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a b s t r a c t

For the precipitation-strengthened aluminum alloys such as AleMgeSi alloys, the friction

stir welded (FSW) joints produced with T6-treated plates usually exhibit obvious softening

in the heat-affected zones (HAZ), significantly reducing the joint strength. When bobbin

tool FSW (BT-FSW) is used, severer softening of the HAZ occurred compared to conven-

tional FSW. It is therefore crucial to achieve precipitate morphology control in the HAZ for

BT-FSW through original plate state selecting, welding parameter optimizing, and post-

weld artificial aging (PWAA). Compared to the conventional welding process (plates wel-

ded directly under T6 condition, T6-BT), in the present work, a post-weld aging process was

proposed: the plates under T4 condition were BT-FSWed using optimizing parameters (T4-

BT), and then subjected to PWAA (T4-BT-PWAA). The intrinsic microstructural differences

between the T6-BT and T4-BT-PWAA joints were revealed. More attentions were paid on

the microstructural evolution in the lowest hardness zone (LHZ) during PWAA for the T4-

BT joint. The LHZ of the T6-BT joint exhibited an over-aged state characterized by coars-

ened b0 phase and the hardness in this zone had very limited enhancing space when

subjected to post-weld peak aging. For the T4-BT joint, the LHZ was characterized by a low

density of precipitates and presented excellent re-precipitating ability of b'' phase during

PWAA, with the ultimate tensile strength increased by ~11.4% compared to its T6 coun-

terpart, which is very beneficial for engineering applications.
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Abbreviations

BT-FSW Bobbin tool friction stir welding

HAZ Heat-affected zone

LHZ Lowest hardness zone

TMAZ Thermal-mechanically affected zone

NZ Nugget zone

PWAA Post-weld artificial aging

T6-BT plates welded directly under T6 condition

T4-BT plates welded directly under T4 condition

T4-BT-PWAA plates welded under T4 condition

followed by PWAA

T6-BT-PWAA plates welded under T6 condition

followed by PWAA

Table 1 e Chemical composition of 6061Al BM (wt.%).

Mg Si Cu Zn Fe Mn Cr Ti Al

1.01 0.45 0.22 0.04 0.70 0.15 0.08 0.15 Bal.
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1. Introduction

Friction stir welding (FSW), as a solid state welding technique

for joining Al alloys invented by TheWelding Institute (TWI) in

1991 [1], has over years been widely applied in various in-

dustries, such as aerospace, transportation and shipping, etc.

For meeting varied industrial requirements, process variants

are developed to acquire specific microstructures [2e4].

Despite the advantages of the conventional FSW (C-FSW)

in joining aluminumalloys, the bottomdefects, such as lack of

penetration and kissing-bond, are inclined to generate when

the welding parameters are improperly set; moreover, high

quality welding of complex shaped hollow extrusions is

difficult to achieve with the C-FSW because of shape limit and

large axial forging load in the process. As a result, bobbin tool

FSW (BT-FSW) has been developed to overcome those disad-

vantages. In recent years,much attention hence has been paid

to BT-FSW based on its special characteristics [5e11]. Among

the reports, BT-FSW joints of precipitation-strengthened Al

alloys are usually produced with T6-treated plates [12e15],

where the HAZ has more severe softening than that of C-FSW

joints. It has been well documented that the hardness and

strength of precipitation-strengthened Al alloys are domi-

nated by precipitate evolution. For their FSW joints, HAZ,

characterized by the dissolution/coarsening of the pre-

cipitates, is the weakest zone dominating the strength of the

whole joint. Therefore, reducing the softening of the HAZ by

controlling the precipitate dissolution/coarsening becomes a

key to enhance the FSW joints of precipitation-strengthened

Al alloys. Based on the previous studies, this can be ach-

ieved by decreasing the duration at high temperature of the

thermal cycles in the HAZ, which could alleviate the precipi-

tate dissolution/coarsening.

