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Abstract: Aluminium alloys have evolved as suitable materials for automotive and aircraft
industries due to their reduced weight, excellent fatigue properties, high-strength to weight ratio,
high workability/formability, and corrosion resistance. Recently, the joining of similar and
dissimilar metals have achieved huge success in various sectors. The processing of soft metals like
aluminium, copper, iron and nickel have been fabricated using friction stir processing. Friction stir
processing (FSP) is a microstructural modifying technique that uses the same principles as the
friction stir welding technique. In the majority of studies on FSP, the effect of process parameters on
the microstructure was characterized after a single pass. However, multiple passes of FSP is another
method to further modify the microstructure in aluminium castings. This study is aimed at
reviewing the impact of multi-pass friction stir processed joints of aluminium alloys and to identify
a knowledge gap. From the literature that is available on multi-pass FSP, it has been observed that
the majority of the literature focused on the processing of plates than the joints. There is limited
literature reporting on multi-pass friction stir processed joints. This then creates a need to study
further on multi-pass friction stir processing on dissimilar aluminium alloys.
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1. Introduction

The use of aluminium alloys has increased over the years due to multiple ranges of its
applications. This includes automobile body building, aerospace, marine shipbuilding, food
packaging and many other structural applications [1-3]. The interest in the use of the aluminium
alloys is based on the appealing characteristics like high strength to weight ratio, appearance, higher
ductility and ease of fabrication [4-7]. Various aluminium alloys possess different mechanical and
thermal properties and these differences are influenced by the alloying elements used in producing
each alloy [6-7]. However, it is a well-known fact that material improvements are very essential for
better performance of the material as well for increasing the life span of components [8]. There are
many material enhancing techniques including friction stir processing.

Friction stir processing (FSP) is an emerging microstructure modifying technique which uses the
same principle as friction stir welding to process materials in a variety of ways besides joining them
[9-11]. Mishra et al. [11] developed FSP as a generic tool for microstructural refinement, which
eliminates the porosities and thereby resulting in enhanced mechanical properties of the material.
During FSP, the rotating pin contacts the surface and rapidly friction heats and softens a small column
of metal. The tool shoulder and length of entry probe control the penetration depth. When the
shoulder contacts the metal surface, its rotation creates additional frictional heat and plasticizes a
larger cylindrical metal column around the inserted pin [10-12]. The shoulder provides a forging force
containing the upward metal flow caused by the tool pin. The area to be processed and the tool are
moved relative to each other, such that the tool traverses with overlapping passes until the entire
selected area is completely processed [13]. Figure 1 shows a schematic diagram of the FSP technique.
As a result of the heat generation and severe plastic deformation during the FSP process, the uniform
distributed, refined. This therefore results in mechanical properties being affected dramatically [ 13-
14].
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Figure 1. (a) Schematic diagram of FSP technique and (b) FSP Tool.

FSP has been proven to be an effective technique to achieve major microstructural refinement,
densification, homogeneity of the processed zone, and elimination of defects from manufacturing
processes [15-17]. Processed surfaces have shown an improvement of mechanical properties, such as
hardness, tensile strength, fatigue, corrosion and wear resistance [18-19]. In most of the studies on
FSP, the effect of process parameters on the microstructure was characterized after a single pass.
However, multiple passes of FSP is another method to further modify the microstructure in Al
castings. This paper reports on the available literature on the multi-pass FSP of aluminium alloys, to
analyse the impact of multi-pass friction stir processed joints of aluminium alloys and to identify a
knowledge gap.

2. Review on available literature

This section discusses a detailed literature review on multi-pass friction stir processing to tensile,
microstructure, hardness and corrosion.

2.1. Microstructure

The AA7075 was subjected to multi-pass FSP, to evaluate the microstructural changes as the
number of passes increased [20]. A single pass and a total number of four FSP passes were employed.
the FSP process was performed under a mixture of methanol, water and dry ice conditions to quench
the plate immediately. This was performed to create a structure with ultra-fine grains. The result
showed that the microstructural grain size was refined to a sub-micrometre scale of 250 nm. The
result proved that ultra-fine grain microstructure can be achieved through the application of multiple
FSP passes. A three-pass FSP with 100% overlap was performed on the AA5083 for the modification
of the microstructure and mechanical properties of the alloy [21]. The processing condition included
a traverse speed of 360 mm/min and a varying tool rotation speed. The single-pass FSP results
showed that the stir zone has undergone dynamic recrystallization resulting in equiaxed grains
consisting of high angle boundaries (HAGB). The grain size was found to have a linear relationship
with the rotational speed. The multi-pass FSP was found to have an insignificant impact on the stir
zone microstructural grain size. The high rotational speed stir zone microstructure was reported to
be more resistant to abnormal grain growth. Similarly, Brown et al. [22] also reported that the multi-
pass (five-pass) unnoticeable impact in the stir zone microstructure.

