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Abstract

Friction-Stir Welding (FSW) is a solid-state procedure for welding two plates in which there is relative motion between the tool
and workpiece, which creates the heat required for the material of the two edges to join by atomic diffusion. The present research
article focuses on friction stir welding of dissimilar aluminum-silicon alloys utilizing a vertical milling machine and altering process
parameters. Moreover, testing is done on the weld joints for the best process parameter. The process parameters considered in the
present work for joining dissimilar aluminum alloys primarily were a constant tool feed rate of 63 mm/min and three varied tool rota-
tional speed rates of 710, 1000 and 1400 rpm. Mechanical characterization of weld joints, such as tensile, hardness, microstructural
studies and surface roughness tests, were used to identify the most optimal parameter. The results indicated that Al-Si alloys having
Al-5 %Si with Al-12 %Si FSW joints welded using 1000 rpm tool rotational speed proved to have better hardness and lesser surface
roughness while, Al-Si alloys having Al-12 %Si with Al-17 %Si FSW joints, had better hardness and roughness properties when
welded using 1400 rpm tool rotational speed. Concerning the ultimate tensile strength, Al-Si alloys having Al-5 %Si with Al-12 %Si
and Al-12 %Si with Al-17 %Si FSW joints welded using 1400 rpm tool rotational speed offered better results.
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1 Introduction

Friction-Stir Welding (FSW) is a solid-state procedure for welding two plates in which there is relative motion between the tool
and workpiece, which creates the heat required for the material of the two edges to join by atomic diffusion [1] and was developed
by The Welding Institute (TWI), in 1991 [2]. TWI successfully obtained patents for FSW in Europe, the United States, Japan and
Australia while completing a development study demonstrating FSW as a realistic and viable technology for welding aluminum
alloys from the 2XXX, 5XXX, and 6XXX series [3, 4]. Figure 1 depicts a diagrammatic representation of friction stir welding.
Unlike traditional fusion welding processes employed for dissimilar materials, the FSW process consumes less time and is cost-
effective [5]. Moreover, FSW does not require the melting of material as the temperature involved in this process is significantly
lower than the melting temperature of the base materials, and the secondary phase development does not occur during this process
[6-10]. Previous studies reveal that of all the process parameters, tool rotational speed and feed rate play a major role in the quality of
FSW processed parts [11-13]. The literature reviewed indicated that the wear rate reduces as the tool feed rate increases. However,
beyond a certain value, the wear rate begins to increase. The highest resistance to wear was obtained at a tool feed rate of 65 mm/min
[6]. The studies also indicated that a tool rotational speed of 1300 rpm showed better quality weld and strength [14].
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The present work is unique as it investigates the microstructure, hardness and tensile strength of FSW joints in order to determine
the value of process parameters to achieve the best mechanical properties and minimum surface roughness of Al-Si alloy FSW joints,
as the investigated properties affect the corrosion behavior, fatigue strength and life cycle of FSW joints.
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Figure 1: Schematic representation of a friction stir welding process [15].

2 Materials and Method

Conventional milling machines have proved to be used to undertake friction stir welding of aluminum alloys [16]. Therefore,
the present work utilizes the laboratory-installed conventional turret mill-based milling machine, as shown in Figure 2(a), for the
friction stir welding process. Figure 2(b) depicts an overview of the FSW plate for the shoulder tool-contacting side. This surface
was distinguished by the so-called wake effect and the presence of semicircular features similar to those produced by conventional
milling [17, 18].
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Figure 2: (a) Vertical milling machine setup; (b) friction-welded Al-Si specimen.

Silicon is the principal alloying ingredient in the Al-Si alloys, as its addition results in good castability and weldability because
of its high fluidity and minimal shrinkage properties. Thus, the friction stir welding was performed on two different combinations
of three different Al-Si compositions (Al-5 %Si with Al-12 %Si and Al-12 %Si with Al-17 %Si). Tool rotational speed, the most
significant process parameter, was varied, and the tool feed rate was maintained constant. The rotational speeds used were 710, 1000
and 1400 rpm, and the feed rate was maintained at 63 mm/min.

