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Abstract: An AI-Mg—Sc—Zr alloy rolled sheet was subjected to friction stir welding (FSW) with a tool rotation speed
of 500 r/min and a tool travel speed of 100 mm/min. The microstructure of the alloy sheet after FSW was characterized
by OM, EBSD and TEM. The microhardness and strength were also tested. The results show that after the FSW, the
fiber grains adjacent to the rotating tool are bent. The texture of the rolled sheet is gradually alleviated. In the nugget
zone, the size of the tiny equiaxed grains is only 2.31 um. Al3(Sc,Zr) particles are also affected by the FSW. The
distribution and the size of the particles after the FSW are different from those of the original sheet. Moreover, the shape
of the Al3(Sc,Zr) particles turns from spherical to polygonal and many particles become incoherent with the Al matrix.
The tensile strength of the FSW sheet is 367 MPa and the yield strength is 263 MPa, and those of the original sheet are

414 and 311 MPa.
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1 Introduction

Al-Mg alloys are widely wused in
transportation and aerospace industries due to
medium-strength, low  density, satisfactory
corrosion resistance and especially excellent weld
ability [1-3]. By adding a small amount of Sc and
Zr to the Al-Mg alloy, the strength can be elevated
while the corrosion resistance and the weld ability
can still be maintained due to the pinning effect of
extremely fine and coherent Als(Sc,Zr) particles
with L1, structure, which can effectively refine
grains and inhibit recrystallization [4—7]. These
advantages make the new type AlI-Mg—Sc—Zr alloy
gradually become a potential material in aerospace
engineering. During the processing and preparation

of metal materials, welding is an indispensable
process in most cases. For Al alloy, welding
methods include tungsten inert gas welding (TIGW),
metal inert-gas welding (MIGW), electron beam
welding (EBW) and variable polarity plasma arc
welding (VPPAW) [8—11]. These welding methods
all belong to fusion welding, which uses heat to
melt the welding wire and the weld part to fuse the
workpieces together. Therefore, the center of weld
zone likes a cast structure, leading to its comparably
low strength [8]. In addition, these fusion welding
methods may introduce defects to the weld center
such as pores and hot-crackings [12], which would
probably undermine the weld property.

In recent years, friction stir welding (FSW)
gradually becomes an important welding method
for Al alloys [13]. Different from the fusion welding
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methods, FSW is a solid-state joining technology,
connecting the materials by the thermoplasticity.
During FSW process, a rotating probe with a
special pin and a shoulder is plunged into the gap of
the work-pieces and moved along the weld joint.
Through the friction between the rotating tool and
the material, heat is generated and the material is
softened, thus, the work-pieces are connected by
thermoplastic deformation. The lower heat input
results in better mechanical properties, and less
possibility of distortions in the part and in the
welded region [14]. Because of the special
mechanism of FSW, the grain size in welding center
is very small [15], and it can also be regarded as a
kind of severe plastic deformation (SPD). Therefore,
friction stir processing (FSP), which is derived from
FSW, becomes a new important method of grain
refinement, and some researchers have studied the
microstructure and properties of FSWed/FSPed Al
alloys [16—25]. For example, TAO et al [23] have
researched the influence of welding parameter on
microstructure of Al-Mg—Sc FSW joints. It has
found that with the increase of travel speed and the
decrease of the rotation rate, the grain size would
decrease. MALOPHEYEV et al [24] found that
Al-Mg—Sc FSW joints enjoy high level of welding
efficiency, especially in the annealed sample (nearly
100%). Meanwhile, the joint efficiency of TIGW is
only 70%. In addition, VYSOTSKIY et al [25]
studied the effect of FSP on the properties of the
Al-Mg—Sc alloy cast ingot, and found that the
strength of the FSPed ingot has been obviously
improved. However, the previous researches
are mainly concerned on welding parameters,
mechanical properties and fractures. Studies on the
important precipitation Al3(Sc,Zr), which is a key
factor affecting the Al-Mg—Sc—Zr alloy, are not
enough. KALASHNIKOVA et al [26] found that the
weld zone of a FSWed Al-Mg—Sc—Zr alloy was
fine-grained but had a microhardness less than that
of the base material, which may be explained by the
over-aging effect of FSW on the Al;(Sc,Zr)
precipitates. In addition, many studies show that
SPD may lead to the change of size and
morphology of Als(Sc,Zr) particles, consequently
affecting the property, but the detailed effect on
change of Als(Sc,Zr) particles by FSW still needs
further researches. In order to further study the
issues, in this work, the microstructure evolution,
the Als(Sc,Zr) particles and the tensile strength of a