El-Rayes and El-Danaf [23] subjected the AA6082-T651 alloy with a 6 mm thickness to a three-
pass FSP with 100%overlap. It was discovered that the stir zone grain size increased with an increase
in the number of FSP passes resulting in fraction high angle boundaries. Additionally, more heat was
accumulated as the number of FSP passes increased leading to a decrease in the stir zone tensile
strength. The high angle boundaries as affirmed by Johannes et al. [24] and Mishra et al. [6] are
considered very important for the enhancement of mechanical properties. The impact of the multi-
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pass FSP on the cast aluminium alloy Al-Si-9Mg was investigated [25]. The microstructural results
showed that the multi-pass led to a decrease in the grain size while the homogeneity of the
microstructure increased. Uniform distribution of second phase particles was found on the
microstructure of the processed material compared to those of the cast condition. The processed zone
exhibited a decrease in porosity.

A multi-pass FSP was applied on the AA2024 also known as Al-Cu-Mg to investigate the
microstructure and crystallographic texture evolution in comparison to a single pass FSP [26]. The
stir zone microstructure results revealed features confirming the existence of particle stimulated
nucleation caused by the dynamic recrystallization. Moreover, the stir zone was found to have larger
grains as a result of geometrical coalescence. All the FSP passes exhibited a stable stir zone
microstructure and texture showing the likelihood production of the bulk volume of fine-grained
materials using FSP. Akinlabi et al. [27] discovered that the single-pass FSP had a non-homogeneous
processed zone resulting in abnormal grain growth, while the multi-pass FSP on the fifth pass
revealed a completely homogenous processed zone due to accumulative plastic strain. This,
therefore, confirmed that the homogeneity of the processed region is significantly affected by the
number of FSP passes.

Various studies where multi-pass FSP was employed to obtain ultra-fine grains were carried
through [28-37]. The studies were conducted based on the Hall-Petch method approach. The FSP was
conducted using overlapping passes and reduced tool rotational speed. This was done to prove that
controlling process parameters can result in grain refinement. Table 1 shows a sample of the
processing parameters of the multi-pass FSP discussed in this section.

Table 1. Multi-pass FSP processing parameters - microstructure.

Aluminium Parameters No. of Reference
alloy Tool rotational Traverse speed Material passes
speed (rpm) (mm/min) thickness (mm)

AA7075 1000 120 - 4 [20]
AA5083 vaying 360 35 3 [21]
AA7050 540 406.2 6.4 5 [22]
AA6082-T651 850 varying 6 3 [23]
AA2024 350 95 6 4 [26]
AA6061-T6 1600 40 6 5 [27]
A356 800 120 8 3 [30]
Al-7Fe-5Ni vaying 25 - 4 [31]

3.2. Tensile Properties

It is undeniable that FSP results in fully equiaxed and recrystallized grains and eliminates
casting defects, but in some literature, it was reported that after FSP the mechanical properties
deteriorated. This is said to be caused by the material softening in the friction stir processed region.
Additionally, in the case of hardness, the decrease is a result of the dissolution of precipitates
experienced during FSP [38].  The multiple pass FSP was proven to enhance the mechanical
properties, this includes hardness, tensile strength and ductility [27]. This improvement was
attributed to the homogeneous processed region of the multi-pass FSP.

The impact of the overlap multi-pass FSP of the die-cast Al-Si-3Cu aluminium alloy was
investigated by Baruch et al [39]. The results revealed the tensile strength increased from 121 to 273
MPa. The increase was substantiated to be caused by the refinement in the microstructural grains as
the number of passes increased. Simultaneously, an increase from 1.8 to 10% in fracture strain was
reported. The change in the size, shape, morphology and distribution of eutectic silicon particles and
elimination of the porosities are the main reasons for the increases in tensile strength and ductility
due to friction stir processing. Multi-pass FSP was applied on the AA7075 alloy to produce a
superplastic fine-grained microstructure [40]. A single pass and a four-pass FSP was applied on the
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AA7075 plate under similar conditions. The multi-pass FSP exhibited larger areas of superplasticity
at different strain rates. However, the single-pass FSP had larger elongation. Additionally, the
primary mechanism for superplastic deformation of the multi-pass FSP was owed to the grain
boundary sliding. While the study by Ma et al. [41] found the two-pass FSP to consist of a higher
elongation.

