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Abstract: The effects of different welding speeds on the microstructures and mechanical properties
of Al-0.75Mg-0.755i-0.8Cu alloys were investigated using optical metallographic microscopy (OM),
X-ray diffraction (XRD) analysis, an ETM105D electronic universal testing machine and field emission
electron microscopy (SEM). The results reveal that during the friction stir welding process, the welded
joint forms the base material (BM), heat-affected zone (HAZ), thermomechanically affected zone
(TMAZ) and nugget zone (NZ), under the action of shear force and friction heat. The textures present
in the BM are mainly C ({001}<100>) recrystallised cubic texture and P({110}<112>) recrystallised
texture, Goss (G) texture, brass (B) texture and {112}<110> rotating copper texture. The organisation
of the NZ undergoes dynamic recrystallisation, forming fine isometric crystals with large angular
grain boundaries, accounting for more than 75% of the total. The geometrically necessary dislocations

(GNDs) in the NZ grow as the welding speed rises. Moreover, {111}<110> and {111}<110> shearing
textures, {001}<110> recrystallisation textures and fibre textures are mainly present in NZs. The
average grain size in the NZ was the smallest, and the mechanical properties were the best at a
welding speed of 125 mm/min. The grain size and the tensile strength and elongation of the NZ
were 2.945 um, 200.7 MPa and 12.7% for the joint at a welding speed of 125 mm/min, respectively.

Keywords: aluminium alloy; EBSD; GND; texture; mechanical properties

1. Introduction

Al-Mg-5i-Cu alloys (6 x X X x series aluminium alloys) have the advantages of high
specific strength, good welding properties and high corrosion resistance, and are widely
used in construction, automotive, aerospace and other fields [1]. The conventional fusion
welding process produces defects, such as porosity and thermal cracking, when welding
aluminium alloys, which seriously affects the overall performance of the welded joints [2].
Unlike the fusion welding process, friction stir welding (FSW) does not produce defects,
such as porosity and cracks, during the welding process and does not produce harmful
gases such as fumes, which is a new green and non-polluting solid phase welding tech-
nology. Studies have shown that suitable FSW welding process parameters can effectively
improve the grain organisation of welded joints and improve the performance of welded
joints [3-5].

In stir friction welding, the metal material will accumulate on the advancing side with
the shear rotation of the stirring needle, and different regions are subjected to different
thermal coupling, which will make the tissue distribution of the welded joint uneven
and form different grains and textures, directly affecting the overall performance of the
welded joint. Therefore, it is very important to study the microstructure, texture evolution
and mechanical properties of welded joints under different welding process parameters.
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Jing et al. [6] found that by increasing the welding speed of 6063-T6 aluminium alloy, the
mechanical properties of the joint first increased and then decreased, and the fracture
location was mostly located in the heat-affected zone of the backwards side. Jin et al. [7]
studied the fracture forms of 7055 aluminium alloy joints at different rotational speeds,
and the results showed that with increasing rotational speed, the fracture position of
the joints first transferred from the HAZ to the NZ, resulting in an “S”-shaped fracture,
and then transferred to the thermomechanically affected zone on the advancing side
(AS-TMAZ), resulting in fracture. Dong et al. [8] studied the welding speed on the 6005A-
T6 aluminium alloy organisation and hardness and found that the original 3” phase in
the weld nucleus zone completely entered the «-Al matrix, and the lower welding speed
promoted the formation of the GP zone, thereby increasing the hardness of the HZs.
The welding speed on the TMAZ hardness was not significant, and the evolution of the
precipitation phase was mainly related to the peak temperature. The HAZ due to 3" and
Q” phase aggregation coarsening had the lowest hardness, and the hardness of the HAZ
gradually increased with increasing welding speed. Ding et al. [9] investigated the influence
of welding speed on the microstructure development and mechanical characteristics of
the NZ made of Al-Mg-Mn-Zr-Ti alloy. It was discovered that when the welding speed
increased, the DRX grains in the NZ decreased, with no significant texture and low texture
strength. The mechanical properties of the welded joints first increased and then decreased.
Yuan et al. [10] studied the crystal orientation of the NZ of 5083 aluminium alloy and found
that the brass texture and S texture were mainly present in the BM, while these two types
of texture were basically absent in the NZ, so the NZ is a weakly oriented organization.
Zhang et al. [11] studied the evolution of crystal texture components in different regions

of the NZ of 6082-T6 aluminium alloy and found that the {111}< 110> shear texture and
{001}<100> recrystallised cubic texture mainly existed in the backwards side of the NZ.

