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Abstract

Friction Stir Processing (FSP), an advanced modification of Friction Stir Welding (FSW), has emerged
as a highly effective technique for fabricating surface composites with superior mechanical and
metallurgical properties. FSP enhances the microstructure and superplastic behavior of materials,
particularly aluminium alloys, by subjecting them to high strain rates at relatively low temperatures.
This review paper critically examines the development and optimization of FSP for aluminium alloys,
emphasizing key factors such as tool geometry, rotational speed, traverse speed, and the number of
passes. These parameters play a crucial role in improving the grain structure, strength, and ductility of
the processed material. Additionally, the study highlights the significant influence of FSP on achieving
enhanced superplasticity in aluminium alloys, which is highly desirable for industrial applications
requiring formability and lightweight materials. The review further explores the extensive use of FSP-
modified aluminium alloys in sectors such as aerospace, automotive, and defense industries, where
performance enhancements, weight reduction, and cost-efficiency are critical.
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INTRODUCTION

Superplasticity is a remarkable property of materials characterized by the ability to undergo extensive
plastic deformation without necking or failure, typically under specific temperature and strain rate
conditions. In the context of aluminium and its alloys, superplasticity allows for exceptional ductility,
enabling the material to be stretched to several times its original length. This behavior is beneficial
when producing intricate, precise parts for the aerospace and automotive industries, where material
performance and weight reduction are crucial. Generally, around 100% to less than 1000% of
elongations describe this phenomenon [1]. Superplasticity is divided into micrograin superplasticity and
internal stress superplasticity [2]. The primary requirement of the micrograin superplasticity is to
achieve fine and equiaxed grain [3].

A fine grain structure is necessary to get the superplasticity. This microstructure must consist of the
following features: 1) fine grain size, 2) equiaxed grain arrangement, 3) high angular grain boundaries,
and 4) the existence of fine secondary phase particles to hinder grain growth [4]. This behavior occurs
at a particular temperature range above $0.5 T m$.
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Where $\dot{\epsilon} 0$ is the strain rate, $p$ is the inverse grain size exponent, $b$ is the Burgers
vector, $\sigma$ is the stress, $d$ is the grain size in diameter, $D$ is the diffusivity, $n$ is the stress
exponent, and $AS is the microstructural and mechanism dimensionless constant of $n$. The above
equation states that grain size reduces with the increase in elongation. In the superplasticity condition,
the material's plasticity increases and reduces deformation resistance. Superplasticity in a material can
be achieved by changing the microstructure with numerous severe plastic deformation (SPD) methods.
The primary SPD methods are equal channel angular pressing (ECAP), high-pressure torsion (HPT),
accumulative roll bending (ARB), and friction stir processing (FSP). Conventional thermo-mechanical
processes include various processing stages, so the process becomes very intricate and laborious.
Furthermore, it increases material cost and only fabricates thin gauge sheets [8]. In ECAP, achieving a
fine-grain microstructure requires a minimum of six passes. Compared with other SPD processes, FSP
is one of the most promising methods for producing superplasticity in metal alloys. FSP has some
advantages, such as low tooling cost, minimum processing time, fine microstructure in one pass, and
effective strain generation. The first experiment was performed on Al 7075 to achieve high strain rate
superplasticity using FSP; they achieved a high elongation of less than 1000% at 490 °C [9]. Similar
work is reported where high elongation of 1250% was achieved at 480 °C [10]. Then, FSP was
performed on commercial alloy Al 2024. They achieved maximum ductility of 525% and a strain rate
of $10"{-2} \text{ s}"~{-1}$ at 430 °C. According to them, FSP is a modest and effective method for
manufacturing superplasticity at a high strain rate and lower temperature [11]. FSP was applied on cast
alloy A356, and they achieved a maximum elongation of 650% at 470—570 °C and achieved a maximum
strain rate of $3 \times 10" {-3} \text{ s}"{-1}$ [12]. This review paper explains the FSP process with
this previous research based on the superplasticity behavior of aluminium alloys. Influencing factors on
superplasticity are reported with suitable diagrams, and deformation mechanisms are explained. In the
end, the application of superplasticity in various sectors is reported.

FRICTION STIR PROCESSING
Friction stir processing is a novel technique modified from friction stir welding (FSW), which was
invented by The Welding Institute in 1991 in the UK.