Meenia et al. [42] investigated the effect of multi-pass FSP on the microstructure and mechanical
properties of the hypeutectic Al-Si alloy. A total of three passes was applied. The three pass FSP had
the most refined grain structure and showed maximum ductility compared to the single-pass FSP.
The tensile strength also followed the same pattern. Additionally, the application of the multi-pass
FSP on the same alloy was proven to result in an increase in elongation and the tensile strength [43].
Rao et al. [44] examined the impact of a two-pass with 100% overlapping FSP on the hypereutectic
Al-30Si alloy. The tensile strengths of the multi-pass friction stir processed specimens are much
higher than that of the cast aluminium alloy. Similar results where the application of multi-pass
resulted in a higher tensile strength than that of the base material were obtained by Pradeep et al.
[45] and Nakata et al. [46].

El-Rayes et al. [23] proved that the tensile strength decreases with an increase in the number of FSP passes
of the 6082 alloy. The increase in the traverse speed was reported to results in an increase in mean hardness and
stir zone tensile strength. Ramesh et al. [47] subjected the AA5086 —O plates to a twelve-pass FSP with a 50%
overlap using two FSP methods. The employed methods were the intermittent multi-pass (IMP) FSP and
continuous multi-pass (CMP) FSP. The influence of these two methods on the mechanical properties of the
AA5086 alloy was studied comparatively. The results revealed that better mechanical properties were found on
the specimens subjected to IMP FSP. There are various studies where the tensile and elongation increased due
to multi-pass FSP [48-55]. Table 2 present a sample of the process parameters of the discussed multi-pass FSP in
this section.

Table 2. Multi-pass FSP processing parameters — tensile properties.

Aluminium Parameters No. of Reference
alloy Tool rotational Traverse speed Material passes
speed (rpm) (mm/min) thickness (mm)

AS7U3G 600 12 10 3 [43]
LM25 800 120 8 3 [46]
Al-30Si 1000 16 12 2 [48]
AA5086 720, 1025 155, 50 6 28 [49]
ADC12 1250 500 4 14 [50]
AA5086 1025 varying 6 12 [51]
A356 Varying Varying 8.2 5 [53]
AA6061 1500 50 6 2 [55]
Al-Si-9Mg 560 355 6 - [56]

3.3. Hardness

Paider et al. [56] discovered that the number of grain boundaries had a direct relationship with
the FSP number of passes. The hardness in the stir zone was found to increase as the number of passes
increased. This phenomenon was due to the increase in the reduced grain size. A three-pass FSP was
applied on the 7B04-O aluminium alloy to evaluate the changes in the mechanical properties in
comparison to those of the single-pass FSP [57]. The results revealed an increase of about 40 HV
compared to the base material one. Moharrami et al. [58] discovered that when the AA6082 alloy was
subjected to six-pass FSP, the hardness was improved from 178-270 HV. Similarly, the multi-pass FSP
also increased the hardness of the A390 alloy when compared to that of the single-pass [59]. The
hardness was found to increase with an increase in the number of FSP passes.

The impact of the multi-pass FSP on AA5083-H11 plate was investigated by Gandra et al. [60].
The bending and hardness tests were conducted to analyse the ductility of the multi-pass surface in
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comparison to that of the single-pass FSP. The results revealed that an improvement of 18 and 19%
for the mechanical resistance and toughness under bending was obtained. Whereas the hardness was
found to have increased by 8.5% compared to that of the single-pass. Similar studies where the
application of multi-pass FSP increased hardness were reported [61-66]. Surekha et al. [67] subjected
the AA2219 alloy to multi-pass FSP and found that the hardness of the stir zone was lower compared
to that of the base material. The study by Ghanbari et al. [68] also confirmed that when the AA2024
was subjected to multi-pass FSP the hardness of the stir zone decreased with an increase in the
number of FSP passes. Various studies were found to have similar behaviour as far as hardness is
concerned [69-73].

In as much as the multi-pass has been proven to enhance or decrease the hardness of a specific
material, it can also not affect the stir zone hardness. Johannes et al. [40] upon studying the effect of
multi-pass FSP on the AA7075 alloy with a 42% overlap between the passes, proved the hardness to
be constant in all the passes. Similar findings were reported by Khorrami et al. [74]. Table 3 shows
the sample of processing parameters concerning the impact the multi-pass FSP has on the hardness
of the respective aluminium alloys.