2.1 Tensile test

Tensile strength is the ability of a material to withstand fracture when a pulling force is applied. The material with good tensile
strength resists higher loads; therefore, it is necessary to check the tensile strength of the joint. The specimens are prepared as per
the ASTM standard EO8. The dimensions of the tensile test specimens are as shown in Figure 3(a). Tensile test was performed using
a universal testing machine, suitable for small loads (less than 2000 kg).
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A tensile specimen of Al-Si alloy prepared according to the ASTM standard is shown in Figure 3(b). A few fractured specimens
comprising Al-5 %Si with Al-12 %Si and Al-12 %Si with Al-17 %Si FSW joints welded using 710, 1000 and 1400 rpm are shown
in Fig. 3(c) from left to right.
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Figure 3: Tensile test specimen: (a) standard dimensions used for specimen preparation; (b) sample tensile specimen; (c) fractured
tensile specimen.
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2.2 Hardness test

Hardness, a mechanical property of the material, is its resistance to deformation and is assessed by a standard test that measures the
material’s surface resistance to indentation. It impacts the tribological performance of a material and is also an essential aspect to
consider during machining [19]. In simple words, hardness is the property of a material that enables it to resist plastic deformation,
penetration, indentation, and scratching. Figure 4(a) shows the laboratory-installed Rockwell hardness testing machine used in the
present work, which was used to determine the hardness by comparing the depth of an indenter’s penetration under a large force
(100 Kgf is the load chosen for the test) to the pre-load penetration.

Figure 4: Laboratory equipment used for testing of FSW specimen: (a) Rockwell hardness testing machine; (b) surface profilometer.

2.3 Surface roughness test
Surface roughness affects working on a surface. Under variable loading conditions, the fracture of welded joints initiates at the
component’s surface. Consequently, surface roughness has a substantial impact on the fatigue of the welded joint [20]. As depicted

in Figure 4(b), a diamond indent stylus profilometer was used to assess the change in longitudinal surface roughness (Ra) caused by
the FSW process on the side in contact with the shoulder.

3 Results and Discussion

3.1 Tensile strength

The average experimental values of ultimate tensile strength obtained for Al-5 %Si with Al-12 %Si and Al-12 %Si with Al-17 %Si
FSW joints are shown in Table 1. The bar chart in Figure 5 compares the two dissimilar joints at various tool rotational speeds.
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Table 1: Ultimate tensile strength of welded joints values of the FSW joints.

Welding condition Average ultimate tensile strength (MPa)
Al-5%Si with Al-12%Si  Al-12%Si with Al-17%Si

710 rpm at 63 mm/min 59.5 88.6

1000 rpm at 63 mm/min 83.0 134.7

1400 rpm at 63 mm/min 89.0 112.7
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Figure 5: Ultimate tensile strength of various tested FSW joints.

From Figure 5, the comparison between the two dissimilar welded joints at various tool rotational speeds could be observed.
The obtained tensile behavior results indicated increased tensile strength with the tool rotational speed in the case of Al-5 %Si with
Al-12 %Si FSW joint. The higher speeds resulted in poor heat generation and plastic flow of the material, which might have resulted
in a weak interface at the joint. The higher the welding speeds, the lower the heat produced, which speeded up the cooling of the
welded seams. It can also be inferred that when welding rates were higher, there was a lower metallurgical transformation and higher
strengths. In the case of Al-5 %Si with Al-12 %Si FSW joint, the tensile strength initially increased with speed but later started
reducing.

3.2 Rockwell hardness

The average hardness values obtained for Al-5 %Si with Al-12 %Si and Al-12 %Si with Al-17 %Si FSW joints after the experimen-
tation are given in Table 2. These hardness results are compared for the two dissimilar FSW joints welded at different tool rotational
speeds. At a tool rotational speed of 1000 rpm, the hardness increased in both the Al-Si variants. However, the Al-12 %Si with
Al-17 %Si dissimilar joint contained a higher percentage of silicon, which led to exceptional hardness and strength.