More thermoplastic deformation occurred in the middle of the NZ, thus {111} < 110> the
shear texture became more prominent, and the {001}<100> texture transformed into a

{001}<110> rotating cubic texture; on the advancing side of the NZ, the {111}< 110> texture

and {001}<110> texture rotated in the ND direction, forming the {111}< 110> shear texture
and {001}<100> cubic texture. Although a large number of scholars have conducted a
lot of research on stir friction welding of aluminium alloys, no one has studied the stir
friction welding of the Al-0.75Mg-0.755i-0.8Cu alloy. Therefore, in the present work, the
microstructure, texture evolution and mechanical properties are studied in the NZ of FSW
joints made from Al-0.75Mg-0.755i-0.8Cu alloys at different welding speeds (v) and a
constant rotation speed (w), i.e., w =750 r/min; v = 75, 100, 125, 150 mm /min, to provide a
theoretical basis for the practical application of FSW welding.

2. Experimental Materials and Methods

The material used for the experiments was an Al-0.75Mg-0.755i-0.8Cu alloy ingot. The
industrial, pure aluminium with 99.99% content and the intermediate alloy Al-10Si and
Al-10Cu were placed into a resistance melting furnace at 800 °C in a certain proportion.
After these materials were melted, the industrial, pure magnesium with 99.99% content
in a certain proportion (considering the burning loss of pure magnesium, the content is
higher than 10% of the theoretical calculation) was placed into a resistance melting furnace.
The resistance furnace was turned off after melting, it was stirred and the switch of the
resistance furnace was opened, the temperature was increased to 780 °C for 10 min, then
lowered to 720 °C for slagging, and finally poured into a 150 mm X 100 mm x 20 mm
Al-0.75Mg-0.755i-0.8Cu alloy ingot. It was subjected to a 560 °C x 24 h homogenisation
process and the ingots were, subsequently, machined into 100 mm x 80 mm x 14 mm
plates by a milling machine. The plates were rolled to 4 mm by two hot rolling passes
(first pass with 4 mm down and second pass with 6 mm down), both at a holding time of
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400 °C/20 min, followed by a solid solution treatment at 510 °C/80 min and an ageing
treatment at 190 °C/13 h, and finally cold rolled to 2 mm, both at a strain rate of 10 s~ 1

Before welding, all plates were sandpapered to remove oxidation and grease. The
shoulder diameter of the stirring head used for welding was 12 mm, the length of the
stirring pin was 1.85 mm, the shape was conical, the large diameter of the stirring pin was
3.6 mm, the small diameter was 2.5 mm, and the welding direction (WD) was perpendicular
to the rolling direction (TD). The specific welding parameters are shown in Table 1.

Table 1. Welding parameters for the FSW.

Rotational Speed/r-min—1 Welding Speed/mm-min—1
750 75
750 100
750 125
750 150

The size diagram of the tensile sample is shown in Figure 1. An ETM105D elec-
tronic universal testing machine was used to test the mechanical properties (tensile rate of
2 mm/min). Three tensile specimens were taken from each group, and the average value
was obtained. A SmartLab type X-ray diffractometer was used to examine the texture
of the specimens, with specific parameters of 40 KV Cu target rays, a scanning angle of
10-90° and a scanning speed of 2° /min. A Sigma scanning electron microscope was used
to observe the fracture morphology of the welded joints. Samples were taken from the
welded joints to polish the cross section (ND), and the specimens were electrochemically
polished with 70% nitric acid and 30% methanol. The polishing time was 30 s. The EBSD
experiments were carried out using a field emission scanning electron microscope (Sigma)
with an EBSD probe (Aztec MAX80).
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Figure 1. Dimensions of the tensile sample.

