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Abstract: OM, SEM, EBSD, and other analytical techniques were utilized to investigate the effects
of the rotating speed of a mixing head on the microstructures and mechanical properties of a joint.
The results indicate that, compared with the base material, the grain size in the nugget zone is
significantly refined. Furthermore, as the rotational speed of the mixing head increases, the grain
size in the nugget zone increases noticeably, and the proportion of high-angle grain boundary length
initially decreases and then increases. The texture types in different areas of the joint are markedly
distinct: the base material primarily consists of recrystallization texture and rolling texture, while
the core zone mainly comprises C-shear texture. Among the joints tested at various rotation speeds,
the lowest hardness values are observed in the advancing side heat-affected zone, and the tensile
properties of the joints are notably reduced due to the dissolution and coarsening of the second
phase. The joint exhibits optimal performance at 1000 r/min, with a tensile strength and elongation
of 196.3 MPa and 13.5%, respectively.

Keywords: aluminum alloy; EBSD; texture; mechanical property

1. Introduction

As heat-treatable aluminum alloys, 6-series aluminum alloys possess characteristics
such as low density, high specific strength, good corrosion resistance, and weldability.
These attributes make them widely used across various fields, including aviation, automo-
biles, and shipbuilding [1]. Friction Stir Welding (FSW) is a solid-state welding process
that successfully eliminates the defects associated with traditional methods. It boasts
advantages such as energy efficiency, environmental protection, and high-quality connec-
tions, thereby being considered a revolutionary welding technology [2,3]. During the FSW
process, friction between the tool and the workpiece generates a significant amount of heat,
softening the material. Strong plastic deformation occurs under the agitation of the stirring
needle, resulting in the formation of fine recrystallized grains [4,5]. The different thermal
coupling effects in various areas of the joint lead to an uneven microstructural distribution,
and the formation of different grains and textures directly impacts the overall performance
of the welded joint. Therefore, it is crucial to study the microstructures, textural evolu-
tion characteristics, and mechanical properties of welded joints under different welding
process parameters.

For FSW, tool speed, welding speed, tool shape, and other process variables greatly
impact the flow and thermal cycling characteristics of materials, leading to various changes
in microstructure, texture, and mechanical properties [6]. In the past, some scholars have
investigated the effects of welding conditions on the microstructures and mechanical
properties of aluminum alloy joints. Dong et al. [7] examined the effect of welding speed
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on the microstructure and hardness of 6005A-T6 aluminum alloy, finding that the original
β′′ phase in the nugget zone (NZ) is completely integrated into the α-Al matrix. Moreover,
a lower welding speed promotes the formation of a GP zone, thereby increasing the
hardness of the welding core zone. The welding speed has little effect on the hardness of
the thermos-mechanically affected zone (TMAZ), with the evolution of the precipitated
phase being mainly related to the peak temperature. The heat-affected zone (HAZ) has the
lowest hardness due to the coarsening of the β′′ and Q′ phases, but its hardness gradually
increases with increasing welding speed. Krasnowski et al. [8] studied the effects of tool
shape on the microstructure and mechanical properties of 6082 aluminum alloy, discovering
that the joint can achieve good tensile properties with conventional tools; however, when
a non-threaded plain needle mixing head is used, the joint performance is poor. Sato
et al. [9] investigated the relationship between the microstructures and microhardness of
6063 aluminum alloy joints in relation to tool speed. The researchers concluded that the
change in hardness is independent of grain size, and the softening of the joint is due to the
coarsening and dissolution of the β′′ phase. Additionally, increasing tool rotation speed
widens the softening zone of the joint. Ahmad et al. [10] explored the effects of stirring head
rotation speed on the mechanical and flexural properties of 6061 aluminum alloy joints.
Their research showed that the HAZ range increases with higher stirring head rotation
speeds, and both hardness and flexural properties are improved.