In our previous study [16], strength enhancement of the

BT-FSW 6061Al joint was achieved by increasing the welding

speed to reduce the duration at high temperature of the

thermal cycles, to restrain the precipitate dissolution/coars-

ening in the HAZ. Nevertheless, the strength enhancement

was limited. The proper post-weld heat-treatment is sup-

posed to be an effective method. Unfortunately, when con-

ducting the conventional post-weld solid solution (PWSS)
treatment, abnormal grain growth might occur in the nugget

zone (NZ) for the FSW joints, reducing the joint properties

[17,18]. Hence, the post-weld artificial aging (PWAA) without

foregoing PWSS is expected to be an optimal process. At-

tempts are taken to enhance the joint strength in the BT-FSW

of 6082Al-T6 alloy by underwater welding [14] and post-weld

aging [15]. In the case of underwater welding, the HAZ was

still characterized by coarse precipitates and the increment

was limited. As for the study of post-weld aging, the BT-FSW

joint was subjected to post-weld natural aging (PWNA) and

PWAA, whereas the joint strength decreased in both the aging

processes due to the coarsening of precipitates in the HAZ

when subjected to BT-FSW in T6 condition.

It should be pointed out that different precipitate states of

the HAZ would exhibit different PWAA responses, thereby

producing different joint strength enhancements. Sato et al.

[19] showed that in a FSW 6063 aluminum alloy joint, the

zones with precipitate dissolution could achieve hardness

recovery through PWAA, while the zones where precipitates

coarsened could hardly gain hardness increase. Therefore, it

is crucial to produce a HAZ with excellent re-precipitating

ability in the BT-FSW joint.

In the present work, a process of BT-FSW under T4 condi-

tion (T4-BT) followed by PWAA,was proposed. The aim is to (a)

enhance the properties of BT-FSW 6061Al joints by controlling

the precipitation status of the HAZ and (b) elucidate the pre-

cipitation evolution characteristics during welding thermal

cycle and PWAA processes.
2. Experimental

The as-received basematerial (BM) was 6.35mm thick 6061Al-

T4 plates (AleMgeSi alloy) with dimensions of

320 mm � 80 mm. Part of the plates were subjected to T6

treatment (solid solution treated at 530 �C for 0.5 h, water

quenched, and then aged at 175 �C for 12 h) for comparative

experiment. The chemical compositions of the BMare listed in

Table 1.

BT-FSW was performed on the T4-/T6-treated plates using

a numerically controlled FSW machine (FSW-5LM-020) and

the welding direction was parallel to the rolling direction of

the BM. The tilt angle of the welding tool was 0� in the welding

process. The bobbin tool used in the experiment was made of

H13 steel, which consisted of symmetrical upper and lower

shoulders with a scrolled groove feature. The shoulders were

22 mm in diameter and were connected by a cylindrical pin

with amixed thread 8mm in diameter. The fixed gap between

the shoulders was 6 mm which indicated the pin length. The

figure of the welding tool is presented in Fig. 1a. The rotation

rate and welding speed were optimized as 600 rpm and

150 mm/min respectively in the present work based on a

previous study [16]. The post-weld aging of the joints was
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Fig. 1 e Configuration and size of (a) bobbin tool and (b) tensile specimen.
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conducted at 175 �C for various durations of time. The joints

were kept for two weeks prior to post-weld aging.

Microstructural observations were conducted using optical

microscopy (OM, Axiovert 200 MAT), scanning electron mi-

croscopy (SEM, ZEISS SUPRA 55), transmission electron mi-

croscopy (TEM, Thermo Fisher Talos F200x) and electron

backscattered diffraction (EBSD, HKL Channel 5 System). OM

specimens were prepared by grinding, polishing, and etching

with Keller's reagent (HNO3: HCl: HF: H2O¼ 2.5: 1.5: 1: 95 vol%).