Table 2: Hardness of FSW joints.

Welding condition Average Rockwell hardness (RHN)
Al-5%Si with Al-12%Si  Al-12%Si with Al-17%Si

710 rpm at 63 mm/min 67.5 62

1000 rpm at 63 mm/min 70.72 78.5

1400 rpm at 63 mm/min 60.5 63.5

3.3 Surface roughness

The results indicated that surface roughness depends on the tool rotational speed and the hardness of the material. Concerning Al-5
%Si with Al-12 %Si FSW joint, it was observed that the surface roughness initially decreased but then increased with the increase
in the tool rotational speed. However, in the case of Al-12 %Si with Al-17 %Si FSW joint, the surface roughness decreased with the
increase in the tool rotational speed. Table 3 shows the average values obtained for the surface roughness test. The test results with
standard deviation bars are represented in Figure 6.
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Table 3: Surface roughness values of the FSW joints.

Welding condition Surface Roughness, Ra (um)
Al-5%Si with Al-12%Si  Al-12%Si with Al-17%Si
710 rpm at 63 mm/min 5.946 4.683
1000 rpm at 63 mm/min 4.404 5.540
1400 rpm at 63 mm/min 7.276 2.870
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Figure 6: Surface roughness of FSW joints: Series 1 - 710 rpm at 63 mm/min; Series 2 - 1000 rpm at 63 mm/min; Series 3 - 1400
rpm at 63 mm/min.

3.4 Microstructure analysis

A microstructure study was done using Scanning Electron Microscope (SEM) on the weld joints of the friction stir welded specimens.
The SEM images were magnified to 200 microns, concentrating on 5 different points (locations) of the weld joints: top, bottom,
right, left and the middle region (nugget region). During welding, the plunging force required to drill the Al-5 %Si -Al-12 %Si FSW
joint was 12 KN, and for Al-12 %Si -Al-17 %Si FSW joint was more than 20KN. Figure 7, Figure 8 and Figure 9 represent the SEM
images for Al-5 %Si -Al-12 %Si FSW joint, while Figure 10, Figure 11 and Figure 12 Al-12 %Si -Al-17 %Si FSW joint.

Figure 7(a) depicts the dispersion of Si particles over the weld joint, where Si needle-like formations can be seen. As seen in
the figure, the dynamic recrystallization of this welded connection was minimal. As friction stir welding commences, the tooltip
drilled and penetrated the plate stirs the region, as shown in Figure 7(b). As a result of the fact that only a small area is churned
in this place, the silicon particles are spread more uniformly. As depicted in Figure 7(c), fewer silicon particles are intermixed on
the left side of the weld, which contains 5 % silicon and 95 % aluminum. Consequently, there are fewer silicon particles visible in
this view. Due to the low tool rotational speed, it becomes hard to combine the silicon particles. Since it is a known fact that low
tool rotating speeds produce lower frictional temperatures, this leads to less mixing of silicon particles during welding. As shown in
Figure 7(d), the right side of the weld part is comprised of a 12 % silicon plate, representing a higher silicon content than the region
on the advancing side. Therefore, the resultant image contains a large proportion of silicon. The region in Figure 7(e) illustrates that
the welding speed is relatively sluggish for perfectly blending silicon particles compared to the other two weld speeds. Evident in
this section are features resembling needles.