3. Experimental Results and Analysis
3.1. Microstructure

The microstructure of each region of the stir friction welded joint is shown in Figure 2.
The BM along the rolling direction of the cross-sectional microstructure is shown in
Figure 2a. The grains are fibrous and elongated along the rolling direction. The organisa-
tion in the NZ is subject to strong thermomechanical coupling, dynamic recrystallisation
occurs and fine equiaxed crystals are formed. The grains in the HAZ maintain the original
shape of the base material but, in the welding process, the grains become coarser as a result
of frictional thermal cycling. As the peak temperature on the advancing side (AS) is higher
than that on the retreating side (RS), the grain changes in the AS are more pronounced.
The TMAZ undergoes plastic deformation and partial recrystallisation under the action
of thermal coupling of the stirring needles, forming a microstructure consisting of curved
and elongated grains. Comparing Figure 2c,e, it can be clearly found that the AS-HAZ
demarcation line is more obvious, because the tissue of the AS undergoes dynamic re-
crystallisation under the effect of rotational shear, and the recrystallised microstructure
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formed is obviously different from the original BM tissue, while the tissue of the RS is
mainly subject to extrusion, and the dynamic recrystallisation is limited, so the boundary
between it and the NZ is not clear enough [12]. At the same time, in Figure 2e, it can also
be observed that the microstructure of the thermally affected zone on the retreating side
expands towards the inside of the weld nugget zone, which is due to the good fluidity of
the retreating side microstructure. In Figure 2e, the expansion of the tissue in the RS-TMAZ
into the inner part of the NZ can also be observed. This is due to the good fluidity of the RS
tissue and the combined effect of the compression of the RS tissue by the shaft shoulder
and the shearing of the stirring pin, which causes the material in the upper part of the weld
to be squeezed into the NZ [13].

(b)

Figure 2. Microstructure of each region of the FSW. (a) BM; (b) AS-HAZ; (c) AS-TMAZ; (d) NZ;
(e) RS-TMAZ; (f) TS-HAZ.

Figure 3 shows the EBSD figure, grain size distribution figure and grain boundary
orientation angle distribution figure for the NZ at different welding speeds. Figure 3(al-d1)
includes red (2 ~ 5°) thick lines and green (5 ~ 15°) thick lines on behalf of small angle grain
boundaries, and black (15 ~ 65°) thick lines on behalf of large angle grain boundaries. The
tissue in the NZ is subjected to the compression of the axial shoulder and the stirring action
of the stirring needle, and the original tissue undergoes intense thermomechanical coupling,
so the grains in the NZ undergo dynamic recrystallisation, producing fine isometric axial
grains [14]. Figure 3(a2—-d2) shows the grain size distribution map derived through Channel
5 software, while the average grain size of the weld nucleus zone was calculated for the
different welding speeds of 3.898 um, 3.692 pm, 2.945 pm and 3.2 um. The grain size with
the welding speed first increased and then decreased because the welding speed increased,
and the peak temperature of the welded joint decreased, thereby reducing the driving
force of the grain growth; at the same time, the increase in welding speed reduced the
deformation of the welded joint, which caused the grains to grow [15]. Therefore, different
welding speeds have different main factors affecting the grain size [16]. At a welding speed
of 75 to 125 mm/min, the peak temperature is the main factor affecting the grain size, which
decreases; at a welding speed of 125 mm/min to 150 mm/min, deformation is the main
factor affecting the grain size, which becomes larger. Figure 3(a3-d3) shows the distribution
of the grain boundary orientation angles at different welding speeds. From the figure, the
proportion of large angle grain boundaries in the NZ is more than 75%, which is because
the thermoplastic deformation during the welding process introduces a large number of
dislocations. In the subsequent dynamic response, a small angle grain boundary composed
of subgrains will be formed. In the continuous dynamic recrystallisation process, subgrains
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rotate to the subgrain boundaries through repeated absorption of dislocation growth,
evolving into recrystallised grains with large angle grain boundaries [17,18]. As the welding
speed increases, the peak temperature of the weld nucleation zone decreases, inhibiting the
recrystallisation process and decreasing the percentage of large angle grain boundaries.
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Figure 3. EBSD maps, grain size distribution and misorientation angle distribution of the NZ
at different welding speeds. (al-a3) 75 mm/min; (b1-b3) 100 mm/min; (c1-c3) 125 mm/min;
(d1-d3) 150 mm/min.