FSWed Al-Mg—Sc—Zr alloy sheet were researched
carefully, and the mechanisms were discussed
systematically, especially the Als(Sc,Zr) particles.

2 Experimental

The material composition is Al-6Mg—
0.25S¢c—0.1Zr(wt.%). The alloy ingot was first
homogenized at 350 °C for 4 h and then treated at
420 °C for 4 h. Then, the ingot was hot rolled by
60% at 350 °C and cold rolled by 80% at room
temperature. The rolled sheet was annealed at
280 °C for 1h to relieve internal stress for the
following welding. Subsequently, the sheet was
friction stir welded at a tool rotational speed of
500 r/min and a tool travel speed of 100 mm/min.
The welding direction (WD) is parallel to the
transverse direction (TD). The welding tool was
fabricated from a tool steel and consisted of a
shoulder of 16 mm in diameter and a threaded
probe tapered from 8 mm at the tool shoulder to
4.8 mm at the tip; the probe length was 4 mm. The
microstructure and mechanical properties were
studied by Vickers hardness (HV), tensile test,
optical microscope (OM), electron back-scatter
diffraction (EBSD) and transmission electron
microscope (TEM). The Vickers hardness was
characterized by HVS—100. The hardness test
position was along the 1/2 centerline in the
thickness direction of the welded joint of the sheet.
Before the hardness test, the sample was
mechanically ground and polished until the test
surface was flat and bright, and a load of 0.1 kg
holding for 10s was loaded for each test. The
strength was tested by MTS—810 electronic
mechanical testing machine and the rate of tensile
testing was 2 mm/min. The sampling location and
the dimension of FSW sample are shown in Fig. 1.
The metallograph was obtained by Leica
DM4000M optical microscope. Specimens for the
OM were mechanically polished and then corroded
by Keller’'s reagent (95% H>O +2.5% HNO;+
1.5% HCI + 1% HF) for 30 s. SEM was carried out
on JSM—7900F. Specimens for the EBSD were
mechanically polished, followed by an electro-
polishing in the solution of HNOs;+CH3OH with a
volume ratio of 1:3 at 253 K, examined by
JSM—7900F equipped with an EBSD detector
(Oxford, C-Nano) operating at 20 kV. The TEM
samples were mechanically polished down to the
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thickness of about 90 pm. The final thinning was
done by chemical electro-polishing (same as the
EBSD), and then characterized by Tecnai G* F20
TEM operating at 200 kV.

Rolling direction (RD)

Samplifig locafion

R20 mm

4 mm
Weld
zone
60 mm ’

150 mm

15 mm

30 mm

Fig. 1 Dimension of tensile test sample

3 Results

3.1 OM result

Figure 2 shows the overall metallograph of the
alloy weld zone. As can be seen from the figure, the
welding area is clearly divided into several parts.
The center of the weld zone is the nugget zone (NZ).
Adjacent to the NZ is the thermomechanically
affected zone (TMAZ) where bent fibers can be
observed. The outer area is the heat affected zone
(HAZ) and base material (BM). To further
investigate the detailed microstructure, five points
were selected based on the overall OM image for
more studies.