The Cu content of 6-series aluminum alloys is generally lower than 0.4%, but it has
been shown that an increase in Cu content can reduce the precipitation activation energy of
the alloy [11], alter the precipitation sequence of the alloy, and improve its strength [12].
However, no one has studied the effect of higher Cu content on the FSW joints of Al-Mg-Si
alloys. Therefore, in this work, the effect of rotational speed on the microstructure and
mechanical properties of FSW joints of Al-Mg-Si alloys containing 0.8% Cu was investigated,
providing a theoretical basis for practical applications.

2. Experimental Materials and Methods

The material used in the experiment was an Al-0.75Mg-0.75Si-0.8Cu alloy ingot, which
was obtained by melting pure aluminum, pure magnesium, 10% aluminum–silicon, and
10% aluminum–copper intermediate alloys in specific proportions. The specimen size
was 150 mm × 120 mm × 20 mm. Subsequently, the ingot underwent homogenization
treatment at 560 ◦C for 24 h, after which it was processed into a 100 mm × 80 mm × 14 mm
plate by milling. The plates were first rolled to 2 mm through two hot rolling steps (the
first pass was 4 mm and the second pass was 8 mm) with a rolling temperature of 400 ◦C
and a holding time of 20 min for each pass. The rolling rate was 10 s−1 for both passes.
Finally, the plates were subjected to a solution treatment at 510 ◦C for 80 min and an aging
treatment at 195 ◦C for 13 h [13].

Before welding, all plates were sanded with sandpaper and alcohol to remove the
oxidized layer and grease. The diameter of the tool shoulder used for welding was 12 mm,
the length of the tool pin was 1.85 mm, and its shape was conical. The large diameter of the
tool pin was 3.6 mm, while the small diameter was 2.5 mm. The welding direction (WD)
was perpendicular to the rolling direction (RD). An ETM105D electronic universal testing
joint (Wance, made in China) was used for mechanical property testing at room temperature
(tensile rate of 2 mm/min), and each group of tensile specimens was tested three times to
determine the average value. A SIGMA scanning electron microscope was used to observe
the fracture morphologies of the welded joints. In the welded joints, cross-section (ND)
samples were used for grinding and polishing. A mixture of 70% nitric acid and 30%
methanol was used for electrochemical polishing. The polishing voltage was 15 V, the
polishing solution was cooled by liquid nitrogen at −35 ◦C, and the polishing time was 40 s.
EBSD experiments were carried out using a field emission scanning electron microscope
(SIGMA, Carl Zeiss, Oberkochen, Germany) with an EBSD probe (Aztec-Max80). The
microhardness profile was measured in the cross-section perpendicular to the welding



Metals 2024, 14, 758 3 of 15

direction along the mid-thickness direction of the plate using an HVS-1000A hardness
tester under a 200 g load for 10 s.