Twin-jet electro-polishing was used to prepare TEM samples

with a 30% nitric acid and 70% methanol solution (tempera-

ture: 30 �C; voltage: 15 V). Specimens for EBSD were prepared

by grinding and mechanical polishing, followed by electro-

polishing in a solution of 10% perchloric acid and 90%

alcohol solution at �25 �C and 15 V for 1 min. The differential

scanning calorimetric (DSC) experimentwas conductedwith a

DSC204F1 type instrument. The DSC specimens were cut into

3 mm diameter disks with a thickness of 1 mm in specific

zones and then mechanically-polished to get rid of surface

oxides. The specimens were then subjected to DSC experi-

ment at a heating rate of 10 �C/min from room temperature to

500 �C to detect the precipitate evolution.

An auto testing machine (Leco, LM-247AT) was used for

hardness measurement on the cross-section along the center

line across the weld under a load of 300 g, holding for 15 s.

Tensile specimenswith a gauge 50mm in length and 10mm in

width were machined perpendicular to the welding direction,

and the specimen size is shown in Fig. 1b. Room-temperature

tensile tests were conducted at a strain rate of 1 � 10�3 s�1.

Three specimens were tested for an accurate result. All the

FSW samples were kept 1 month before examinations of the

microstructure and mechanical properties after FSW.
3. Results

3.1. Microstructures of T4-BT joint

The cross-sectional microstructure of the BT-FSW joint is

shown in Fig. 2a. Four typical zones can be seen: NZ, thermal-

mechanically affected zone (TMAZ), HAZ and BM. The NZ

presented a typical “hour-class” shape. The NZ/TMAZ
boundary was more obvious on the advancing side (AS) than

that on the retreating side (RS). The microstructure in the NZ

presented a symmetrical feature. Further examination via

EBSD showed that the NZ (marked with yellow rectangle in

Fig. 2a) was characterized by equiaxed fine grain structures

with a mean grain size of ~8.5 mm (Fig. 2b). The percentage of

low angle grain boundaries (LAGBs) for the BT-FSW joint was

muchhigher (Fig. 2c) comparedwith that ofC-FSWjoint,which

was due to the intense plastic deformation induced by the two

shoulders.

3.2. Microstructures and mechanical properties of T6-BT
joint

Fig. 3 shows the precipitate morphology in the lowest hard-

ness zone (LHZ) located in the HAZ of the T6-BT and T6-BT-

PWAA joints. The incident direction of the electron beam was

parallel to the <100>Al zone axis of Al matrix for all the images

in the present work. As can be seen, a relatively low density of

precipitates in three types was clearly observed in the LHZ of

the T6-BT joint (Fig. 3a). First, the rod and dot-shaped pre-

cipitates were proved to be b0, as indicated with white arrows.

Second, the platelet-shaped precipitates were proved to be b

that were indicated with blue arrows. A few lath-like pre-

cipitates as pointed with green arrows could be b0 or B0 phase,
and will be judged with high resolution TEM (HRTEM) exam-

ination in the following part. The T6-treated 6061 Al alloy

mainly contains b'' as the effective hardening precipitate

[20e22]. After FSW, the as-welded LHZ presented a slightly

over-aged condition with b0 accounting for most of the hard-

ening (Fig. 3a). After the PWAA (Fig. 3b), the number of b0 phase
(rod-like precipitates) increased with obvious coarsening.

Although there were a few b0 re-precipitated, the number of b

phase increased in the meanwhile.

Both the hardness profiles of the T6-BT and T6-BT-PWAA

joints exhibited typical “W” shapes (Fig. 4), with the LHZs

located in the HAZs. For the T6-BT joint, the hardness values

in the NZ and LHZ were 70.5 ± 1.9 and 56.9 ± 1.9, respectively,

whereas the values were 91.3 ± 4.0 and 62.8 ± 0.6 respectively

for the T6-BT-PWAA joint. It can be clearly seen that the

hardness increment in the NZ was ~20 HV, whereas it was

only ~6 HV in the LHZ after PWAA. It apparently showed that

https://doi.org/10.1016/j.jmrt.2022.11.058
https://doi.org/10.1016/j.jmrt.2022.11.058


Fig. 2 e Microstructure of T4-BT joint: (a) cross-sectional macrostructure, (b) EBSD map of the NZ center, (c) misorientation

angle distribution in the NZ center.
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the NZ had remarkable potential to achieve hardness increase

whereas the enhancing space was very limited in the LHZ of

the T6-BT joint.