Fig. 2 Overall metallograph of welding area of FSW
sample

Figure 3 shows the high magnification images
of the three areas B, C and D in Fig. 2. As shown in
Fig. 3(a), the left side is the HAZ and the right side
is the TMAZ. From the HAZ to the TMAZ, the
fiber grains of the sheet are gradually distorted and
bent like waves. As the area gets closer to NZ, the
fiber structure becomes increasingly convoluted,
with a twist angle of about 60° (Fig. 3(b) for region

(). In the TMAZ near NZ (Fig. 3(c)), the twist
angle of the fiber structure exceeds 90°. Moreover,
many fine equiaxed grains are mixed in the curved
fiber structure.

Fig. 3 High magnification images of different areas in
Fig. 2 of FSW sample: (a) Area B; (b) Area C; (c) Area D

3.2 EBSD result

Further EBSD analysis has been performed on
the five areas 4, B, C, D and E in Fig. 2, and the
results are shown in Fig. 4 and Fig. 5. Figure 4(a)
shows the BM (Area A) of the sample. The
microstructure in the figure is mainly fiber grains,
and the width of the fiber grains is 3—5 um. Several
little recrystallized grains are found between the
fiber grains. There are many low angle GBs (LAGB)
in this area and the average grain boundary (GB)
angle is 25.62°. In the Area B, affected by FSW
heat, more tiny recrystallized grains appear at the
GBs of fiber grains, but the overall recrystallization
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Fig. 4 EBSD results of different areas in Fig. 2: (a) Area 4; (b) Area B; (c) Area C; (d) Area D; (e) Area E; (f) EBSD
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Fig. S EBSD grain misorientation of different areas in
Fig. 2

degree is still low and the width of the fiber grain
does not increase. The average GB angle is 27.41°.
Figure 4(c) shows the result of Area C in Fig. 2.
The fiber grains have been bent by 60°, and more
recrystallized grains appear between the fiber grains,
and the size of the recrystallized grains is larger
than that in the HAZ. The average GB angle rises to
30.32°. However, most of the fiber structure
remains continuous even the grains are bent. As the
location gets closer to the NZ, the microstructure of

the TMAZ changes significantly. As shown in
Fig. 4(d), in the TMAZ near NZ (Area D in Fig. 2),
the bending angle of the fiber grains is greater than
90°, and the bending phenomenon is intenser. The
fiber grains are crushed and the continuity has been
broken. A large number of equiaxed grains are
intercalated between the fractured fiber grains, and
the size of these equiaxed grains is larger than that
of the Areas 4 and B, which indicates that the
recrystallization is stronger. In the area adjacent to
the NZ (the right side of the Fig. 4(d)), the structure
becomes equiaxed grains. The average GB angle
rises to 34.27°. Finally, in the NZ (Fig. 4(e)), the
structures are all equiaxed grains. The average GB
angle rises to 39.05°, and the average grain size is
2.31 um. Most GBs belong to high angle GBs
(HAGB).

As for the orientation evolution, Fig. 6 shows
the {111} pole figure from the five EBSD results.
In the BM (Fig. 6(a)), brass texture is very obvious,
which is consistent with the typical features of
rolled sheets. Affected by welding heat, the
orientation is slightly changed from the previous
area, but its rolling texture is still clear (Fig. 6(b)).
However, in the TMAZ, the grain orientations are
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different. As shown in Fig. 6(c), although the
orientation distribution is still uneven, the
orientation of the grains no longer has certain
texture characteristics. In the area adjacent to the
NZ (Fig. 6(d)), because of the strong thermo-
mechanical effect, the original orientation of the
rolled sheet totally disappears. The orientation is

uniform. The situation is similar in the NZ, and all
the grains distribute uniformly in every orientation
(Fig. 6(e)).

