
of the FSW of other aluminum alloy series, it was also mentioned that due to the severe
plastic deformation caused by the stirring action of the tool, larger insoluble intermetallic
constituent particles were crushed into smaller particles [44-46].

Figure 4. Morphologies of Al;CuyFe in 7050-T651 base metal (a,b) and in stir zone of
FSWeld (c,d) [43].

Soluble constituent particles dissolve in the SZ and TMAZ after undergoing thermocy-
cling during the FSW process, and their quantity decreases, which has a beneficial effect on
the toughness. Thermally stable constituent particles are crushed and redistributed in the
weld under the stirring action of the tool during FSW, so, in principle, their volume fraction
should be maintained. However, some researchers [45] have noticed that the volume
fraction of thermally stable constituent particles in aluminum alloys decreases; a more
likely explanation is that the insoluble constituent particles are crushed or eroded, such
that the particle size is less than the detection limit. The particle erosion is manifested by
the more rounded shape of the particles in the SZ. Fragmentation of the brittle constituent
particles occurs during FSW; these brittle fragments will preferentially form cracks during
the service life of the materials, reducing fracture toughness of the weld.

3.2. Evolution of Dispersoids in Al-Zn-Mg Alloys During FSW

Dispersoids containing refractory elements are thermally stable during subsequent
heat treatment. Al;gMg3Cr dispersoids in 7075-T6 aluminum alloy were observed in the
dynamic recrystallization zone (stir zone) of a weld, which experiences extremely high
temperature and severe plastic deformation, after high-speed FSW [47]. A large amount
of MgsCrpAljg dispersoid was randomly distributed and pinned dislocations in the SZ
of a 7075-T651 FSWeld (Figure 5) [48]. A TEM investigation of the stir zone after FSW of
7050-T451 alloy showed a high dislocation density in some grains, and they were pinned
by AlzZr dispersoids [46].
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Figure 5. TEM images of SZ-FSW 7075Al-T651 join: (a) randomly distributed dispersoids
(Mg3CrpAlyg); (b) dispersoids pinning dislocations [48].

In a study of impulse friction stir welding (IFSW) of 7075-T6 aluminum alloy, the Cr-
and Mn-containing dispersoids from the base material were not affected by the thermal
cycle during the FSW process. Some dispersoids were covered with 1 phase, which
provided evidence that dispersoids served as the nucleation sites for the precipitates
(Figure 6) [49].

500 nm

(b)
Figure 6. Precipitation behavior of 7075-T6 in SZ of FSWeld (a) and IFSWeld (b) [49].

According to several studies on the FSW of heat-treatable aluminum alloys [29,43,50-57],
the dispersoids are thermally stable and basically will not dissolve andwill not be crushed
by the thermomechanical action of FSW. The dispersoids are homogenously distributed
in the weld and have no direct strengthening effect on the weld, but they can serve as
nucleation sites for strengthening precipitates and promote dispersion strengthening in
aluminum alloys.

3.3. Evolution of Precipitates in Al-Zn-Mg Alloys During FSW

The temperature gradient of FSW causes a complex range of precipitate formation
from the weld center of dynamic recrystallization to the unaffected base metal. Due to the
thermal sensitivity of these precipitates, different microstructures form in different zones of
the weld, which leads to different strengthening behaviors and a non-uniform hardness
distribution in the weld. Various studies have reported that the peak temperatures in
different zones range from approximately 200 to 480 °C [58-60].

GP zones provide moderate hardening, and the heat-sensitive n’ phases are trans-
formed from the GP zones, typically found in peak aged alloys and associated with better
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mechanical properties of the alloys [36]. Stable 1 precipitates (MgZn;) correspond to the
over-aged state and are related to a reduction in the mechanical properties of the alloy. Due
to the different thermal and mechanical conditions in different zones of the FSWeld, the pre-
cipitation behavior of heat-treatable aluminum alloys varies, and the hardness distribution
of the weld usually presents a W shape [8-11,47].