3.3. Precipitation and microhardness evolution of T4-BT
joint during PWAA

Fig. 5 presents the hardness profiles of the T4-BT joint sub-

jected to PWAA. The hardness values of all zones in the joint

enhanced with increasing the aging time and reached the

peak after 12 h (Fig. 5b). The hardness values in the NZ

increased from 69.2 ± 0.9 HV under as-welded condition to

90.1 ± 1.4HV under peak condition, whereas the hardness

values in the LHZ increased apparently from 58.8 ± 0.2 HV to

75.6 ± 1.1 HV (Fig. 5a and b).
Fig. 3 e TEM images showing precipitates in the LH
For the T4-BT joint, the hardness increment in the NZ and

LHZ were ~21 HV and ~17 HV, respectively. Apparently, the

LHZ exhibited a similar enhancing ability as the NZ, and the

hardness increment in the LHZ of the T4-BT joint (~17 HV) was

remarkably higher than that of the T6-BT joint (~6 HV). With

increasing the aging time further, the hardness values kept

nearly constant and then decreased slightly at 48 h (Fig. 5c).

To reveal the hardness evolution tendency of different

zones, the aging kinetics curves of the BM, NZ and LHZ on the

AS are shown in Fig. 6. The curves revealed several findings.

Firstly, the hardness values in all the three zones increased

obviously with aging time in the early stage of aging (0e4 h),

then increased slowly until reached the peak value after 12 h

(peak aging, PA). Secondly, the curves of the BM and NZ dis-

played similar profiles. With prolonging the aging time
Z of (a) T6-BT joint and (b) T6-BT-PWAA joint.

https://doi.org/10.1016/j.jmrt.2022.11.058
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Fig. 4 e Hardness profiles of joints produced with T6-

treated BM (AS: advancing side, RS: retreating side).
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further, the hardness kept nearly constant till 48 h for the BM

but decreased slightly for the NZ, which indicated that the BM

had higher thermal stability. Thirdly, the hardness increased
Fig. 5 e Microhardness profiles of T4-BTjoint after various aging

18 he48 h.
slowly in the early stage and decreased obviously until

reaching 48 h, demonstrating that the LHZ had lower precip-

itation hardening rate in the early stage and lower thermal

stability in the over-aged stage.

In order to reveal the intrinsic factor that led to the

apparent increment of hardness in the LHZ, the bright-field

TEM images of the precipitates at specific aging time are

shown in Fig. 7. The T4-BT LHZ consisted of low density of rod-

like (b0), dot-like (b0) and lath-like (B0) precipitates, which are

typical post-b'' phases in over-aged condition [21,23]. With

prolonging the aging time, the number of the precipitates

increased and the rod-like ones grew further with some fine

dot- and lath-like ones re-precipitating.When reaching the PA

condition (12 h), the precipitates exhibited a high density. The

fine dot-like ones (b'') re-precipitated and were distributed

among the b0 precipitates, and some of b0 grew further in size

(Fig. 7d). At 48 h, most of b0 precipitates transformed into

stable b with some b0 being remained. The types of the pre-

cipitates will be identified with HRTEM examination in the

following part.

Fig. 8 shows the precipitation evolution of the as-received

T4-treated BM with aging time. The as-received BM was

almost solid solution condition with few precipitates visible

(Fig. 8a). After artificial aging, the precipitating occurred and
times: (a) as-weld and early stage of aging; (b) 6 he12 h; (c)

https://doi.org/10.1016/j.jmrt.2022.11.058
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Fig. 6 e Aging kinetics curves of different zones in the T4-

BT joint.
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fine dot-like precipitates can be observed at 2 h (Fig. 8b). In the

case of prolonged aging time, the number of the fine needle-

shaped and dot-like precipitates (b'') increased and reached

the peak at 12 h (Fig. 8d), which corresponded to the highest

hardness value.When surpassing 12 h, a part of b'' precipitates
began to grow and some coarsened ones can be observed at