Furthermore, the recrystallization of each
area is also different. The recrystallization results
according to the EBSD are shown in Fig. 7 and
Fig. 8. For the BM (Fig. 7(a)), the substructure
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Fig. 7 Recrystallization distribution of different areas in Fig. 2: (a) Area 4; (b) Area B; (c) Area C; (d) Area D; (¢) Area E
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Fig. 8 Recrystallization fraction of different areas in
Fig. 2

accounts for the largest part, about 62%, and the
deformed structure accounts for 32%. Only 6% of
the structure is recrystallized. In the HAZ (Fig. 7(b)),
many deformed structures become substructures.
The fraction of deformed area is 8% and that of the
substructure is 80%. The recrystallization fraction
increases to 12%. However, in the TMAZ, the
situation has changed. As shown in Fig. 7(c),
the deformed proportion increases to 25%, which
is more than that in Fig. 7(b). Meanwhile, the

recrystallization proportion is also raised to 19%,
but the substructure proportion decreases to 56%. In
the location closer to the NZ, the Area D (Fig. 7(d)),
the amount of deformed structure is reduced again
(15%), and the proportion of recrystallized structure
increased to 26%. The amount of substructures does
not change much (59%). Finally, in the NZ
(Fig. 7(e)), only 5% of the structure is in deformed
condition. The proportion of the substructure
increases to 71%, and the proportion of
recrystallized grain is 24%. Obviously, as the
position gets closer to the welding center, the
proportion of deformed structures first decreases,
then increases, and finally decreases again. The
trend of substructure is just opposite from that of
the deformed structure. The recrystallization
fraction is low at first, then it gradually rises and
maintains at around 25% in the end.

3.3 TEM result

Figure 9 shows the TEM images of different
areas. Figure 9(a) shows the BM area. Clearly, this
is a typical TEM image of a rolled sheet. Grains are
bamboo-liked structures and dislocations are
distributed in the grains. Figure 9(b) shows the
TEM image of the HAZ. In this image, the overall
dislocation density is lower than that in the BM.

Fig. 9 TEM images of different areas: (a) BM; (b) HAZ; (c) TMAZ far from center; (d) TMAZ close to center; (¢) NZ
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Recrystallization nucleation appears near the GB of
the fiber structure, but the grains have not grown up
yet. In the TMAZ near the HAZ (Fig. 9(c)), the
recrystallized grains have grown to about 1 um. The
continuous fiber structure begins to be affected by
thermoplasticity, becoming discrete. As the location
gets closer to the NZ, the recrystallized grains
continue to grow, and the size exceeds 1 um
(Fig. 9(d)). Finally, in the NZ (Fig. 9(e)), the fiber
structure no longer exists, replaced by equiaxed
grains due to dynamic recrystallization. However,
there are still many dislocations in the grains in the
upper left corner of the figure, and the overall
recrystallization fraction is higher.

Figure 10 shows the TEM images of Al3(Sc,Zr)
particles in different area. Figure 10(a) shows the
particle in the HAZ. In this area, the particles are
uniformly distributed in the grain and the average
diameter of the particles is about 10 nm. No
dislocation is found inside the grain or around the
particles. In the TMAZ far from the NZ (Area C in
Fig. 2), as shown in Fig. 10(b), several dislocations
appear inside the grain and some are pinned by the
Al3(Sc,Zr) particles. The average size of the
particles remains around 10 nm and only a few

particles grow up. Some particles aggregate
together, forming a particle cluster (shown by green
arrows). However, things change a lot in the TMAZ
close to the NZ (Area D in Fig. 2). In Fig. 10(c), the
number of dislocations is more than that in the
previous samples, and some dislocation walls
appear (yellow lines). In addition, many particles
are surrounded by dislocations (red dot circles).
Except for the dislocations, the situation with
particles has also changed. The particle aggregation
phenomenon is more common (pointed out by
green arrows). The average size of the Al(Sc,Zr)
particles rises to 10—15nm. Finally, in the NZ
(Area E in Fig. 2), the number of dislocations is
higher than that in all previous samples. Most
particles are surrounded by dislocations (red dot
circles). Some dislocations have passed through the
particles, leaving Orowan circles around the
particles (green arrows). The particle aggregation
phenomenon is still very common.