Figure 8(a) shows the dispersion of silicon particles in fine grains. A few silicon particles have been burned and can be seen as
flakes. There are no needle-like structures or cluster formations, which contribute to the absence of crack propagation or defects.
The structure in Figure 8(b) differs from that in the top region. Silicon particles form needle-like structures that exist. These needles
could be the cause of crack initiation and propagation. When the bottom region is compared to the top region, it is clear that the
stirring operation in this area was insufficient. Figure 8(c) shows that the retreating side of the weld zone has fewer silicon particles
and needle-like structures. This indicates that a percentage of the silicon was moved from the upper to the lower region during
welding. There are also flaws in this area. Figure 8(d) shows tiny silicon grains, indicating that the area was well-welded. It also
shows that this region’s percentage of silicon particles is lower than in the other. The silicon percentage is the same as in the top
region. Figure 8(e) shows similar results to the top and advancing side portions. It is clear that the percentage of silicon is lower.
Fine grain-like structures can be seen, indicating a good weld joint in the area.
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Figure 7: SEM images of Al-5 %Si -Al-12 %Si FSW joint welded using 710 rpm speed at various locations of cross-section: (a)
top; (b) bottom (c) Retreating side (left); (d) Advancing side (right); (e) Nugget zone (middle) portion.
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Figure 8: SEM images of Al-5 %Si -Al-12 %Si FSW joint welded using 1000 rpm speed at various locations of cross-section: (a)
top; (b) bottom (c) Retreating side (left); (d) Advancing side (right); (e) Nugget zone (middle) portion.

Figure 9(a) depicts the cross section’s top region. The grains in this area have a high silicon content and form tiny, needle-like
structures. This is due to the high rotational speed of the tool. Figure 9(b) shows needle-like structures of silicon particles, similar
to the weld joint’s upper section. This indicates that the particles are properly mixed during welding. Figure 9(c), the retreating
side, depicts needle-like structures of silicon particles. It also has a higher percentage of silicon particles. Because of the faster tool
rotational speed, silicon can be seen moving from the upper to lower region. However, the region’s grain structure is not refined.
Silicon is abundant in small grain particles in the region depicted in Figure 9(d). Compared to the other regions of the welded joint,
the silicon in this region has been refined. The tool’s stirring action in this region improves the distribution of silicon particles.
Figure 9(e) depicts the region where silicon can be found in fine grains and needle-like formations. Also visible is the diffusion of
silicon particles, similar to that seen in other regions except for the advancing side of the welded region.

Figure 10(a) shows that the welded zone has undergone greater plastic deformation, dispersing the silicon particles into smaller
grains. It has gone through less dynamic recrystallization. It also shows that the area has a sound weld from welding. Figure 10(b)
shows that silicon particles are present throughout the region as needle structures.
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Figure 9: SEM images of Al-5 %Si -Al-12 %Si FSW joint welded using 1400 rpm speed at various locations of cross-section: (a)
top; (b) bottom (c) Retreating side (left); (d) Advancing side (right); (e) Nugget zone (middle) portion.

Figure 10: SEM images of Al-12 %Si -Al-17 %Si FSW joint welded using 710 rpm speed at various locations of cross-section: (a)
top; (b) bottom (c) Retreating side (left); (d) Advancing side (right); (e) Nugget zone (middle) portion.

The refinement of the composition did not go well at 710 rpm. Dendrite shapes can also be found in the area. These silicon par-
ticles are not distributed evenly throughout the region. Figure 10(c) depicts the formation of clusters of silicon particles throughout
the region, as well as the increased hardness and force required to move this silicon due to its higher composition. Defects such as
porosity are also visible in the region. The distribution of silicon has not been very good in this region. Figure 10(d) depicts the
region containing silicon refined into fine grains. Despite being refined, the silicon is in the form of needle-like structures. Because
of the material’s higher hardness and a higher silicon percentage, the load required to penetrate this region is high. Figure 10(e)
shows that silicon in this region is present in cluster formation due to increased silicon diffusion from the higher region. These
cluster formations are more likely to cause crack initiation and propagation. Dendrite shapes can also be found in this region. Most
energy has been used to move the silicon from the higher to the lower region.
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Compared to the other welded joints, the region shown in Figure 11(a) indicates that most of the silicon has already diffused
and is not well refined. However, because silicon diffusion is greater and more evenly distributed, the tensile strength and hardness
values obtained at this weld joint are higher than those obtained at the other welded joints. There are also web-like structures in the
region. Figure 11(b) shows that silicon is more common and can be found in cluster formation, dendrite formations, and needle-
like structures. Fine particles are insignificant in this region. The energy required for material displacement is also higher when
compared to the Al-5 %Si with Al-12 %Si FSW joint. Because of the higher percentage of silicon in this region, the hardness and
tensile strength are higher. Figure 11(c) shows this region’s higher silicon percentage. It can be found in cluster formations but in
smaller shapes that are compacted. In this region, the web or dendrite shapes are less visible. Because of the increased hardness, the
weld joint has developed a few flaws.