A rotating tool has a pin and shoulder plunge into the selected area of the workpiece. The tool's
stirring action produces friction, creating plastic deformation that results in the weld [13]. The base
metal is fixed above the support plate. The tool then gets the required rotating speed, then plunges into
the workpiece until the shoulder surface comes in contact with the base metal surface. Due to this, heat
is generated, which is the main reason for material softening. This soft material then moves from the
advancing side (AS) to the retreating side (RS) of the base metal. After this plunging, the tool moves in
a traverse direction. This intense plastic deformation helps mix reinforcement into the workpiece and
yields grain refinement and a recrystallized grain structure [8]. Figure 1 shows the FSP process and
selective superplastic forming of the material.

Process Variables in FSP

Generally, FSP parameters are responsible for the final properties of the fabricated composites. The
combination of these parameters affects the microstructure and properties of the processed material.
These parameters are mainly divided into three groups: machine parameters, tool geometry, and
material properties. Properties of the base metal are crucial while choosing the parameters [14]. Figure
2 shows various parameters used in FSP.

Machine Variables

Basically, two types of tool speeds are used for processing: tool rotational speed and tool transverse
speed. They are accountable for heat generation, material movement, and microstructure change in the
stir zone [15]. Tilt angle and plunge depth are considered constant in many cases, but both are
responsible for achieving a defect-free composite [14]. Tilt angle helps the tool in its easy movement.
Tilt angle and plunge depth are associated with defects occurring in the stir zone. Generally, the tool
speed range taken for experimentation is 500—1000 rpm and 50—120 mm/min. Plunge depth is also
called targeted depth, which is responsible for material flow and the dispersion and homogeneity of the
secondary phase particles [13].
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Figure 2. FSP process parameters for surface composites.

Tool Variables

Tool geometry consists of a shoulder and a pin. During processing, the interface of the tool and
workpiece generates sufficient heat, and the stirring action of the pin is responsible for material flow
[16]. For FSP, the pin-to-shoulder ratio is generally taken as 1:3 to 1:2 [17]. According to the literature,
compared to other tool materials, tool steels are widely used; with square and threaded cylindrical pins,
they achieved high elongation at lower temperatures and a homogenous microstructure. Ma and Mishra
[13] pointed out that the tool's size is crucial for the achievement of the recrystallized grain and
suggested that a decrease in tool diameter reduces the nugget zone. Figure 3 shows various pin
geometries.

Number of Passes

This plays an essential role in distributing the reinforcing particle, improving the microstructure, and
enhancing the composite's strength. According to the literature, in most cases, a single pass is used for
processing. Compared to multipass, a single pass often gives better results. Johannes and Mishra [18]
found that a single-pass showed higher elongation compared to multipass on Al 7075. Similarly, Ma et
al[19]. suggest that two passes with 50% overlap do not significantly affect grain size compared to a
single pass. Figure 4 shows the single and multipass used in FSP. Table 1 represents the previous
studies.

INFLUENCING FACTORS
Significance of Temperature

Generally, the superplastic condition is associated with the strain rate forming temperature. Two ideal
conditions are considered: high strain rate superplasticity (HSRS) and low-temperature superplasticity
(LTSP), both responsible for achieving superplasticity in the material [4]. Temperature for superplastic
deformation is responsible for getting improved properties in superplastic alloys. GBS is affected by
increases in temperature, so viscous flow is reduced, and grain boundaries become unstable [6].
Increased temperature reduces elongation due to the soft grain boundaries and binding force [30]. Figure
5 displays the relation between elongation and temperature during testing. Many authors reported that
LTSP improves the superplasticity behavior of aluminium alloys [22]. Elongation of the material
increases and flow stresses decrease with increasing temperature [6]. Figure 6 displays superplastic
deformation at different temperatures.
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Figure 4. (a,b): Representation of single and multipass during the processing [18].

© STM Journals 2026. All Rights Reserved S69



Superplasticity Behavior of Aluminium Alloys Through FSP: A Review

Vasava et al.

Table 1. Previous studies of superplasticity behavior on various aluminium alloys.