3. Experimental Results and Analysis
3.1. Microstructure Analysis of Joint

Figures 1–4 illustrate the microstructural morphologies of different regions of the
weld cross-section under various rotational speeds. According to Figures 1b and 2b, the
NZ grains undergo dynamic recrystallization at high temperatures with strong plastic
deformation; thus, the grains are very fine. However, in Figures 3b and 4b, the NZ grains
obviously grow due to the increase in heat input with increasing rotational speed. The
grains in the TMAZ are subjected to shear extrusion of the grains in the NZ, resulting in
the presence of a clearly oriented distribution of the AS-TMAZ. This distribution leads
to the appearance of a clear boundary between the HAZ of the joint and the NZ on the
forward side, as shown in Figures 1a and 2a. As the rotational speed increases, the effects
of temperature and shear on the TMAZ of the joint increase, and the degree of dynamic
recrystallization of the grains increases. Conversely, the recrystallized grains in the NZ
grow with increasing rotational speed, resulting in blurring of the boundary between the
NZ and the TMAZ of the joint, as shown in Figures 3a and 4a. Similarly, the changes in
the HAZ of the engine on the backward side are basically consistent with the previous
analysis. However, it is interesting to note that when the rotational speed is 750 r/min,
the zone of influence of the heat engine expands to the inside of the NZ on the backward
side (shown by the arrows in Figure 1c). After the rotational speed is increased, the
phenomenon of expanding the zone of influence of the heat engine to the inside of the NZ
disappears. A reasonable explanation for this phenomenon is that the material in the upper
part moves downward during the FSW process, and part of the material in the forward
side accumulates in the backward side under the shearing effect of the stirring head. At low
rotational speeds, the heat input is low, the material is less mobile, and less recrystallization
occurs. As a result, the material accumulated on the backward side is subjected to a very
strong squeezing action, leading to grain expansion in the TMAZ toward the NZ [14].
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Figures 5–7 show the EBSD characterization and analysis of the different regions of the
joint and the BM at a rotational speed of 1000 r/min. The EBSD diagram of HAZ is 5 mm
from the exact center of NZ. TMAZ is 2 mm from the center of NZ. The aluminum alloy is
rolled into a sheet after T6 heat treatment, and recrystallization occurs. In addition, some
grains are elongated along the rolling direction, as shown in Figure 5a. After FSW of the
BM, the grains in the HAZ grow significantly under the influence of the welding thermal
cycle, with grain growth in the AS-HAZ being more pronounced. Statistically, the average
grain growth in the AS-HAZ increases from 85.58 µm to 101 µm in the BM. The grains in the
TMAZ are deflected along the direction of shear force under the action of shear extrusion,
as shown in Figure 5d,e. The grain organization in the TMAZ is relatively chaotic due to
varying temperature and strain gradients [15]. The places far from the stirring pins in the
TMAZ are subjected to very small temperatures and strains; thus, very coarse shear bands
are generated. Inside these coarse shear bands, there are many grains caused by dislocation
slip and strain. There are many low-angle grain boundaries created by dislocation slip
and stacking, and most of these low-angle grain boundaries are oriented in the same
direction as the shear direction. Closer to the stirring pin, the strain and temperature
increase, the proportion of low-angle grain boundaries increases, and the orientation angle
increases. However, due to the limited degree of plastic deformation, the grains form
inhomogeneous shear bands. Finally, close to the stirring pin, the grains form fine shear
bands with a certain aspect ratio under the action of stronger temperature and shear as
some dynamic recrystallization occurs. Some of the grains in the HAZ are subjected to
shear compression from the grains in the TMAZ. Dynamic restitution occurs under the
influence of the weld thermal cycle, producing a number of low-angle grain boundaries
(as shown by the black arrows in Figure 5b,c). Conversely, the RS-HAZ is subjected to a
relatively high squeezing force, producing additional low-angle grain boundaries; thus,
the percentage of high-angle grain boundary length in the base material is higher than
that in the HAZ, as shown in Figure 6. As mentioned earlier, the TMAZ produces many
low-angle grain boundaries under the effects of temperature and strain, and the percentage
of high-angle grain boundary length in the TMAZ is the lowest. Moreover, the high-angle
grain boundaries in the AS-TMAZ are greater than those in the RS-TMAZ due to the higher
plastic deformation and temperature. These factors lead to the occurrence of dynamic
recrystallization to a higher extent in the AS-TMAZ than in the RS-TMAZ.
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Grain orientation spread (GOS) is the best technique for distinguishing the degree
of grain deformation [16]. It is generally accepted that grains with GOSs of less than 2◦

are recrystallized grains [17]. TMAZ grains are subjected to large shear extrusion pressure
and thermal cycling, which leads to rapid dislocation proliferation and the formation of
deformed grains. In the process of dynamic recovery, the deformed grains will transform
into subgrains. In addition, the grain near the NZ is subjected to relatively large shear force
and thermal cycling, which leads to dynamic recrystallization of a few grains. Therefore,
the proportion of recrystallized grains in TMAZ is very low. The plastic deformation on
the forward side is higher than that on the backward side, so the capacity for dynamic
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recrystallization on the forward side is greater than that on the backward side, resulting in
a higher percentage of recrystallized grains in the AS-TMAZ than in the RS-TMAZ.
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retaining the G (110)<100>, B (110)<112>, and S (123)<634> textures generated during
rolling but also generating the R-cubeRD (012)<100>, P (110)<211>, and cube (001)<100>
recrystallization textures and the C (001)<110> shear texture. The formation of R-cubeRD
and P textures may be related to particle-stimulated nucleation (PSN). The texture density
in the HAZ is lower than that of the base material, probably because the heat input induces
the transition of the rolled texture into a recrystallized texture. Since the grains in the
HAZ close to the joint are subjected to less plastic deformation, the HAZ has only one
more A(11-1)<1–10> shear texture than the BM. The TMAZ of the joint has approximately
the same texture density as the parent material but is subjected to greater shear, making
the texture component predominantly shear. The AS-TMAZ of the joint is subjected to
a relatively great shear force, mainly forming A and C shear textures. Conversely, the
RS-TMAZ of the joint is subjected to less shear force, and A∗

