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Abstract. This paper reports on the influence of material position towards the bending strength of the
4 pass AA1050/AA6082 and AA6082/AA1050 FSPed joints. FSW approach was utilized to create
dissimilar joints using two dissimilar plates. After that, the created dissimilar joints were put through
a multi-pass friction stir processing. The microstructural analysis results revealed that the 4P
6082/1050 joint had substantially finer grains than the 4P 1050/6082 joint. The 4P 1050/6082 joint
yielded the highest ultimate tensile strength when compared to that of the 4P 6082/1050 joint . The
Vickers microhardness of 1050/6082 FSPed joints was found to be increased towards the AA6082,
while 6082/1050 FSPed joints decreased towards AA1050. The bending strength analysis showed
that there was no obvious trend in flexural strength.

1. Introduction

Friction Stir Processing (FSP) is an advanced process for altering the microstructure of a processed
alloy [1], which leads to the structure rearrangement and grain size alteration, which has already been
developed through the use of the Friction Stir Welding (FSW) technique, that was introduced by TWI
Ltd in the United Kingdom in 1991. Material flow affecting parameters such as material positioning,
process parameters, tool design, and process improvements are essential for the overall performance
of friction-based manufacturing processes like friction stir welding, friction stir lap welding and
friction stir spot welding [2,3,4,5,6,7,8,9,10,11,12].

According to the literature, using a softer aluminum alloy on the advancing side promotes higher
material flow and, as a result, better weld performance. Some research suggests that putting the
hardest material on the advancing side might enhance the heat input while welding [13-15]. Lee et al.
[16] analyzed the joint properties of dissimilar Al alloys formed by friction stir welding according to
the fixed location of materials and concluded, based on the results, that the joint properties are
strongly dependent on the alloy on the retreating side, because the stir zone is composed mainly of
the retreating side material. Jeon et al. [17] analyzed the material properties of friction stir spot welded
joints of dissimilar aluminum alloy and observed that material position was not a key fracture
influencing parameter in friction stir spot welded 5052-H32/6061-T6 joints, but hook defect was a
significant stress raiser, independent of Al alloy arrangement.

According to numerous studies, high strength material should be positioned on the advancing side of
the dissimilar junction to improve mechanical characteristics [18—20]. Cavaliere et al. [21] studied
the effect of welding parameters on mechanical and microstructural properties of dissimilar AA6082—
AA2024 joints produced by friction stir welding. They observed that maximum fatigue behavior in
the AA6082-AA2024 joint occurs when a higher strength material (AA2024 Aluminim alloy) is
positioned on the advancing side, but an inherent forging flaw induced fracture start in the AA2024-
AA6082 joint (AA2024 at the advancing side). The impact of materials positioning on the
microstructure of friction stir processed dissimilar joints was investigated by Msomi and Mabuwa
[22]. They observed that when the stronger material is positioned on the advancing side, the ultimate
tensile strength and yield strength improved, but when the low strength material is positioned on the
advancing side, the percentage elongation improved dramatically.
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Paidar et al. [23] investigated the effects of material position on dissimilar modified friction stir
clinching of AA2024-AA6061 aluminum alloys and found that the AA2024-T3/AA6061-T6 joint is
stronger than the AA6061-T6/AA2024-T3 joint. Pabandi et al. [24] studied effect of precipitation
hardening heat treatment on mechanical and microstructure features of dissimilar friction stir welded
AA2024-T6 and AA6061-T6 alloys and found that when AA6061-T6 Al alloy was placed on the
advancing side of AA2024-T6 and AA6061-T6 Al alloys during friction stir welding there was
appropriate plastic material inter-mixing and better tensile strength.

Mabuwa and Msomi [25] investigated the effect of friction stir processing on the mechanical
properties of friction stir welded AA1050-H14 and AA6082-T6. They discovered that when AA1050-
H14 is placed on the advancing side while AA6082-T6 is placed on the retreating side for both FSW
and FSP joints, the mechanical properties are higher than when the weak alloy is placed on the
retreating side, implying that when welding dissimilar alloys the material positioning has an impact
on the outcomes.

The influence of material position on friction stir welding dissimilar joints is mostly reported in the
literature, however there is limited study on the effect of material position on dissimilar joint
processing. The literature reveals that material position is an important factor to consider during the
FSP technique. It is not quite clear if the material position affects bending strength of the joint formed
from dissimilar materials. This research is essential since there is a limited literature in this subject.
This study reports on the influence of material position on the bending strength of the 4 Pass
AA1050/AA6082 and AA6082/AA1050 FSPed joints.