Matrix Process Tool design No Superplastic behavior References
parameters of Temp.(°C) | SR (S") | Max.
pass EL%
AA7075-T651 | RS: M2 grade tool steelShD: 1 400 3#10% 227 [20]
(Rolled) 765TS:31.5 20, PiD:6, PiL:6Pin:
TA: 2 Square, pentagon,
hexagon
Al6063/K2ZrF | RS: 1000TS: | Tool steelShD: 12, PiD: 1 500 1*1072 330 [21]
6 (Cast) 60TA: 2.5 4, PiL: 3.7
Al15083 (Cast) | RS: MP159 alloyPin: 1 530 3*10? 810 [22]
400TS:25T Tapered cylindrical,
A: 2.5 short tapered
cylindricalShD:12.5, 16,
PDm=5, PDmi=4,
PiL:3.5,5,3
Al7075-T6 RS: 1000TS: | H-13 tool steelPin: 1 350 1*¥107? 510 [23]
500 Threaded ShD: 9.5,
PiD:3, PiL:2
A17075Cast RS:1200TS: | H-13 tool steelPin: 1 450 1*¥1072 890 [24]
100 Conical
threadedShD:16,
PDm:5, PDmi:3.5, PL:
4.5
Al7075- RS:400TS: M42 tool steelPin: 1 350 1*¥107? 540 [25]
T651(Rolled) 100 Conical
threadedShD: 14,
PDm:5, PDmi:3.5, PiL:
4.5
A17075 RS: 400TS: | MP159 Cobalt alloyPin: 4 469 1*¥102 | 1225 [18]
50 Threaded ShD: 25, PiD:
6.4, PiL: 6.4
Al2024/ZrB: RS: Pin: Hexagonal, 1 476 5%103 292 [26]
1000TS:70T | SquareShD: 12, PiD:5
A:2.5 PiL:3.7
AA5083 RS: 95 to Pin: Threaded ShD: 16, 1 500 1*#107 1900 [27]
750TS:73 PiD: 2.37, PiL:3.9
Al7075 RS:600TS:1 | H-13 tool steelPin: 2 480 1*#1072 1250 [10]
02 Threaded ShD: 24, PiD:
8, PiL: 6
AA6063-T6 RS: 800 to High carbon 5 343 1*10? 225 [28]
1600TS: steelThreaded pinSD:
22.2, 18,PD: 6

RS: Rotational speed, TS: Traverse speed, ShD: Shoulder diameter (in mm), PiD: Pin diameter (in mm), PDm: Pin diameter
major (mm), PDmi: Pin diameter minor (mm), PiL: Pin length (mm), Temp: Temperature, SR: Strain rate, Max: Maximum,
EL: Elongation.

Effect on Grain Refinement

Small grain size can be achieved by increasing strain rate and reducing temperature. Reduction in
grain size is related to low tool rotational speed and high transverse speed responsible for heat
generation and defining temperature conditions. According to Pradeep and Pancholi [29], low heat input
improves high-angle grain boundaries due to reduced grain size and gives a higher superplasticity rate
compared to high heat input. Figure 7 showed the occurrence of randomly distributed particles as well
as the generation of a large fraction of high-angle grain boundaries. Yang et al[21]. achieved reduced
grain size from 30 to 2 pm in an in-situ composite. Similarly, Liu, and Ma [24] achieved a reduced
average grain size of 3.2 um in cast Al 7075. Dieguez et al[31]. found a reduced grain size of 4.65 um
at 450 °C in Al 7075-T651. Liu and Ma [25] found equiaxed grains of 2.6 pum at a high elongation of
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2150% at 450 °C in Al-Mg-Sc alloy. The cooling effect showed a significant impact on the decrease of
grain size. Charit & Mishra [11] used air cooling and found a reduced grain size of 3.9 um in Al 2024-
T4, also suggesting that grain growth increases with a reduction in grain size.

Effect of Strain Rate Sensitivity and Strain Rate

Strain rate sensitivity (SRS) plays a crucial role in material deformation. It is basically used to
measure changes in strain rate while temperature and microstructure are kept fixed [32]. SRS causes a
reduction in shockwave amplitude and increased dynamic strength of the material [33]. Generally,
superplastic materials mostly lie in an SRS range of 0.4-0.8. Strain rate sensitivity demonstrates the
materials' measurements to resist necking, stability, and total deformation [34]. In superplastic
materials, an increment in strain rate directly affects flow stresses. Figure 8 showed the effect of strain

rate on flow stress and strain sensitivity rate.
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Figure 5. (a,b): Relation between elongation and temperature during the testing [18].
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Figure 6. (a, b): Superplastic deformation at different temperature [25].
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The influence of strain rate on flow stress is negligible at room temperature but increases with
temperature [35]. Cavaliere and Squillace [36] found higher SRS at a temperature of 500 °C with a
strain rate of $5 \times 10" {-4} \text{ s}"{-1}$. They also suggest that SRS increases with strain rate.
Ma et al[10]. found higher elongation of 1220% at 480 °C with a strain rate of $3 \times 10" {-4} \text{
s}~ {-1}$ and SRS of 0.5. S-type behavior of stress-strain is found with high strain rate sensitivity.