48 h (Fig. 8e). However, the coarsening extent wasmuch lower

than that of the T4-BT LHZ at over-aged condition, showing a

high thermal stability from the microstructural view.
Fig. 7 e TEM images showing precipitates evolu
3.4. Tensile properties

The UTS of the T4-BT, T4-BT-PWAA and T6-BT joints were

207 MPa, 235 MPa and 211 MPa, respectively, as determined

from the engineering stress-strain curves in Fig. 9. It can be

seen that the UTS of T4-BT joint increased from 207 MPa to

235MPa after 12 h PWAA, whichwas ~24MPa higher than that

of T6-BT joint. The UTS of T4-BT and T6-BT joints were at the

same level.

Fig. 10 presented the fracture locations of the joints under

different conditions. The tensile strain concentrated in the

LHZs during the tensile process and obvious necking was

observed. As the deformation continued, the fracture

occurred in the LHZs, which corresponded well with the

hardness values.
4. Discussions

4.1. Microstructural characteristics

The precipitation evolution of FSW AleMgeSi alloys is closely

related to the original condition of the plates and the welding

process [24]. In the C-FSW of Al alloys, the HAZ usually went

through thermal cycles with a peak temperature around

370 �C [21,25]. Though investigations associated with FSW of

AleMgeSi alloys [24,26] claimed the similar softening effect in

the HAZ of the joints produced with T6-and T4-treated plates,
tion in LHZ of T4-BT joint with aging time.

https://doi.org/10.1016/j.jmrt.2022.11.058
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Fig. 8 e TEM images showing precipitates evolution of 6061Al-T4 BM with aging time.
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few demonstrated the intrinsic microstructural differences

between the two kinds of joints.

As mentioned above, the T6-BT joint was produced with

the plates that was characterized by b'' phase. As a result, the

precipitates in the T6-BT LHZ experienced complex evolution

and finally was dominated by b0 phase, and exhibited an over-

aged status (Fig. 3a). As for the T4-BT joint, it was produced

with the T4-treated BM that was almost solid solution
Fig. 9 e Engineering stress-strain curves of various joints.
condition. Part of the clusters, formed during natural aging,

dissolved and the remaining part transformed into coarsened

b0 phase in the LHZ during the BT-FSW thermal cycles. As a

result, the LHZ with a much lower density of precipitates

(Fig. 7a) was acquired. It can be seen that the softening in the

LHZ was caused by the coarsened b0 phase for the T6-BT joint,

whereas it was mainly due to the low density of precipitates

for the T4-BT joint.

The DSC analysis (Fig. 11) was conducted for the 6061Al-T4

BM, NZ and LHZ in the T4-BT joint to further unveil the pre-

cipitation behavior in the thermal process of specific zones.

Three exothermic peaks were clearly seen, which were

correlated to different precipitation behaviors. Exothermic

peak I (around 260 �C) was well reported to be the fine needle-

shaped b'' precipitation [21,27]. Exothermic peak II (~300 �C)
indicated the formation of short rod-like b0 and lath-like B0

phases and exothermic peak III (around 350 �C)was associated

with the b precipitation [21].

A further look into the curves showed that the peak I (b''

precipitation peak) in the curve of the LHZ had a smaller peak

area and a delayed precipitating process (~270 �C) compared to

the other two zones, which indicated a weak aging kinetics at

early stage. The weak aging kinetics can be clearly seen from

the aging kinetics curve at the early stage (Fig. 6). For the BM

and T4-BT NZ, there was an endothermic peak (~220 �C) prior
to peak I, which indicated the dissolution of G.P. zones [28].

Peak II was observed only in the BM and NZ, which indicated

that b0 precipitation occurred in this two zones during PWAA.

https://doi.org/10.1016/j.jmrt.2022.11.058
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Fig. 10 e Fracture locations of the joints under different

conditions.
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However, for the LHZ, the b0 precipitation peak area (peak II)

can hardly be seen, which indicated no b0 phase trans-

formation. That is to say, in as-welded LHZ, almost no b''
phases would transform into b0 phases in the DSC test,

because the thermal cycles during welding led to the forma-

tion of b0 phases prior to DSC testing. Peak III consisted of two

continuous peaks from 350 �C to 370 �C for the BM and T4-BT

NZ, which indicated a wide range of the b formation. As for

LHZ, only one smaller peak around 350 �C was observed,

revealing a small amount of b formation.