Table 3. Multi-pass FSP processing parameters -hardness.

Aluminium Parameters No. of Reference
alloy Tool rotational Traverse speed Material passes
speed (rpm) (mm/min) thickness (mm)

AA7B04 400 200 2 3 [57]
A390 1200 20 2 3 [59]
AA5083-H111 1000 25 8 2 [60]
AA5083-H111 1000 120 6 2 [61]
AA2024 1000 80 3.5 3 [62]
AA2014 1100 30 4 3 [64]
AA2219-T87 Varying Varying 5 3 [67]
AA7075 1000 200 3 4 [69]
AA6063 600 145 12 2 [71]

3.4. Corrosion

Wang et al.[75] investigated the effect of multi-pass FSP on the corrosion property of AA6061-
T6. The FSP was performed under normal (air) and underwater conditions. The immersion test and
electrochemical corrosion test were used to examine the corrosion behaviour. The results revealed a
refined stir zone grain structure. The corrosion resistance of the FSPed stir zones for both conditions
was better compared to that of the base material. The stir zone was reported to exhibit higher free
corrosion potential, smaller corrosion current density and greater corrosion impedance than that of
the base material. Better corrosion resistance was found on the stir zone of the normal FSP in
comparison to that of the underwater FSP. Rao et al. [76] applied multi-pass FSP on the AL-30Si
alloy intending to analyse the corrosion resistance of the friction stir processed alloy. The increase in
the number of passes resulted in a decrease in the corrosion rate of the alloy. This behaviour was said
to be due to the homogeneity of the microstructure, reduction in the grain size and silicon particle
size.

The corrosion behaviour of the AA6061 alloy subjected to 0.5 to 1 mm overlap multi-pass FSP
was investigated [77]. The electrochemical work station was used to study the corrosion behaviour
of the top surface o the FSPed sample. The SEM analysis was performed on the corroded samples. It
was reported that the application of multi-pass FSP resulted in greatly improved corrosion resistance
compared to the single-pass one. The improvement was substantiated to be owed to the refined,
homogeneous grain structure as well as the discontinuous precipitates. Similar studies where the
application of multi-pass FSP resulted in improved corrosion resistance were reported [67, 78].
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Esmaily et al. [79] evaluated the corrosion behaviour of the multi-pass FSPed AA6005-T6 alloy. The
samples were contaminated with NaCl (70 and 200 mu g/cm2) and exposed to 400 ppm carbon
dioxide for a 200-3200 h time interval. The increase in the number of FSP passes resulted in a decrease
in pitting corrosion in the stir zone. However, the heat-affected zone was reported to have an induced
significant pitting corrosion attack which was associated with the reduction of the intermetallic
particle size in the stir zone.

Yang et al. [80] conducted a study on the corrosion resistance of the multi-pass FSP of the
AA2024-T3/A1203 metal matrix composites. The cyclic polarization, electrochemical impedance
spectroscopy was used to study the effect of the passes of the composites with the 3.5 wt% of NaCL
It was also reported that the 4 pass FSP of the AA2024-T3 alloy resulted in a decrease in corrosion
resistance because of the improved surface condition and deteriorated interface inside the coatings.
Nevertheless, the second pass was said to have the best corrosion performance. Satyanarayana and
Kumar [81] also discovered that the processing conditions also play a critical role in the corrosion
resistance of the multi-pass FSPed AA2014 alloy. The underwater condition resulted in higher
corrosion resistance compared to normal conditions. The processing parameters used in this section
are presented in Table 4.

Table 4. Multi-pass FSP processing parameters -corrosion.

Aluminium Parameters No. of Reference
alloy Tool rotational Traverse Material passes
speed (rpm) speed (mm/min) thickness (mm)

A356 350 16 12 3 [76]
AA6061-T6 800 40 6 5 [77]
AA5052 1000 14 6 4 [78]
AA6005-T6 1200 500 10 3 [79]
AA2024-T3 900 50 2.5 4 [80]
AA2014 900 50 2.5 4 [81]

3. Summary

It is undeniable that FSP has an exceptional record in being an enhancement technique to soft
alloys including aluminium. From the literature available on the multi-pass FSP, it has been
observed that the majority of those works focused on the processing of plates. There is no
searchable literature reporting on the multi-pass friction stir processing of welded joints. This then
opens a gap to pursue the multi-pass friction stir processing of welded aluminium alloy joints
including both similar and dissimilar. It is of uttermost importance to focus on the multi-pass FSP
of dissimilar joints, due to most industries opting towards using dissimilar alloys in producing
various components.
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