2. Materials and Methods

The two selected plates AA1050-H14 and AA6082-T651 were cut into the FSW/FSP LAGUN FA.1-
LA (semi-automated milling machine) backplate's required sizes. The dimensions of the dissimilar
plates are 260 x 52 mm with a thickness of 6 mm. FSW was utilized to form a dissimilar joint
1050/6082 and 6082/1050 using the dimensioned plates. The FSWed plates were further subjected to
4 pass multi-pass friction stir processing. Figure 1(a) and (b) shows the FSWed plates. Figures 1 (c)
and (d) illustrate the FSPed plates. The tool utilized in this experiment was high-speed tool steel with
5.8 mm pin length and 8§ mm diameter. The tool's shoulder diameter was 20 mm. It should be
emphasized that the FSW technique used the same parameters, equipment, and setup as the FSP
process, and that it was based on earlier research [26-27]. It's also worth remembering that 1050/6082
means that AA1050 was on the advancing side and 6082/1050 implies that AA6082 was on the
advancing side during FSW and FSP. The chemical composition of AA1050 is 0.16 wt.% Si, 0.66
wt.% Fe, 0.03 wt.% Cu, 0.12 wt.% Mn, 0.60 wt.% Mg, 0.07 wt.% Ni, 0.56 wt.% Zn, 0.02 wt.% Ti,
0.69 wt.% Pb, 0.02 wt.% V, 0.03 wt.% Co and 96.9 wt.% Al. The chemical composition of AA6082
15 0.33 wt.% Si, 0.43 wt.% Fe, 0.02 wt.% Cu, 0.35 wt.% Mn, 1.09 wt.% Mg, 0.05 wt.% Ni, 0.32 wt.%
Zn, 0.01 wt.% Ti, 0.39 wt.% Pb, 0.0 wt.% V, 0.01 wt.% Co and 97.0 wt.% Al.
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Figure 1: FSWed Plate; (a) AA1050 on the advancing side, (b) AA6082 on the advancing side,
FSped Plate; (c) 4P FSPed 1050/6082 and (d) 4P FSPed 6082/1050.
The FSPed plates were cut in preparation for different tests. SEM was used to examine the fracture
type of the post-tensile test specimens. Motic AE2000 microscope was used to carry out the
microstructural analysis. Keller's and Weck's reagents were modified to create etchants for
microstructural analysis to reveal the AA1050 and AA6082 grains. The etching procedure is the same
as that employed previously in the literature [22,25,26-31]. ImageJ software was used to calculate the
average grain size according to the ASTM E112-12 standard. The Hounsfield 50 K testing machine
was used to conduct the tensile and bending tests. The ASTM-E8M-04 standard was utilized to
determine the geometry of the tensile specimen and to conduct the tensile test. The ASTM E290
standard was used to generate the bending specimen design and geometry. Figure 2 (a) shows a
schematic representation of the tensile specimen utilized in this investigation. Figure 2 (b) depicts the
schematic diagram for the bending specimen. Microhardness was determined utilizing an Innova Test
(Falcon 500) equipment and ASTM E384-11. Figure 2(c) illustrates the schematic diagram for the
microhardness specimen. The specimen sample locations are shown in Figure 2(d) on the FSPed plate
after the specimens have been removed. S denotes the start, M denotes the middle and E denotes the

end of the joint.
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Figure 2: (a) Tensile test specimen, (b) Bending specimen, (c) Microhardness specimen (all the
dimensions are in mm), (d) Specimen positions on FSPed sampled plate.

3. Results and Discussion

3.1 Metallographic morphology

The microstructural morphology of the stir zone (SZ) for 4P FSPed joints was captured using optical
microscopy. Figure 3 (a) - (¢) depicts the SZ microstructural grain arrangement of specimens obtained
atthe S, M, and E for the 4P 1050/6082, whereas figures 3 (d), (e), and (f) show the SZ microstructural
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grain arrangement of specimens collected at the S, M, and E for the 4P 6082/1050. The linear intercept
approach was employed to measure the grain size of each specimen using ImagelJ software. For the
4P 1050/ 6082 and 4P 6082/1050 FSPed joints, table 2 summarizes the average grain size
measurements of the mean grain sizes, standard deviations, minimum and maximum grain sizes of
the surfaces depicted in Figure 3. The 4P 1050/6082 mean grain size joint ranged from 5.381 to
9.120 um, while the 4P 6082/1020 mean grain size ranged from 1.744 to 1.193 um. The standard
deviation for the 4P FSPed 1050/6082 was 1.599 to 2.245 um, while the standard deviation for the
4P FSPed 6082/1050 was 0.320 to 0.351 um. As a result of dynamic recrystallization in the SZ, the
4P FSPed 1050/6082 joint and 6082/1050 joint surfaces exhibited equiaxed grains with high angle
grain boundaries. Dynamic recrystallization occurred as the number of FSP passes increased, causing
grain size refinement. The extreme heat generated during processing contributes significantly to
equiaxed grain sizes [32,33,34].