3.2. Geometrically Necessary Dislocations

Figure 4 shows the kernel average misorientation (KAM) figure for different welding
speeds, retrieved directly from the EBSD data, which was chosen as a measure for the local
misorientations. The KAM quantifies the average misorientation around a measurement
point with respect to a defined set of nearest or nearest plus second-nearest neighbour
points [19,20]. KAM can reflect the strain energy as well as the magnitude of the dislocation
density [21], which is calculated by the software for different welding speeds in the weld
kernel zone. The KAM values are 0.42°, 0.43°, 0.42° and 0.43°, which indicates that the
welding speed has a small effect on the KAM of the HZ. The smaller KAM values are due
to the complete dynamic recrystallisation of the tissue in the NZ.
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Figure 4. Distribution of the kernel average misorientation in the NZ at different welding speeds.
(a) 75 mm/min; (b) 100 mm/min; (c) 125 mm/min; (d) 150 mm/min.

The KAM diagram can only qualitatively describe the dislocation density, and the
magnitude of the KAM value can only be used to determine the change trend in the dislo-
cation density. In this experiment, the KAM value did not change significantly with the
change in welding speed, resulting in the inability to determine the effect of welding speed
on dislocation density. Therefore, the mathematical model established by Kubin [22] was in-
troduced to calculate the geometrically necessary dislocations (GNDs) in the microstructure
of the NZ at different welding speeds. The model [23] is as follows:

GND _ 2A0;

Equation (1): p®NP is the GND density of the measurement point; Af; represents the

local orientation difference (Af; < 3°); u is the EBSD scan step size of 200 nm; b is the
Burgers vector; and the Burgers vector of aluminium alloy is 0.286 nm. The columnar
distribution of the GND density in the weld nugget region at different welding speeds
is shown in Figure 5. At a welding speed of 75 mm/min, the value of the GND was
2.45 x 1014 m~2. Upon increasing the welding speed, the value of the GND reached
2.55 x 1014 m~2, while the dislocation density of the aluminium alloy sheet rolled at room
temperature was 1.64536 x 1015 m~2 [24]. Combined with the grain boundary orientation
distribution diagram in Figure 6, it can be observed that the dislocations generated during
the cold rolling process and the dislocations generated by the deformation of the plate in
the FSW process rotated and entangled at high temperatures, which eventually evolved
into large angle grain boundaries. The fundamental reason for the minimum GND at a
welding speed of 75 mm/min is that more frictional heat is generated in the joint at this
parameter, which promotes more dislocations forming large angle grain boundaries.
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Figure 5. Histogram of the probability of geometric necessary dislocation density in the NZ at
different welding speeds. (a) 75 mm/min; (b) 100 mm/min; (¢) 125 mm/min; (d) 150 mm/min.
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Figure 6. The (001), (110) and (111) pole figures showing the texture of the BM.