1 (11-1)<112> and C shear
textures are formed.

The EBSD characterization and analysis of the NZ of the alloy at different stirring
head rotation speeds are shown in Figure 9. The presence of serrated grains is shown in
Figure 9a,d,g,j. These grains are elongated and divided into segments by low-angle grain
boundaries, and a certain amount of Geometric Dynamic Recrystallisation (GDRX) of the
NZ grains occurs [15,19]. At 750 r/min, NZ grains produce many serrated crystals under
the action of shear force. With the increase in rotational speed, not only do the serrated
grains undergo growth, but the number of segments cut by low-angle grain boundaries
continues to decrease due to the increased rotational speed improving the heat input and
promoting the occurrence of Dynamic Recrystallisation (DRX). Therefore, the serrated
crystals produce new DRX grains. Continuous dynamic recrystallization of grains (CDRX)
occurs based on a certain degree of GDRX. At the same time, by observing Figure 9i,l,
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it can be found that the grain size of NZ does not change significantly with the increase
in rotational speed, which indicates that CDRX is conducive to grain refinement. The
high-angle grain boundaries and the average orientation deviation angle fractions of the
grains in the NZ show a pattern of first decreasing and then increasing with increasing
stirrer head rotational speed, as shown in Figure 9b,e,h,k. At a stirrer head rotational speed
of 1000 r/min, the average orientation deviation angle of the grains in the NZ is the lowest
at 24.2◦, while the lowest percentage of NZ high-angle grain boundaries length is 57.6%
at a rotation speed of 1250 r/min. The NZ high-angle grain boundaries and the average
orientation deviation angle are lower at a rotational speed of 1500 r/min than at 750 r/min.
It is clear that the increase in stirring head speed increases the plastic deformation and heat
input, leading to more dislocations. Additionally, more low-angle grain boundaries are
formed during the dynamic recovery process. Therefore, from 750 r/min to 1250 r/min,
the number of low-angle grain boundaries gradually increases. At a rotational speed of
1500 r/min, the average grain size of the NZ is 8.22 µm, as shown in Figure 9l. Compared
to 1250 r/min, the grain size of the NZ does not change significantly, which is obviously
caused by the enhancement in the ability to generate DRX. This phenomenon results in
the production of more recrystallized grains. As a result, the number of high-angle grain
boundaries increases. According to the statistics of the recrystallized grains in the weld
core region at different rotational speeds, the volume fractions are 41.6%, 41.3%, 37.1%, and
43.6% (As shown in Figure 10) and the highest volume fraction of recrystallization is found
at 1500 r/min, which is consistent with the previous analysis.
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The polar patterns of the NZ for different rotation speeds of the alloy are shown in
Figure 11. The texture orientation of the NZ obtained in Figure 11 deviates from the ideal
state due to the complex constraints of the FSW process. At a rotational speed of 750 r/min,
a large number of C{001}<1–10> textures and a small number of A{11-1}<1–10> textures
mainly exist in the weld core region. With the increase in rotational speed, at 1000 r/min,
the texture density of the C texture increases while the A texture disappears, and a new
B{11-2}<1–10> texture is produced with a very low texture density. At 1250 r/min and
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1500 r/min, the density of the C texture begins to decrease but remains the dominant
texture component in the weld core region. Conversely, the density of the B texture
increases slightly. The reasonable explanation for this phenomenon is that in the process of
plastic deformation, the aluminum alloy {111} slip plane is in line with the shear face, and
the <110> slip direction is parallel to the shear direction. Therefore, it is easy to produce
A/A texture under shearing force [20]. With the increase in shear force, the {112} slip plane
will activate, thus forming the B/B texture [21,22]. The understanding of shear textural
evolution is provided in some experimental and theoretical studies of FCC metals [23–26].
However, in these experiments, the C texture is dominant, and the texture density is low
despite the appearance of the B texture. Since dynamic recrystallization occurs in NZ
grains, the type of NZ texture identified in some studies [27,28] is a cube recrystallization
texture. The C texture may be formed by the rotational squeezing force of the cube texture
by the axial shoulder [29,30].
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3.2. Mechanical Properties