As a comparison, particles in the base material
(BM) before FSW are demonstrated in Fig. 11(a).
Apparently, the diameter of the particles is
10—15 nm, and the shape of the particles is mainly
spherical. For the NZ, the particles grow up a little

---------

“ .

Fig. 10 TEM images of Al3(Sc,Zr) particles: (a) HAZ; (b) TMAZ far from center; (c) TMAZ close to center; (d) NZ
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5 nm

Fig. 11 TEM images of Al3(Sc,Zr) particles: (a) BM; (b) NZ; (¢) HRTEM of particle in BM; (d) FFT

(about 15nm), but the shape has been changed
(Fig. 11(b)). Some polygonal particles appear (blue
circles). Figure 11(c) shows the HRTEM of a
typical Aly(Sc,Zr) particle in the BM. The edge of
the particle is smooth without strain, indicating that
the particle is coherent of the matrix. Typical spots
of L1, structure appear in the Fast Fourier
Transformation (FFT).

After the FSW, the change of particles is huge.
Most Als(Sc,Zr) particles become incoherent with
the matrix, and the morphology has changed
tremendously. Figure 12 demonstrates three kinds
of typical incoherent Al3(Sc,Zr) particles. Figures
12(a, b, ¢) are the first one. The particle shape is
hexagonal with a length of 20 nm on the diagonal
and a distance between parallel sides of 15 nm.
Parallel moiré fringes appear inside the particle. It
is obvious that the edge of the particle is smooth
and no dislocation is found on the edge. Inside the
particle, the moiré fringes are due to periodic
misalignments of the atomic planes, like screw
dislocations (yellow arrows). After FFT, it is found
that there are several sets of parallel spots in the
(200) direction (Fig. 12(c)). This phenomenon

proves that there exist strains inside the particle and
the misalignments make the particle lose its
coherency with the matrix. Different from the first
one, the particle morphology in Fig. 12(d) is more
complex. The particle shape is an octagon
consisting of four long sides and four short sides,
with a diameter of about 20 nm. In addition, there
are two sets of staggered moiré patterns in the
particle. It can be seen from Fig. 12(e) that the edge
is also smooth without any strain. But inside the
particle, two sets of screw dislocations intersect in it
(yellow lines). Two sets of parallel spots around the
main spot can also be seen in the FFT image
(Fig. 12(f)), indicating the cross misalignment.
Apparently, the internal strain of the particle is
stronger than that of the previous one. The third
kind of incoherent particle is much different from
the former two kinds, as shown in Figs. 12(g, h, 1).
The shape of the particle is also an octagon
composed of four long sides and four short sides.
This particle not only has strains inside it but also
has a different orientation with the matrix. It can be
seen from Fig. 12(h) that the edge of the particle is
wide and rough. The rough edge area can be regard
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Fig. 12 HRTEM images of typical incoherent Als(Sc,Zr) particles: (a, d, g8 HRTEM; (b, e, h) HRTEM with higher

magnification; (c, f, i) FFT

as an incoherent transition zone for the different
orientations. Dense lattice misalignments can be
observed and many screw dislocations are made up
by these different lattices, indicating the strong
internal strain. Also, the FFT image shows that the
spot orientation of the particle is different from that
of the matrix (Fig. 12(i)), which can also be found
in the HRTEM image.

3.4 Mechanical properties

Figure 13 shows the hardness distribution. The
hardness of the base metal is about HV 122. Near
the center of the weld, the hardness gradually
decreases. In the HAZ, the hardness gradually drops
to HV 116. In the TMAZ, the hardness of the part
far away from the NZ decreases slowly, while in the
part close to the NZ, the hardness decreases rapidly.