3.3. Texture

During the rolling process, the grains of aluminium alloy will rotate, and the rotation
of the grains will cause the grain orientation to gather around a certain orientation or certain
orientations, thus forming a texture. In the process of hot rolling, two microscopic processes
mainly occur in aluminium alloy: one is plastic deformation mainly by dislocation move-
ment, resulting in deformation texture in the metal; the other is dynamic recrystallisation
mainly by reversion, nucleation and grain growth, and the dynamic recrystallisation pro-
cess will cause a recrystallisation texture [25]. The (001), (110) and (111) pole figures of the
BM are shown in Figure 6. From Figure 6, the texture in the (110) pole figure is higher than
that in the other two pole figures and the max density is 5.975. Figure 7 shows the ODF
diagram of the parent material, and it can be determined from the literature [26-28] that the
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textures present in the BM in the figure are the C ({001}<100>) recrystallised cubic texture
and P({110}<112>) recrystallised texture, Goss (G) texture, brass (B) texture and {112}<110>
rotating copper texture. The grain orientation during the rolling of aluminium alloys is
mainly concentrated on the (3-orientation line and x-orientation line, with a small amount
of cube texture [29]. The -fibre texture starts from the Goss orientation {110}<001>, passes
through the brass orientation {110}<112> and, finally, reaches the rotating Goss orientation
{110}<110>, while the p-fibre texture starts from the copper orientation {112}<111>, passes
through the S orientation {123}<634> and, finally, reaches the brass orientation {110}<110>.
The G, B textures are common types of textures in aluminium alloys during the rolling
process. In aluminium alloys containing large second-phase particles (>1 um), nucleation
of the recrystallisation takes place in the deformation zones that form during deformation
around these particles. This mechanism is commonly referred to as particle stimulated
nucleation (PSN) [30-32]. P textures are typical of recrystallisation orientations that evolve
due to PSN and recrystallisation of grains during annealing and rolling [33]. Cube oriented
nuclei emerge from band-like structures, which are already present in the as-deformed
microstructure, the so-called cube bands. These cube bands are either transition bands that
had formed through the splitting of unstable orientations during the preceding deformation
or are deformed grains with a retained cube orientation. During the subsequent growth,
grains with precise cubic orientation account for the upper fraction, forming the cube
texture [30,34,35], and the formation of rotating copper textures may be related to the shear
forces on the material.

Figure 7. The ODF figures of the BM.

Figures 8 and 9 show different welding speeds for the (100), (110), and (111) pole
diagrams and the ODF diagram, respectively. From the figure, it can be seen that at welding

speeds of 75 mm/min ~125 mm/min, the texture in the HZ is mainly {111}<110> shear
texture and r-cube({001}<110>) texture; at 150 mm/min in the NZ, the texture is mainly

{111}< 110> shear texture and r-cube({001}<110>) texture. The (111) slip surface of the
aluminium alloy is aligned with the shear surface, and the (110) slip direction is parallel to
the shear direction, so the material is subjected to the shear action of the stirring needle,

and the {111}< 110> and {111}<110> textures are likely to appear [36]. The {001}<100>
cubically oriented deformed substructure has a low dislocation density and simple dis-
location grouping [37], so dynamic recovery occurs in the {001}<001> cubically oriented
deformed substructure under the action of the welding thermal cycle, becoming the core of
the recrystallisation, which in the subsequent recrystallisation process swallows up other
non-cubically oriented substructures, for the final formation of the {001}<100> recrystallisa-
tion cubic texture [38]. Under the rotational squeezing effect of the shoulder, the {001}<100>
texture will rotate along the ND direction and, finally, the {001}<110> rotating cubic re-
crystallised texture is formed. As shown in Figure 10, the standard {001}<110> texture
is deflected by a certain angle from the {001}<110> texture measured in this experiment,
which is consistent with the phenomenon observed by Zhang et al. [39].
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Figure 8. The (001), (110) and (111) pole figures of the NZs at different welding speeds.
(a) 75 mm/min; (b) 100 mm/min; (c) 125 mm/min; (d) 150 mm/min.

‘ =45° =45° ‘ 65°

Figure 9. The ODF diagram of the welding core zone at different welding speeds. (a) 75 mm/min;
(b) 100 mm/min; (c) 125 mm/min; (d) 150 mm/min.

65°




Metals 2023, 13,1120 10 0f 13

¥ w'a .‘. 7
BNy Mg,
A
P i s e D
. A il";*’.:.;“ c.&\zs‘! Q‘ S j.':‘i
; Sa W N, iV afivay RN
N % - gl 23 %‘\0, XA .%.‘q

et
», . el ;"'\?. L A
v e R UG . ;

5{' X, ‘g} ~s";\ «""\':’ '\1 h"’v“"y"'e - ‘J [ 'e' of "g S
I B B P e 2 St ) 0 MY T e e
IS WL e B goa S8y T TR EOEA A B TS
R R RIS Ry W B A S GBI
&"‘\s...agg~ S - SOPRL) ”,’ A5 ‘n .a .'.'!%;" I
4% £33 S BB, S0

LT L (1Y
-« g8 AN L S %
B ko S B T
Qe S B Y&

/
¢ ".':.'v'
B R O R G

A

b LeliPs >
S SO BT 2
R g S 20um

S

Figure 10. Grain distribution of various textures. (a) 75 mm/min; (b) 100 mm/min; (c) 125 mm/min;
(d) 150 mm/min.