The hardness distribution curve at the center of the cross-section of the FSW joint is
shown in Figure 12. The hardness curve of the joint shows a W-shape. During the FSW
process, the β′′ phase in the NZ is dissolved, and overaged precipitated phases, such as
β′ and Q′, are generated. The increase in the tool rotational speed induces these overaged
phases to break up and dissolve, while the residual heat after stirring produces a transient
aging effect, which causes clusters of solute atoms to precipitate and grow [9,31]. By
comparing Figure 12a,b, it can be found that the hardness of NZ increases significantly at
1000 r/min. With the continuous increase of rotational speed, the hardness of NZ does
not change much when the error is considered, which may be caused by the joint action of
grain size and short aging after welding. At low rotational speeds, the TMAZ and HAZ
hardnesses are approximately the same. At high speeds, the hardness of the TMAZ is
almost the same as that of the NZ, which may be due to the increase in dislocation density
caused by the increase in rotational speed. The HAZ has a low dislocation density, overaged
phase coarsening, and grain growth; thus, the hardness of the HAZ is the lowest in the
joint. Moreover, the hardness of the AS-HAZ is lower than that of the RS-HAZ due to the
pronounced grain size growth.
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The tensile properties of the BM and different welded specimens are shown in
Figure 13, and the specific values are given in Table 1. First, the tensile properties of
the specimens after FSW decrease drastically due to the dissolution and coarsening of
precipitated phases during the thermal cycling of the joint. Second, the UTS first increases
and then decreases with increasing rotational speed, while the elongation decreases with
increasing rotational speed. The performance of the joints is generally highly related to the
hardness. In Figure 12, the highest value of NZ hardness is found at a rotational speed of
1000 r/min, and the lowest value of hardness is approximately the same at 750 r/min and
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1000 r/min. At high rotational speeds, a significant decrease in the hardness of the HAZ
occurs. In addition, the dissolution of the joint precipitation phase leads to the softening of
the joint, improving the plasticity of the alloy. However, with increasing rotational speed,
the overaged phase in the HAZ gathers and coarsens, leading to a significant decrease in
the properties of the alloy. Thus, at low rotational speeds, the elongation is higher than
that of the base material, and with increasing rotational speed, the elongation gradually
decreases. At a rotational speed of 750 r/min, the elongation of the joint is higher than
that of the base material. At a rotational speed of 1000 r/min, the joint has the highest
tensile strength and higher elongation than the parent material, but the joint efficiency is
only 61.25% of that of the parent material. In combination with Figure 12, it can be seen
that the whole joint undergoes different degrees of softening under different temperature
conditions, which indicates that the dissolution and coarsening of the precipitated phase
leads to the loss of joint strength. Additionally, all the welded specimens show significant
jagged curves during tensile testing, as shown in Figure 13b. Baghdadi [32] believes that
this phenomenon occurs due to the uneven distribution of hard particles (Mg2Si) in the
alloy. Due to the obvious temperature gradient in each area of the joint, the degree of
dissolution and coarsening of precipitates in different areas is different, resulting in an
uneven distribution of precipitates in each area, resulting in the PLC effect.
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Table 1. Transverse tensile properties of BM and FSW joints.