In the NZ, the hardness remains low and stable,
fluctuating between HV 102 and HV 106. Figure 14
shows the tensile properties of the samples. The
tensile strength (TS) of the base material without
FSW is 414 MPa, the yield strength (YS) is
311 MPa, and the elongation is 14.7%. The TS of
the FSW sample is 367 MPa, the YS is 263 MPa,
and the overall elongation is 10.5%. However, it is
worth noting that the fracture occurs in the weld
zone. Considering the situation that the BM has
higher strength, it can be speculated that the
elongation of BM section is much less than
that of weld zone, leading to the phenomenon
that the overall elongation of FSW sample is
less than that of the original sheet. If only the weld
area is measured, the actual elongation is about
25%.
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4 Discussion

4.1 Grain morphology and recrystallization
From the metallograph and EBSD (Figs. 2—4),
it can be clearly seen that as the distance gets closer
to NZ, there are more and more recrystallized
grains in the fiber structure, and the degree of
distortion of the fiber structure also increases. This
is because that the influence of heat and plastic
deformation will be greater when the location
becomes closer to the NZ. Because the nugget area
is directly passed through by the probe, the grains
are stretched and crushed, and the structure is all
fine equiaxed grains. As shown in Fig. 15, due to
the rotation of the threads on the probe, material
from the front is continuously fed to the back. In the
normal direction of the sheet, the thread will rise
with rotation, and the fiber particles in the TMAZ
will follow the trajectory of the thread, thus bending
upwards and outwards. The closer the probe, the
greater the impact force, and the greater the bend.
The TMAZ is simultaneously subjected to high

Jing-yu JIANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1687—1700

temperature and plastic deformation, so strong
dynamic recrystallization occurs in the structure.
The HAZ is far away from the probe, and is less
affected by the rotating process. It does not bend
significantly and is only affected by the heat
transfer. Therefore, only static recrystallization
occurs and some little grains are formed in this
region.

Fig. 15 Schematic diagram of impact of FSW on
microstructure

Additionally, the change of recrystallization
fraction is also related with the friction stir
deformation. As shown in Fig. 6, the proportion of
deformed structure, substructure and recrystallized
structure does not change regularly with the
position. For the deformed structure and the
substructure, there is no doubt that the amount of
deformed structure in the original sheet is the
largest. In the HAZ, affected by the high temperature
of FSW, many dislocations have recovered, so the
deformed proportion decreases. However, the
welding heat is not enough for complete
recrystallization. Therefore, many substructures are
formed. In the TMAZ adjacent to the HAZ, new
deformations are introduced to the sheet but the
short-term heat cannot annihilate the newly-
introduced deformation. As a result, the deformation
fraction increases and the substructure fraction
decreases. In the position closer to the NZ, the
temperature is higher and the deformation becomes
severer. Thus, the driving force for the
recrystallization is larger. Consequently, the
preserved deformation is less and more structures
turn to substructures. Finally, in the NZ, the
deformation-driven metallurgy with high plastic
strain and frictional/deformation heat contributes to
dynamic recovery and dynamic recrystallization [27].
Hence, the deformed structure continues to
decrease and the substructures continues to increase.
During the FSW, rapid dynamic recovery occurs
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readily, which generally prevents the accumulation
of sufficient dislocations to sustain dynamic
recrystallization. Therefore, in the NZ, many
substructures are formed rather than a fully
recrystallized structure, explaining the phenomenon
that the recrystallization fraction is not always
elevated with the change of position.

4.2 Al3(Sc,Zr) particles

Apparently, the size and coherency of
Als(Sc,Zr) particles change. After the FSW, the
Als(Sc,Zr) particles in the NZ have grown up and
most particles have lost the coherency with the Al
matrix. For the coarsening of the particle, this is
because that a lot of heat is generated during
welding. High temperature would accelerate the
diffusion rate of solute atoms, making the second
phase particles grow up [28]. At the same time,
FSW generates a large number of lattice defects
such as dislocations, and many dislocations are
pinned by particles, and these defects can become
diffusion channels of solute elements. As a result,
under the coupling effects of high temperature and
large number of defects, the Als(Sc,Zr) particles
would grow up.