For 6000 series Al alloys in solid solution condition, four

exothermic peaks are usually observed at ~85 �C, ~250 �C,
~300 �C and ~370 �C, associated with the formation of G.P.

zone, b'', b0 and b phases, respectively [29]. However, no

exothermic peaks were observed around 85 �C in the LHZ in

the T4-BT joint, which indicated that the formation of G.P.

zones has finished at T4 and T4-BT conditions.
Fig. 11 e DSC curves at a heating rate of 10 �C/min for

samples of (a) 6061Al-T4 BM, (b) T4-BT NZ, (c) T4-BT LHZ.
4.2. Effect of PWAA on precipitation evolution

The precipitation sequence of a low Cu/Cu-free AleMgeSi

alloy during aging was well demonstrated in previous works

as [21e23]:

SSSS/atomic clusters/G.P. zones/b''/b0, U1, U2, B'/b,

Si.

The typical HRTEM images and corresponding Fast Fourier

Transformation (FFT) patterns of three types of precipitates

are shown in Fig. 12 to confirm the structures of the pre-

cipitates in the LHZs of T6-BT, T4-BT and T4-BT-PWAA joints.

In the T6-BT (Fig. 3a) and T4-BT LHZs (Fig. 7a), two kinds of

phases were detected. The dominant dot-like and rod-like

precipitates were identified to be metastable b0 phase, which

appeared in over-aged condition. It has a hexagonal structure

with a unit cell of a ¼ 0.715 nm, c ¼ 0.405 nm and (100)Al habit

planes [21,30] (Fig. 12a). The lath-like precipitates were

confirmed as B0 phase (Fig. 12c), and it also has a hexagonal

unit cell of a ¼ 1.04 nm, c ¼ 0.405 nm, g ¼ 120� and an orien-

tation of (0001)B'k(100)Al. What should be noted was that the B0

phase usually coexistedwith other post-b'' phases under over-
aged condition in a Si-excessive (Mg/Si < 2) AleMgeSi alloy

[23]. The 6061Al in the present work was Mg-excessive (Mg/

Si > 2), thus it was hard for the B0 phase to form. The formation

of B0 phase in the LHZmay be attributed to the rapid diffusion

of Si element during the welding process.

A further examination of the T4-BT LHZ in the PA condition

indicated that in addition to the above two kinds of phases,

the re-precipitated fine dot- and needle-like precipitates were

identified as the effective hardening precipitate b'', which was

distributed among rod-like b0 precipitates (Fig. 7d, marked

with yellow circles). It has a C-centeredmonoclinic unit cell of

a¼ 1.516 nm, b¼ 0.405 nm, c¼ 0.674 nm and a¼ 105.3� [21,30].
The re-precipitating of large numbers of b'' precipitates further
proved that the T4-BT LHZ had excellent re-precipitating po-

tential by microstructure control when subjected to PWAA.

For the plates in T6 state, the effective strengthening phase

b'' was formed, which was suggested as monoclinic Mg5Si6 or

Mg5Al2Si4 [31,32]. During the BT-FSW process, most of the b''
precipitates transformed directly into b0 phase and a few of

them dissolved into Al matrix in the LHZ. The thermal cycles

in the LHZ would act as a short-time aging with a peak tem-

perature of ~370 �C, and the dissolved b'' phase would re-

precipitate as small b0 phase promoted by of the thermal cy-

cles. As a result, the LHZ of the T6-BT joint was characterized

by b0 phase. When subjected to the PWAA, the b0 phase

coarsened and some transformed into coarse equilibrium b

phase to show awell over-aged state (Fig. 3b). Before subjected

to the BT-FSW, the T4-treated plates have finished the clus-

tering. After the BT-FSW, the T4-BT LHZ was characterized by

only low density of post-b'' phases: b0 and B0 phases (Fig. 7a).

