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Abstract
The substitution of traditional materials with lightweight materials in vehicle structures requires the development of new 
joining techniques which are capable of joining un-weldable alloys as well as dissimilar materials. Although conventional 
joining techniques such as fusion welding, adhesive bonding and mechanical fastening have matured in recent decades, 
their use for some of the above applications is limited. In this paper, recently developed joining techniques based on 
plastic deformation are presented and discussed. These techniques are divided into two categories, those based on 
mechanical interlocking and those based on metallurgical bonding. The first category covers clinching, self-pierce riveting 
and some innovative joining methods, and the second category covers friction stir welding and its variants. The focus 
of this study is on process development, process control and monitoring, process modelling, and joint characterization 
techniques. Finally, the two categories are compared, and their potential is discussed.

Keywords Joining by plastic deformation · Lightweight materials · Clinching · Self-piercing riveting · FSW · Novel joining 
processes

1 Introduction

Due to the increase of environmental pollution, as well as the reduction of fossil fuel resources, the automotive industry 
is under growing pressure to reduce the weight of vehicles while improving their efficiency [1]. This has become chal-
lenging since handling these issues should be accompanied by improving the comfort and safety of passengers. For this 
reason, a new concept for producing automotive body structures, called multi-material design, has been developed, 
in which each body part is made of a light material such as advanced high strength steel, aluminium and magnesium 
alloys, and composites according to the expected service requirements for the body structure [2]. This concept has 
been also accompanied by the increasing development of lightweight materials, but there is still a significant challenge 
associated to the manufacture of lightweight automotive structures, mainly due to difficulties in joining of dissimilar 
materials. Joining dissimilar materials using conventional methods like fusion welding is impossible or very difficult and 
inefficient due to differences in mechanical, physical and chemical properties. This has led to the development of join-
ing processes based on plastic deformation. These processes can be divided into two categories: mechanical joining by 
plastic deformation and metallurgical joining by plastic deformation. In the first category, a form-fit and/or force-fit joint 
is created between the parts by applying plastic deformation, while in the second category, the connection is mainly 

 * R. Beygi, rbeygi@inegi.up.pt | 1Institute of Science and Innovation in Mechanical and Industrial Engineering (INEGI), Rua Dr. Roberto 
Frias, 4200-465 Porto, Portugal. 2Departamento de Engenharia Mecânica, Faculdade de Engenharia, Universidade do Porto, Rua 
Dr. Roberto Frias, 4200-465 Porto, Portugal.

http://crossmark.crossref.org/dialog/?doi=10.1007/s44245-023-00012-9&domain=pdf


Vol:.(1234567890)

Review Discover Mechanical Engineering             (2023) 2:5  | https://doi.org/10.1007/s44245-023-00012-9

1 3

based on metallurgical bonding. Mechanical joining by plastic deformation such as clinching and self-piercing riveting 
have attracted much attention in recent years as it does not require fusion, allows for metallurgical bonding, and has 
high productivity and low energy consumption. New joining processes were also developed to meet existing needs for 
joining dissimilar materials in different shapes or different properties. In the mechanical joining by plastic deformation, 
the mechanical properties of the materials to be joined play an important role in the quality of the connection, and this 
should be taken into account to select and design an appropriate process.

In the second category, the friction welding, ultrasonic welding and friction stir welding (FSW) processes are used for 
metallurgical joining. In these processes, the metallurgical bond is formed by local plastic deformation, which primarily 
helps to disperse the barrier layer on the surfaces of the adjoining parts, such as the oxides. Secondly, the plastic defor-
mation helps to bring the surfaces in each other’s proximity in the atomic scale. Among these processes FSW has been 
intensively developed so that this process is now used in various applications such as space launch systems, automobiles, 
trains, airplanes, and even electronics [3]. The focus of this paper is therefore on FSW procedures due to their diversity and 
evolution over the past decades. Many industrial patents have been registered in transportation sector, especially in the 
automotive industry, however, the record of patents shows a declining trend indicating that this process has reached its 
maturity [4]. This process is widely used to join difficult-to-weld materials such as magnesium alloys [5] and aluminium 
alloys [6] which are categorized as light alloys. It is also used to join dissimilar materials which encounter serious problems 
when joined by common fusion welding processes [7]. In the case of dissimilar joining, mainly aluminium is involved to 
be joined to other materials like steel, copper, magnesium, and titanium. This process is based on a sever plastic defor-
mation induced by a rotating tool. This plastic deformation causes a metallurgical bond to be established between the 
materials, though in some cases the mechanical interlocking may accompany the metallurgical bonding like self-riveting 
FSW [8]. In some cases, this process is used to establish only the mechanical interlocking without any metallurgical bond-
ing like friction stir extrusion developed by Evans et al. [9]. The contribution of mechanical interlocking in the case of 
dissimilar welding is more significant than similar welding. This is because the metallurgical bonding is associated with 
intermetallic formation which is brittle and can degrade the bond strength when the thickness exceeds a critical value.