However, the particles not only grow, but also
lose coherency. The incoherent particles have
different morphologies too. According to the
previous research [29], there exist three types of
coherency loss by severe plastic deformation and
heat. In this work, the coherency loss can be
summarized as two types. The first type of the
coherency loss is shown in Figs. 12(a) and (d). This
coherency loss is due to the particles being passed
through dislocations or grain boundaries. There are
obvious moiré patterns in these particles, which
means that the strain of the particles causes lattice
misalignment. The morphology of the pattern
appearing inside the particle is similar to screw
dislocation. Other researchers have also found the
similar phenomenon [30]. After being passed
through a large number of dislocations or grain
boundaries, = moiré  patterns and lattice
misalignments are introduced into the particles.
Strong recovery and recrystallization by SPD
greatly raise the probability of dislocations or grain
boundaries passing through Al3(Sc,Zr) particles.
Therefore, after the FSW, lattice misalignments
would appear and many Al3(Sc,Zr) particles would
lose coherency with the Al matrix. Furthermore, the

particles shown in Fig. 12(g) demonstrate a
different kind of incoherency, the interface-bypass
incoherency. This is because that the particles are
bypassed by the grain boundary. During the strong
dynamic recrystallization, the motion of grain
boundaries is very intensive. Under this condition,
there would be several particles bypassed by grain
boundaries instead of cut through it. After being
bypassed by the grain boundaries, the particles
come into a new grain which has a different
orientation compared with the original grain.
However, the particles maintain their original
orientation. So, there is an orientation difference
between the particles and the grain, leading to the
loss of coherency.

4.3 Mechanical properties of FSW sheet

Hardness decreases with distance from NZ.
Partial recrystallization of HAZ occurs. As the
position gets closer and closer to the center, The
temperature would become higher and higher, so is
the recrystallization fraction. In TMAZ, the
hardness decreases slowly in the part far from the
NZ, while the hardness decreases more rapidly in
the part close to the NZ. In the part far away from
the NZ, the integrity of the fiber structure is not
destroyed. The main change of the microstrucure is
bending and partial recrystallization, so its hardness
is slowly reduced. In the part close to the NZ, the
fibrous structure is destroyed, mixed with some
equiaxed grains, and the degree of recrystallization
increases rapidly due to stronger mechanical impact
and higher temperature, so the hardness drops
rapidly. The more the equiaxed grain, the lower the
hardness. In the NZ, the microstructure is
dominated by small equiaxed grains due to strong
recovery and recrystallization. In the NZ, the
dislocation density is low, and the work hardening
effect has been eliminated compared to the BM and
the TMAZ. Thus, NZ has the lowest hardness.

For tensile properties, the factors that may give
rise to the difference in the strength between the
BM and the FSW sheet are GB and Als(Sc,Zr)
particles. It is clear that the recrystallized structure
and the size of the Als(Sc,Zr) particles are different
in the samples. In addition, it is necessary to
consider the contribution of the HAGB and the
LAGB. The contribution of the HAGB and the
LAGB to the strength is different. The YS that
introduced by GB can be described as [31,32].



1698 Jing-yu JIANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1687—1700

_ _ “12
0GB =Ouace T Orace = Kyduacs +

Moy G(1.5bS HLAGBfLAGB )2 (D)

v7av

where k, is the Hall-Petch constant, about
100 MPa-um®3 [33]; duags is the size of grains with
HAGB; M is the Taylor factor equaling to 3; a; is
a constant, which is 0.3 in this equation [32]; G is
the shear modulus of Al alloy (26 GPa); b is the
magnitude of the Burger vector of the matrix,
0.286 nm in Al alloy; Sy represents the total area of
grain boundaries per unit volume; @-°® is the
average misorientation angle of the LAGB; fiacs
is the proportion of the LAGBs. Considering
situation that the fracture of FSW sheet happens in
the NZ, the data of NZ can represent the actual
result of FSW sheet. In the same way, the data of
BM can represent the result of original sheet. The
GB data of BM and NZ obtained from the EBSD
results and the calculated strengths are listed in
Table 1.