It was interesting to note that the precipitation sequence in

the LHZ during welding could be described as: atom

clustering/b0, B0, omitting b'' formation. Asmentioned above,

the welding thermal cycles experienced by the LHZ acted as a

short-time aging process. After welding, most of the clusters

were unstable and redissolved as solute atoms into the Al

matrix, and some of the clusters evolved directly into b0 and B0

phases. This phenomenon was reported in the aging of an

https://doi.org/10.1016/j.jmrt.2022.11.058
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Fig. 12 e HRTEM images and corresponding FFT patterns of three typical precipitates: (a), (b) b0 phase; (c), (d) B0 phase; (e), (f)
b'' phase.
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AleMgeSi alloy by Liu et al. [33] and could be explained by the

following equations [33,34]:

N¼Zb*Nc exp

�
� DG*

kBT

�
(1)

DG* ¼ fg3

F2
(2)

where the N refers to the nucleation rate, Z is the Zeldovich

factor, b* is the atomic attachment rate, Nc is the number of
the available nucleation sites, kB is the Boltzmann constant,

DG* is the nucleation energy barrier, g is the interfacial en-

ergy, f is a constant of homogeneous nucleation, and F is the

driving force mainly deriving from super-saturation. The N

could be enhanced by an increasing temperature and an

increasing F.

In the present work, the peak temperature of the thermal

cycles in the LHZwas higher than conventional artificial aging

temperature of an AleMgeSi alloy, which facilitated the

movement of atoms. Moreover, the re-dissolved solute atoms

https://doi.org/10.1016/j.jmrt.2022.11.058
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improved the driving force beyond the nucleation energy

barrier, and promoted the formation of b0 phase directly based

on theMg-rich clusters [33], where the formation of B0 was due

to the diffusion of Si atoms. Finally, when subjected to the

PWAA, a large number of b'' precipitates re-precipitated

deriving from the re-dissolved solute atoms in the matrix to

contribute to the hardness increment in the LHZ and induced

the UTS enhancement of the T4-BT joint strikingly.

In summary, the precipitatemorphology control in the LHZ

could be achieved by the selection of the original state of the

plates, optimizing of welding parameters and PWAA. The

original state of the plates determined the original status of

the precipitates, and the welding parameters and PWAA

would decide the evolution behaviors of the precipitates.

Given a proper PWAA process, the LHZ of T4-BT joint could

exhibit a similar enhancing ability as the NZ, andmuch higher

than that of the T6-BT joint with the ultimate tensile strength

increased by ~11.4%. The concept will provide guidance for

improving the strength of the BT-FSW AleMgeSi joints in

engineering applications.

5. Conclusions

In the present work, the microstructure control in the LHZs of

the BT-FSW AleMgeSi joints was attempted. The basic dif-

ferences among T4-BT, T4-BT-PWAA and T6-BT joints were

revealed from microstructural perspective with more efforts

on the microstructure evolution in the LHZs of the joints. The

following conclusions are drawn:

(1) Themicrostructure control of a BT-FSWAleMgeSi joint

was achieved with a proposed process: the plates were

welded under T4 condition followed by PWAA.

(2) For the T6-BT joint, the LHZ exhibited an over-aging

condition characterized by high density of b0 phase.

The limited increment of the hardness values (~6 HV)

was due to the precipitation coarsening in the LHZ.

(3) For the T4-BT joint, the LHZ consisted of low density of

precipitates with excellent re-precipitation ability. With

prolonging the aging time, fine b'' phase re-precipitated

to contribute to the enhancement of joint strength.

(4) The LHZ of the T4-BT joint presented a remarkable

hardness increment (~17 HV) after PWAA compared to

its T6 counterpart (~6 HV). The UTS of T4-BT, T6-BT and

T4-BT-PWAA joints was 207 MPa, 211 MPa and 235 MPa,

i.e. the UTS of the T4-BT joint had an apparent incre-

ment after PWAA.
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