DEFORMATION MECHANISMS

Superplastic deformation mechanisms are divided into three types: grain boundary sliding, diffusion
creep, and slip by dislocation movement. All the mechanisms are considered high-temperature
deformation mechanisms [37]. Generally, deformation is expressed by two shapes: S-shaped and peak-
shaped curves. For aluminium alloys, GBS is the working mechanism [6]. GBS is mainly divided into
two types: Rachinger sliding and Lifshitz sliding. The combination of both is responsible for GBS. In
Rachinger sliding, dislocation movement occurs within the grains only, but in Lifshitz sliding, it
depends on Nabarro and Coble creep [38]. The main issue is the development of a void in the
microstructure that GBS must accommodate. Accommodation is divided into: diffusion, dislocation
motion, and a mixture of dislocation and diffusional accommodation [39]. Johannes and Mishra [18]
found that GBS is the working mechanism for Al 7075. Table 2 shows some of the deformation
mechanisms that occur during superplastic behavior. Ashby-Verrall explained the theoretical model for
superplasticity deformation. Figure 9 explains the three stages of deformation where GBS equiaxed
grains move and take their final shape.

I

Figure 9. Ashby-verrall theoretical model [40].

Table 2. Deformation models used for superplasticity.
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APPLICATIONS

Superplastic aluminium alloys are widely utilized in industries requiring lightweight, durable, and
complex-shaped components. In the aerospace sector, they are used to manufacture critical structural
parts like fuselage panels, wing ribs, and engine components, where weight reduction and aerodynamic
efficiency are essential. The automotive industry also benefits from these alloys, particularly in forming
body panels, structural reinforcements, and bumpers, improving fuel efficiency and crash performance.
Additionally, superplastic aluminium alloys are applied in defense for lightweight armor and vehicle
components. In the medical field, they are used to create strong yet lightweight surgical instruments
and implants. Their ability to form intricate, thin-walled designs makes them valuable for heat
exchangers and consumer electronics, where precise, lightweight frames are essential. These
applications highlight the versatility of superplastic aluminium alloys across various high-performance
industries. Applications of superplastic forming aluminium alloys are used in acrospace but not widely
found in the automobile sector because of the material's high initial cost [45]. Superplasticity is used in
the aerospace sector because it gives close tolerance in a single piece. Due to this, it decreases separate
part fabrication and assemblage costs [46]. According to Sereni [47], the first vehicle component
produced by superplasticity was made of AAS5083. He also reported that subway cover plates and
railway head parts could be fabricated to meet unique requirements. Dassault Aviation used AA5083
and 7475 for fabricating military and civil aircraft parts using superplastic forming. Patel et al[4].
detailed various applications of superplastic aluminium alloy in the aerospace industry. Aluminium
alloys and their composites are used to manufacture various parts of aerospace engines. With
advancements, aluminium alloys are used to produce automobile components, complicated, and curved
parts, and small-scale industry components associated with high stiffness and low weight.

FUTURE ASPECTS
Superplasticity in aluminium is an attractive topic. It involves studying how aluminium can exhibit
remarkable plastic deformation at elevated temperatures and specific strain rates. Future work in this
area could focus on several key aspects:
o Alloy composition: Investigating how different alloying elements like magnesium, silicon, or
copper influence grain growth and deformation mechanisms
o Temperature and strain rate effects: Determining optimal conditions for achieving maximum
ductility
o  Grain boundary engineering: Exploring techniques to manipulate grain boundary characteristics
to enhance superplastic properties
o  Failure mechanisms: ldentifying and understanding the failure modes that occur during
superplastic deformation to improve material performance and reliability
e Fabrication techniques: Developing new fabrication methods or optimizing existing ones like
FSP to exploit superplasticity

CONCLUSION

FSP is becoming a well-known process for processing material in selected areas. The literature
confirmed that FSP showed encouraging results in achieving superplasticity in aluminium alloys.
Superplasticity eliminates the need for joint formation in the material. Researchers reported most of the
work on superplasticity behavior using aluminium alloy 7075. With a single pass of FSP, researchers
achieved a high elongation rate at low temperatures. FSP has not received much attention due to the
limited literature available. For the commercialization of this process in other sectors, more effort is
needed. Most of the work is focused on aluminium alloys, so other alloy processing is needed.
Variations in process parameters and innovative tool designs are needed to further explore
superplasticity.
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