Table 1 EBSD results and calculated strength

duace/ S/ 05 fiace/ onace/ oLace/ oGe/

Sample = " um /) %  MPa  MPa MPa
BM 429 0.77 434 4178 48 81 129

Nz 255 051 8.66 6.69 63 37 100

Obviously, according to the calculated result,
the small grain size of grains with HAGB of the
FSW sheet contributes more strength compared
with that of BM. However, less LAGB fraction and
few GB amount make the FSW sheet at a
disadvantage in comparison with the strength of the
BM.

Furthermore, the YS is not only affected by
GBs, but also the effect of Als(Sc,Zr) particle
should be discussed. Generally, the strength by the
Als(Sc,Zr) particles is divided into two types. One
is coherency strengthening and modulus hardening,
and the other is Orowan mechanism. These
strengths are based on coherent Als(Sc,Zr) particles.
According to HUANG et al [34], when the diameter
of the Al3(Sc,Zr) particles is less than 10 nm, the
strengthening mechanism is mainly the first type. If
the diameter of the Al3(Sc,Zr) particles is over
10 nm, the second type will account for the
strengthening. In this work, the size of most
Als(Sc,Zr) particles is  over 10nm. The
strengthening equation from the particle is as
follows [35—37]:

Gb In(D,/b)
Uor = kM (1 _ V)1/2 ﬂy (2)

where £~0.127 in mono-dispersed particle; v is
Poisson ratio of the matrix (0.34 in AlI-Mg matrix);
D; is the mean diameter of a circular cross-section
in a random plane for a spherical precipitate
(D=nDq/4), where D,y is the average diameter the
particles; A is the effective inter-particle distance
(A=D,(1/22n/(3f,) —=1)) [37], where f, is the
volume fraction of the particles. The data obtained
from the TEM images and the calculated strength
are demonstrated in Table 2.

Table 2 TEM results and calculated strength

Sample Da/nm  fi/% Dy/nm  A/nm  og,/MPa
BM 11.9 0.22 9.3 134.9 91
NZ 13.2 0.22 10.4 149.7 84

In Table 2, the calculated strength is given.
The contribution of Als(Sc,Zr) particles to the YS is
similar in the two samples. Clearly, the change of
Als(Sc,Zr) particles in the NZ has a little influence
on the mechanical property and the main difference
is from the GB strengthening. In addition, the
strength of the alloy should also consider the
threshold stress in pure Al (00) and the effect of
solid solution of Mg atoms (oss). These two factors
are same as the BM and the NZ. The threshold
stress in pure Al is about 10 MPa and the solution
strengthening efficiency of Mg solutes is taken to
be 13.8 MPa/% Mg [25]. The strength comparison
is listed in Table 3. Obviously, the calculated results
are basically consistent with the actual results.

Table 3 Comparison of calculated data and actual result

oo/ oss/ oG/ oo/ Actual/ Measured/
MPa MPa MPa MPa MPa MPa

BM 10 8 129 91 313 311
Nz 10 8 100 84 277 263

Sample

5 Conclusions

(1) As the position gets closer and closer to the
center, the fibers are bent more and more severely,
and the average grain misorientation becomes larger
and larger. The newly evolved grains have nearly
random crystallographic orientations, making the
texture gradually disappear. The grain size in the
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NZ of the FSW sheet is 2.31 pum.

(2) Most Als(Sc,Zr) particles in the NZ of the

FSW sheet lose coherency with the matrix due to
the strong dynamic recovery and recrystallization.
The shape of incoherent particles changes from
spherical to polyhedron. There exist inner strains
inside the incoherent particles and some particles
even have different orientations with the matrix.

(3) The tensile strength of the base material

without FSW is 414 MPa, and the yield strength is
311 MPa. The tensile strength of the FSW sheet is
367 MPa, and the yield strength is 263 MPa.
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