3.3.1. Stir Zone (SZ)

The GP zones form at low temperatures (20-125 °C) and dissolve at 100-125 °C. The
transformation of the GP zones into the n’ phases is the main mechanism for the formation
of i/ precipitates, and the nucleation of n’ precipitates can also occur directly at higher
temperatures (from ~130 to 290 °C) [59]. The SZ of a 7075-T651 alloy friction-stir-welded
joint experienced the highest heat input, with a peak value likely exceeding 480 °C [58],
and severe plastic deformation; thus, a strong precipitate strengthening-phase evolution
occurred in the SZ. It is reported that the dissolution temperature range of the strengthening
phases in 7050-T7451 is lower than the peak temperature produced by FSW, which allows
the strengthening phases to be completely dissolved in the SZ of the joint [46].

The reason for the absence of strengthening precipitates during the post-weld cooling
process is that the cooling rate is too high, so the dissolved precipitates do not have enough
time to reprecipitate and remain in x-Al in a supersaturated solid solution state [43,60-68].
The supersaturated strengthening phases dissolved in the aluminum matrix can only be
reprecipitated through appropriate post-weld heat treatment (PWHT) [11,57,69-71]. An
AA7075-T6 alloy friction-stir-welded joint was subjected to cyclic heating in the range of
400-480 °C for 1.5 h, and then artificial aging was performed at 130 °C for up to 36 h. This
PWHT dissolved the coarse 1 precipitates in the weld, promoted the precipitation of a
fine strengthening phase and improved the mechanical properties of the joint [70]. The
completely dissolved strengthening precipitates in the SZ of the AA7075-T651 friction-stir-
welded joint after solution treatment and artificial aging (480 °C, 1 h + 120 °C, 24 h) were
reprecipitated, improving the tensile properties and hardness of the joint [71].

The microstructural changes in an AA7075 FSWeld were assessed by Feng A. H.
et al. [53]. FSW led to significant grain refinement and the dissolution of i’ phases (Mg
(Zn, Al, Cu)y) in the SZ, while the dispersoids (E-phases) remained virtually unchanged.
The precipitate evolution during FSW of Al-Zn-Mg-Cu alloy was studied through in situ
measurements coupled with modeling by J.F. dos Santos et al. [72]. A large number of
evenly distributed, fine n)’ precipitates with a diameter of several nanometers were observed
in the original microstructure of the AA7449 alloy which disappeared in the weld. SZ. Zhao,
Y. et al. performed repeated friction stir spot welding of Al-Zn-Mg-Cu alloy [73]; in the SZ,
GP zones and 1’ precipitates were completely dissolved in the aluminum matrix under the
influence of the welding heat, while stable n precipitates and dispersoids remained. The
hardness reduction in the SZ is also due to the dissolution of GP zones and 1’ strengthening
precipitates. The above studies agreed that the GP zones and heat-sensitive i’ strengthening
phases of the base material after FSW are completely dissolved in the SZ. The dissolution
of the strengthening phases reduces the hardness of the SZ; note that this reduction in
hardness is partially offset by the formation of a fine grain structure in the SZ. The hardness
evolution of the SZ domain is usually plateau-like [74].

Alexander Kalinenko [75], on the other hand, indicated that FSW of aluminum alloys
has a wide peak welding temperature range of 150~450 °C. Part of this temperature range
lies below the particle dissolution temperature. In low-temperature welds, strengthening
precipitates may not dissolve or may only partially dissolve.