Table 2 shows the texture structure and content present in the NZ at different welding
speeds, and Figure 10 shows the grain colour difference and distribution corresponding to

the different textures. At a welding speed of 150 mm/min, the (111)(110) texture content
was 22.3%, but with the reduction in welding speed, the (111)(110) texture was transformed
into the (111)(110) texture and gradually increased in content, reaching a maximum at

100 mm/min. Continuing to reduce the welding speed, the (111)(110) texture again began
to decrease. This is because at a welding speed of 100 mm/min, the stirring needle shear

force makes the (111)(110) texture rotate in the ND direction because the sliding direction
is aligned with the shear direction. The (111)(110) texture will first rotate 45° to form the

(111)(110) texture. At a welding speed of 75 mm/min, the heat input in the HZ becomes
large when the grain grows significantly, resulting in the disappearance of a portion of the
shear texture [40].

Table 2. Volume fraction of the texture components of NZs at different welding speeds.

Orientation

Colour Code (kv w 75 mm/min 100 mm/min 125 mm/min 150 mm/min
[ | (001)(110) 169 26.6 20.6 269
[ (111)(110) 18.1 31.1 19.2 —

(111)(110) — — — 223

3.4. Mechanical Property

Figure 11 shows the tensile properties of the Al-Mg-5i-Cu alloy at different welding
speeds. With increasing welding speed, the tensile strength and elongation are shown
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to first increase and then decrease because the welding speed and the peak temperature
of the welded joint are inversely proportional. When the welding speed is low, the peak
temperature is high, grain growth occurs and the impurity phase will gather; when the
welding speed is too fast, the peak temperature is low, the material mobility is poor and
hole-type defects will occur. Therefore, at a welding speed of 125 mm /min, the joint has
the best overall performance, with a tensile strength and elongation of 200.7 MPa and
12.7%, respectively.

[ Tensile Strength
I Elongation

200

150

100

Tensile Strength/MPa
Elongation/%

50

75 100 125 150

Welding Speed/mm-min~'

Figure 11. Tensile properties of joints at different welding speeds.

Figure 12 shows the tensile fracture morphology of joints at different welding speeds.
As seen from the figure below, there are a large number of small dimples on the tensile
fracture surface after FSW, so it can be determined that the fracture form is a ductile
fracture. At the lower right of Figure 12a, it can be clearly observed that the distribution
of dimples is relatively small and shallow. In the middle of Figure 12a, there are also pits
with precipitated phases as the core, so their toughness is poor. Figure 12b shows the most
uniform distribution of dimples, but there are parabolic pits, which may be formed by
second-phase particles under tensile stress. In Figure 12¢, in addition to the dimples, there
are also unevenly distributed tear edges. Figure 12d is similar to Figure 12b in that there
are parabolic holes.

Figure 12. Tensile fracture morphology of the samples at different welding speeds. (a) 75 mm/min;
(b) 100 mm/min; (c) 125 mm/min; (d) 150 mm/min.
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4. Conclusions

(1) During the FSW welding process, the organisation in the HZ underwent thermome-
chanical coupling, dynamic recrystallisation occurred, fine equiaxed crystals formed
and large angular grain boundaries accounted for more than 75% of all the grains.
At a welding speed of 125 mm/min, the average grain size is the smallest, 2.945 pum.
With an increase in welding speed, the GND density increases;

(2) When the welding speed is between 75 mm/min and 150 mm/min, the main textures
in the NZ are (111)(110) and (111)(110) shear textures, (001)(110) recrystallisation

texture, and (110) silk texture. As the welding speed decreases, the (111)(110) texture
will first increase and then decrease;

(8) As the welding speed increases, the tensile strength and elongation of Al-Mg-5i-Cu
alloy welded joints show a pattern of increasing and then decreasing. The joint
performance is optimal at 125 mm/min, with a tensile strength and elongation of
200.7 MPa and 12.7%, respectively. Fracture of the Al-Mg-Si-Cu alloy joints occurs in
the form of ductile fractures.
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