Figure 3: Micrographs (1050/6082); 4 pass FSPed (a) S, (b) M, (¢) E ;Micrographs (6082/1050); 4
pass FSPed (d) S, (e) M, (f) E
Table 2: Average grain measurements

Material positioning Mean Values [pm] Standard Minimum Maximum
Deviation

4P 105/6082

Start 9.120 2.245 6.250 13.80
Middle 8.804 1.971 6.250 13.75
End 5.381 1.599 2.560 9.874
4P 6082/1050
Start 1.193 0.351 1.913 2479
Middle 1.443 0.335 1.235 2.469
End 1.744 0.320 1.274 2.297

3.2 Tensile Properties

Figures 4 (a) and (b) show the post-tensile specimens for a 4P 1050/6082 joint and a 4P 6082/1050
joint, respectively. Figures 4 (c) and (d) show bar graphs of ultimate tensile strength and % elongation
for specimens taken from various places for each friction stir processed joint, such as the beginning,
middle, and end of the joint, respectively. Tensile properties for the base material used for this study
are the same used in the literature [22, 26-27]. The specimen sampled at the joint's end yielded the
highest UTS of 86.1 MPa for the 4P 1050/6082 joint. The specimen sampled at the joint's middle
yielded the highest UTS of 69.5 MPa for the 4P 6082/1050 joint. From the beginning to the end of
the 4P 1050/6082 FSPed joints, the UTS increased, whilst the % elongation dropped from the S to
the E. A decrease in grain size at the 4P 1050/6082 junction causes this behavior [25,35]. The 4P
6082/1050 joint FSPed joints' ultimate tensile strength (UTS) was seen to vary from the S to the E of
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the joint. The % elongation decreased from the beginning to the end of the 4P FSPed joints. All of
the 4P FSPed joints' UTS were lower than the base metals', a tendency that had previously been seen
in the literature [26-27,36].
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Figure 4: Post tensile specimens (4P FSPed joints); (a) 1050/6082; (b) 6082/1050;
4P FSPed joints bar graphs: (c) Ultimate tensile strength and (d) Percentage elongation

3.2.1 Tensile Surface Morphology (SME)

Figure 5 (a)-(c) depicts the fractographic surface morphology of specimens obtained from the S, M,
and E of 4P 1050/6082. Figure 5 (a)- (c) depicts the fractographic surface morphology of specimens
obtained from the S, M, and E of 4P 6082/1050. The dimples and microvoids on the fractured surface
of the 4P 1050/6082 FSPed joints defined it, as shown in figure 5 (a) - (c). All 4P FSPed 1050/6082
joints showed ductile trans-granular failure. The presence of dimples and microvoids on the
morphology indicates a ductile failure mode [37-38]. As illustrated in figure 5 (d)- (f), the 4P
6082/1050 FSPed joints were characterized by the presence of river-like fractured surfaces, dimples
cracked surfaces, microvoids, and flat surfaces. The presence of river-like structures on the
morphology indicates inadequate materials mixing or a joint that has been subjected to significant
heat input, which is usually indicated by fracture at the stir zone [39-42]. Micro-voids and dimples
cracked surfaces are visible in Figure 5 (e). Figures 5 (d) and (f) show the presence of river-like
fragmented surfaces with ductile failure mechanisms. The presence of dimples paired with flat
structures on the fractured surface of the 4P 6082/1050 specimen indicates ductility mixed with
brittleness.
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Figure 5: SEM tensile 4P FSPed 1050/6082; (a) S, (b) M. (c) E;
SEM tensile 4P FSPed 6082/1050; (d) S, (e) M. (f) E