3.3.2. Thermomechanically Affected Zone (TMAZ)

The TMAZ is mainly characterized by the growth and the inhibition of the n’ phase,
which is conducive to the formation of equilibrium precipitates, so the hardness distribution
in the TMAZ shows a downward trend [76]. In the research on FSW of 7050-T651 alloy [43],
the TMAZ is divided into two parts, namely, TMAZ I near the HAZ and TMAZ II near
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the SZ. The peak temperature in TMAZ I is lower than that in TMAZ II. In TMAZ |, the
strengthening precipitates are partially dissolved and undergo coarsening. Compared with
TMAZ ], a very small amount of fine and unevenly distributed precipitates with a size of
about 10-20 nm is found in TMAZ II, and precipitates are also observed at the dislocation
walls (or subgrain boundaries). Since TMAZ II reaches the solution heat treatment temper-
ature (Figure 7), the strengthening precipitates are completely dissolved. Then, during the
cooling process, the dissolved precipitate phases predominantly reprecipitate along grain
boundaries, subgrains and dislocation cores.

Figure 7. Precipitate evolution in 7050-T651 FSWeld: (a) base metal, (b) HAZ, (c¢) TMAZ], (d) TMAZ
II, and (e) SZ [43].

After the FSW of 7055-T6 aluminum alloy, large 1 precipitates were observed in the
TMAZ [77]. During the FSW process, the TMAZ typically experiences the combined effects
of a fairly high temperature and high shear strain. The peak temperature in the TMAZ
is lower and the exposure time under high-temperature interaction is shorter than that
in the SZ. Similar phase transformations may occur in the TMAZ as in the SZ: 1/ phases
are transformed to n by the heat effect, and 1 phases can survive in the TMAZ, resulting
in lower concentrations of Zn and Mg solutes in the solid solution. During cooling, the
1 precipitates can continue to grow by absorbing Zn and Mg solutes around them and
eventually becoming larger than those in the SZ. Thus, the weld hardness in the TMAZ
is reduced.
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3.3.3. Heat-Affected Zone (HAZ)

The peak temperature in the HAZ of a 7075-T651 friction-stir-welded joint is above
250 °C [58], which exceeds the dissolution temperature of 1)’ precipitates (180-260 °C). The
HAZ is characterized by the dissolution of fine intragranular precipitates and the growth of
larger precipitates. In a study of 7050-T651 friction-stir-welded joints [43], a large amount of
N’ phases were observed to remain in the HAZ; this observation suggests that exposure time
above the dissolution temperature of n’ precipitates is not enough to completely dissolve
the larger n’ precipitates. While the fine precipitates are dissolved into the matrix in a solid
solution state, the temperature in the HAZ is not enough to dissolve the coarse phases at
the grain boundary. The n phase grows by absorbing the Zn and Mg ions in the matrix,
which reduces the solid solution concentration around the grain boundary. This reduces the
precipitation potential of the strengthening phases and makes the dissolved strengthening
phases unable to reprecipitate, causing the PFZ to become wider, as shown in Figure 7.

A friction-stir-welded joint of 7055-T6 alloy was observed under a TEM. In the HAZ
of the weld [77], a series of second-phase precipitates covering the Al matrix were visible;
mainly n’ phases and a small amount of stable 1 phases were present. Most of the precipi-
tates in the HAZ became larger than those in the base metal and partially transformed into
stable 1 phases during FSW thermal cycling (Figure 8). Due to the coarsening and transfor-
mation of the strengthening precipitates, two softening zones formed on the advancing and
retreating sides of the FSWeld, with the center as the axis. The HAZ has the characteristic
of non-monotonic hardness change.

Figure 8. Precipitate distribution: (a) 7055-T6 base metal; (b) in HAZ of FSWeld [77].

A study on the FSW of 7075-T651 aluminum alloy [78] showed that the precipitates
in the HAZ were larger than those in the base metal, as determined by TEM investiga-
tion. Based on a small GP zone dissolution peak and a weak 1 precipitation peak on the
differential scanning calorimetry (DSC) curves in the HAZ, it was believed that " had
been dissolved and transformed into other precipitates during the FSW thermocycle, but a
small amount of GP zones reprecipitated after the post-weld cooling process. The weak
precipitation peak for the 1 phases indicates that a large amount of n appeared before the
DSC test (i.e., formed after the welding heating cycle). From this combined with TEM
analysis, 1 phases were considered to be the main precipitates in the HAZ of the 7075-T651
friction-stir-welded joint.