Figure 11: SEM images of Al-12 %Si -Al-17 %Si FSW joint welded using 1000 rpm speed at various locations of cross-section: (a)
top; (b) bottom (c) Retreating side (left); (d) Advancing side (right); (e) Nugget zone (middle) portion.

Figure 12: SEM images of Al-12 %Si -Al-17 %Si FSW joint welded using 1400 rpm speed at various locations of cross-section: (a)
top; (b) bottom (c) Retreating side (left); (d) Advancing side (right); (e) Nugget zone (middle) portion.
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The presence of silicon in cluster formation and web-like structures indicates that the silicon in the area depicted in Figure 11(d)
has not been effectively refined. This region also has a porosity defect. The presence of silicon in cluster formation and web shapes
can be seen in the region depicted in Fig. 11(e). There has been no silicon refinement, and its distribution is also not uniform
throughout the region. Figure 12(a) shows that silicon is present in cluster and hexagonal shapes. The increased tool rotational
speed contributed to less heat generation, resulting in less plastic deformation. The silicon particles have diffused from the higher
percentage region to the lower percentage region. The load distribution is also uneven due to the large cluster and hexagonal shapes,
resulting in the material failure in the region. Figure 12(b) depicts the presence of silicon in this region in the cluster and hexagonal
shapes. However, the silicon is not evenly distributed and is not in the form of fine grains. The composition is completely refined into
fine grains in the region depicted in Figure 12(c). However, weld joint diffusion from the higher region is negligible. The material’s
stirring action only refined the particles in the region, but the displacement of other particles from other regions is not visible. The
silicon is present in hexagonal clusters in the area depicted in Figure 12(d). It demonstrates that there is much silicon in the area
and that stirring has no effect. The tool rotational speed of 1400 rpm has not been as effective in welding the zone as required for
the sound weld. Figure 12(e) shows that silicon diffusion has not been very well in the nugget zone, and the results of hardness
and tensile strength indicate a decrease in the same when compared to the welded joint using 1000 rpm speed for Al-12 %Si-Al-17
%S1 FSW joint. The silicon distribution in the region is not uniform, making it prone to failure. The variable silicon content of the
materials affects most of their mechanical properties. Silicon is diffused from both base materials when they are semi-solid due to
heat produced by friction between the surface of the base materials and the tool during welding. By varying the rotational speed of
the tool, the variation in the silicon particle distribution can be seen in Figure 12.

4 Conclusion

This research was done to identify the properties of FSW joints made from 6 mm thick plates with Al-Si 5 %, Al-Si 12 %, and Al-Si
17 %. The welding process was carried out at a constant tool feed rate of 63 mm/min. The samples were evaluated for hardness,
ultimate tensile strength, surface roughness and microstructure. From the experimental results, it has been observed that Al-12 %Si
-Al-17 %Si FSW joints welded using 1000 rpm offered a proper distribution of grains in the weldment, and the same weldment gave
well results in hardness number of 78.5 RHN with ultimate tensile strength of 70.12 N/mm? for Al-5 %-12 %Si and highest UTS of
78.5 N/mm? in Al-12 %Si -Al-17 %Si FSW welded using 1000 rpm. By inspecting the microstructure of the Al-5 %Si -Al-12 %Si
FSW joints welded using 1000 rpm; the silicon has been distributed uniformly. Compared to the other two weld joints, this one has
less porosity and other defects. At 1400 rpm, the silicon in the Al-12 %Si -Al-17 %Si combination is evenly distributed and has a
lower porosity.
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