3.3 Microhardness

The Vickers microhardness values for the FSPed joints are shown in Figure 6. Microhardness profiles
for specimens collected at the S, M, and E of the 4P 1050/6082 and 4P 6082/1050 joints, respectively,
are shown in Figure 6 (a) and (b). The 4P 1050/6082 joint's SZ Vickers microhardness varied from
23.33 t0 57.14 HV from start to end, with the maximum SZ microhardness of 57.14 HV measured on
the middle specimen sample. From start to end, the SZ Vickers microhardness of the 4P FSPed joint
varied between 40 and 59.6 HV, with the maximum microhardness of 59.6 HV recorded on a
specimen sample taken from the center of the 4P 6082/1052 joint. With AA1050 on the advancing
side, the TMAZ microhardness on the advancing side's is lower than on the retreating side's, but when
AA6082 is on the advancing side, the advancing side's TMAZ microhardness is greater than the
retreating side's and so on. The 4P 1050/6082 FSPed joint's microhardness increased as it neared the
AA6082, whereas the 4P 6082/1050 FSPed joint's microhardness reduced as it reached the AA1050.
The thermal cycle in which the strengthening precipitates dissolve and coarsen causes the drop in
hardness while 6082 is on the advancing side [43]. The precipitation and nucleation of thick
intermetallic compounds induced by high temperature and high deformation rate are related with a
rise in microhardness while AA1050 is placed in the advincing side [44-46].
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Figure 6: Microhardness results: (a) 4P 1050/6082 (b) 4P 6082/1050
3.4 Bending Strength

Figures 7 (a) — (d) show the post flexural test specimens for the 4P 1050/6082 FSPed joints and the
4P 6082/1050, FSPed joints. Figure 7 shows the post-flexural test specimens for the roots (a) for 4P
1050/6082 and (b) for 4P 6082/1050, as well as the post-flexural test specimens for the face (¢) for
4P 1050/6082 and (d) for 4P 6082/1050. For the FSPed joints, it was discovered that the roots and
face specimens failed at different locations. Some joints were free of cracks after a maximum
deflection, while others showed evident cracks. Figure 7 (e)- (h) shows the flexural stress and strain
curves of friction stir treated joints. The root stress and strain curves for the specimens are shown in
Figure 7: (e) for the 4P 1050/6082 and (f) for the 4P 6082/1050. The specimen's stress and strain
curves for the face are shown in Figure 7: (g) for the 4P 1050/6082 and (h) for the 4P 6082/1050. The
4P 1050/6082 Fsped joint's root and face flexural highest strengths were 298.5 MPa and 281.25 MPa,
respectively. The highest flexural strength was found at the start of the joint for the root, and in the
middle of the joint on the 4P 1050/6082 for the face. The 4P 6082/1050 FSPed joint had the highest
root and face flexural strengths of 276.94 MPa and 226.5 MPa, respectively. The 4P 6082/1050 the
end of the joint had the highest root flexural strength, and the highest face flexural strength was also
at the end of the joint.
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Figure 7: Post flexural test specimens; (a) 4P 1050/6082 (Root), (b) 4P 6082/1050 (root), (c) 4P
1050/6082 (Face), (d) 4P 6082/1050 (Face); Flexural stress and strain curves: Root (e) 4P
1050/6082, (f) 4P 6082/1050, Face (g) 4P 1050/608 and (h) 4P 6082/1050.

Figures 8 (a) and (b) depict bar graphs of ultimate flexural strength and maximum flexural strain for
the post-flexural test specimens shown in figures 7 (a) — (d). With AA6082 positioned on the
advancing side, the average UFS was observed to be greater on the root side of the processed joints
specimens. With AA1050 placed on the advancing side, the average MFS was noticed to be greater
on the root side of the processed joints specimens. On the face specimens for the 4P 6082/1050 joint,
the average MFS increased as the average UFS increased from the beginning to the end of the joint.
The average UFS and MFS for the 4P 1050/6082 joint's root were found to vary. There was no clear
relationship between the MFS and UFS results.
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Figure 8:

4. Conclusions

The influence of material position towards the bending strength of the 4 pass AA1050/AA6082 and
AA6082/AA1050 FSPed was studied. The results have been evaluated for the 4P FSPed joint. The
following conclusions were reached based on results archived; findings are as follows:

. The grain sizes were decreased as the number of passes were increased. The grain structure
was refined from 19.84 um to 5.381 pm for 4P 1050/6082 and from 13.12 um to 1.744 pm for the
4P 6082/1050 FSPed joints. The 4P 6082/1050 had substantially finer grains than the 4P 1050/6082.
o The 4P 1050/6082 joint's highest ultimate tensile strength was 86.1 MPa, whereas the 4P
6082/1050 joint's maximum ultimate tensile strength was 69.5 MPa.
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. The microhardness of 4P 1050/6082 FSPed joints increased towards the AA6082, reaching a
maximum hardness of 65.54 HV at the SZ, while the microhardness of 4P 6082/1050 FSPed joints
decreased towards the AA6082 with a maximum hardness of 61.06 HV at the Sz.

o During bending test the deflection was discovered in various regions of the joints, with some
joints revealing cracks and others being crack-free. During the analysis, there was no obvious trend
in bending strength.
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