. Frigaard et al. used a model that combines chemical thermodynamics and diffusion
theory to describe the precipitation dissolution, reprecipitation and natural aging kinetics
that occur in alloys during FSW to capture the microstructure evolution in the HAZ
during the FSW of 7xxx aluminum alloys. The microstructural evolution in the HAZ of
an AA7108-T651 friction-stir-welded joint is shown in Figure 9 [69]. The dissolution of the
strengthening 1’ phases during FSW is the main factor causing the loss of weld strength.
At the same time, the growth of non-strengthening 1 phases depletes the solute elements in



Materials 2024, 17,5107

11 of 16

the aluminum matrix, reducing the precipitation potential; even under long-term natural
aging, the strengthening phases cannot be reprecipitated, which results in the formation of
a permanent soft zone in the HAZ of the weld.

~340°C Reversion of n

o Reversion of n’
2 ~200°C Growth of

¢

-3

E

o

=

Time

Figure 9. Schematic diagram of the details of the evolution of the microstructure of the HAZ during
FSW of AA7108-T6 [69].

4. Conclusions

Soluble constituent particles undergo thermal cycles during the FSW process and dis-
solve in the SZ and TMAZ, which has a beneficial effect on toughness. Insoluble particles are
crushed and redistributed in the weld under the stirring action of the
FSW process.

Dispersoids are not affected by thermal cycles or mechanical deformation during the
FSW process and exist stably in the weld. Dispersoids can inhibit recrystallization and
grain growth while serving as the nucleation sites of strengthening precipitates.

The fine coherent )’ precipitates are the most effective strengthening phases in Al-Zn-
Mg alloys. The FSW process for aluminum alloys has a wide range of peak temperatures,
and the microstructure of each weld zone is closely related to the different thermal cycles
during FSW. During welding, as the tool rotates and generates heat (heating process), the
thermosensitive ' phases in the alloy may be partially dissolved, coarsening or trans-
forming into stable 1 phases; then, welding reaches the peak temperature and completely
dissolve under a long exposure time to high temperature. During the post-weld cooling
process, the weld is naturally aged at room temperature; ' phases may be reprecipitated or
retained in a solid solution state in the Al matrix due to excessive cooling rates depending
on various welding parameters.

The SZ experiences the highest peak temperature during the FSW process, which
leads to the complete dissolution of the 1’ strengthening phases, resulting in a hardness
reduction in the SZ. The fine grain structure produced by recrystallization under plastic
deformation, caused by the stirring action of the tool in the SZ, and the reprecipitation of
dissolved strengthening precipitates under certain welding conditions can offset part of the
hardness loss.

The TMAZ and HAZ, as transition zones, experience lower temperatures and shorter
high-temperature exposure times than the SZ. In the TMAZ, fine ' phases may be partially
dissolved (and may reprecipitate after welding), and some larger 1)’ phases may continue
to coarsen or transform into stable 1 phases. The 1 phases then continue to coarsen under
heating, reducing the hardness of the material. 1 is considered to be the main phase in the
HAZ, so a permanent softening zone forms in the HAZ.
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The precipitate evolution behavior and the relationship between the strengthening
phase evolution and uneven hardness distribution of friction-stir-welded Al-Zn-Mg alloy

joints are shown in Figures 10 and 11, respectively.

n' reprecipitation

Temperature(°C

n' coarsening
density reduction

Small strengtheningn'

Sz
TMAZ
HAZ

Time(S)

Figure 10. Schematic diagram of the strengthening phase evolution in different zones during FSW.

AS\ /RS

weld center

BM | HAZ TMAZ |

Hardness

"o n i 1

transformed ton

partially dissolved: completely dissolved | the dissolved strengthening n'
‘coarsened imay re-precipitate after welding

Distance from weld center

Figure 11. Schematic diagram of the relationship between the hardness distribution and the strength-

ening precipitates in a FSW joint.
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