Part Rotational Speeds/(r/Min) UTS/MPa Elongation/%

BM - 320 ± 4 12.6 ± 1.2

FSW joint

750 185 ± 1 15.9 ± 0.7
1000 196 ± 3 13.5 ± 0.9
1250 175 ± 2 9.9 ± 1.4
1500 186 ± 1 8.2 ± 0.8

Figure 14 shows the fracture location of the joint at different rotational speeds. At
750 r/min and 1000 r/min, the fracture location is on the backward side of the joint.
However, at 750 r/min, the crack extends along the direction 45◦ from the tensile axis, and
the final fracture location is at the top of the NZ towards the edge of the receding side.
This phenomenon occurs due to the complex transformation of the microstructure near
the interface between the TMAZ and NZ, resulting in the appearance of low Taylor index
grain bands in this region and forming a local crystallographic weak zone, leading to the
fracture of the crack after its formation through this weak zone [33,34]. At 1000 r/min, the
fracture direction of the crack is opposite to that at 750 r/min, and the fracture region tends
to be between the RS-HAZ and RS-TMAZ. This region may be generated due to the low
dislocation density and serious microstructural inhomogeneity, as shown in Figure 5e. At
1250 and 1500 r/min, the joints fracture in the position of the AS-HAZ, which is attributed
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to the overaging phase of overaged phase aggregation and coarsening, leading to easy
cracking in this region.
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Figure 14. Tensile fracture morphology of samples at different welding speeds: (a) 750 r/min,
(b) 1000 r/min, (c) 1250 r/min, (d) 1500 r/min.

Figure 15 shows SEM photographs of the fracture of the joint at different rotational
speeds. From the figure, it can be seen that both the parent material and the joint undergo
ductile fractures. In this case, the tensile fracture of the parent material has both large and
small dimples, and there are second-phase particles inside the dimples, making the parent
material moderately tough. At 750 r/min, the morphology of the tensile fracture shows
the presence of small and dense dimples, and its elongation is highest in this process. At
1000 r/min, there are some large and small dimples, but they are shallow. At higher speeds,
the tensile fracture shows a convoluted surface, indicating that the toughness of the joint
is poor.
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4. Conclusions

(1) During the friction stir welding process, the grains of the heat-affected zone are
slightly larger than those of the base metal. The thermomechanically affected zone
undergoes partial dynamic recrystallization, resulting in an extremely heterogeneous
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structure due to the temperature and strain gradients. The base metal mainly consists
of rolled and recrystallized textures. The texture density of the heat-affected zone is
weaker than that of the base material, and the heat-affected zone has more A-texture.
The thermal mechanically affected zone has a shear texture because it is subjected to
shear forces. Among them, the advancing side of the thermomechanically affected
zone has A and C shear textures, and the receding side of the thermomechanically
affected zone has A∗

1 and C shear textures.
(2) During the friction stir welding process, the nugget zone structure experiences thermo-

mechanical coupling, resulting in geometric dynamic recrystallization and continuous
dynamic recrystallization. With increasing rotational speed, the nugget zone grain
size gradually increases. Additionally, the percentage of low-angle grain boundaries
first increases and then decreases. Finally, the type of texture is gradually converted
from A and C to B and C, with the C texture being the primary component of the
nugget zone.

(3) With increasing rotational speed, the tensile strength of the AlMgSiCu alloy welded
joints first increases and then decreases while the elongation decreases. The optimum
performance of the joints is obtained at a rotational speed of 1000 r/min, with tensile
strength and elongation of 196 MPa and 13.5%, respectively. Due to the precipitation
dissolution and coarsening in different areas of the joint, the strength efficiency of
the joint is only 61.25% of that of the base material under the optimal process. The
fracture form of the AlMgSiCu alloy joints is ductile fracture.
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Abbreviations

FSW Friction stir welding
TMAZ Thermal-mechanically affected zone
BM Base metal
GDRX Geometric Dynamic Recrystallization
HAZ Heat affected zone
CDRX Continuous Dynamic Recrystallization
NZ Nugget zone
EBSD Electron back-scattering Patterns
AS Advancing side
RS Receding side
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