As industrial examples, FSW is used to fabricate large volume fuel tanks made of AA2219 which are used in the launch 
vehicles used in the aerospace industry (Fig. 1) [10]. It is also used by Honda, to produce hybrid structure of aluminium-
steel used in the sub frame of one of its automobiles leading to a 25% reduction in weight (Fig. 2) [11].

The two categories of joining by plastic deformation, mechanical and metallurgical, have been reviewed separately 
in various literatures. Though the mechanism of joining in these two processes are different, they have potential to be 
interchangeably used for joining some lightweight materials. There is a lack of literature to compare these processes 
together. In this paper, the most important developments in mechanical and metallurgical joining processes by plastic 
deformation including clinching, self-piercing riveting, innovative technologies and FSW are explored. The focus is on 

Fig. 1  Structure and main 
welds of a launch vehicle tank 
[10]. (Reprinted with permis-
sion from Elsevier)
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process development, process control and monitoring, process modelling, and joint characterization techniques. Finally, 
the two categories are compared, and their potential are discovered.

2  Mechanical joining by plastic deformation

2.1  Process development

2.1.1  Clinching

Clinching is a highly productive and cost-efficient joining process based on plastic deformation that can be used to 
attach sheet parts without auxiliary elements. In this process, as shown in Fig. 3, the tool components include a punch, 
a die, and a blank holder. After being fixed on the die by the black holder, the sheets are locally and severely deformed 
by the punch and inserted into the die cavity. Spreading the sheets inside the die cavity leads to a form-fit and force fit 
joint. The main characteristics of a clinched joint that affects the mechanical properties of the joint are neck thickness, 
interlock, diameter and bottom thickness [12].

The clinching process has been utilized to connect a wide variety of similar or dissimilar materials, including steel, 
aluminium, copper and titanium alloys, polymers and composites. However, historically there have been important 
limitations for joining sheets with high strength or low ductility, which have led to changes in the tool design or the 
development of new variant of this process. One of these variants is hole clinching, in which a sheet with low ductility is 
punched or drilled and then placed on the die side, while the deformable sheet is placed on the punch side and formed 
inside the hole of the die-sided sheet and the cavity of the die (see Fig. 4a).

Lee et al. [13] presented the relationships among shear strength, tool geometry and mechanical interlock shape in the 
hole clinching. A design procedure, proposed by combining these relationships and the finite element analysis was used 
to join Al6061-T4 alloy to dual phase steel, hot-pressed steel, and carbon-fibre-reinforced polymers (CFRP). The manu-
factured joints satisfied the design requirements by withstanding shear fracture loads of more than 2.5 kN and failing in 
a neck fracture mode. However, this process faces serious challenges when the punch-sided sheet has a higher strength 
compared to the die-sided sheet. In addition, the delamination of the CFRP sheet can be expected in the hole edge due 
to the metal flow [14]. To decrease the damage of the CFRP sheet and increase the formability of the punch-sided sheet, 

Fig. 2  A subframe of a Honda 
car made of aluminium-steel 
hybrid structure joined by 
FSW [11]. (Reprinted with 
permission from Elsevier)

Fig. 3  Schematic representation of the clinching process: a the clinching stages, and b the main characteristics of a clinched joint [12]. 
(Reprinted with permission from Elsevier)
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a spring die was proposed for the hole clinching in which two pads supported by a coil spring are employed to enhance 
the hydrostatic pressure during the deformation (see Fig. 4b) [15]. It was reported that this technique can reduce about 
50% damage to the neck region of the punch-sided sheet and prevent defects, like neck fracture and damage to CFRP, 
leading to a button separation mode in the single lap shear test.

To decrease operation times and increase productivity, the punching and clinching stages were combined in a single-
stage process called shear clinching [16]. In this process, as shown in Fig. 5, with the movement of the punch, first the 
die-sided sheet is cut by the sharp edge of the die, and then the punch-sided sheet, which must have sufficient ductility, 
is deformed inside the hole and the die cavity. Like hole clinching, shear clinching can be employed for joining ultra-high 
strength steels (UHSS) and aluminium alloys, but two necks formed in the punch-sided sheet lead to a lower strength 
[17]. Both the shear and hole clinching processes are restricted by the mechanical properties of the punch-sided sheet 
due to severe deformation. For instance, the shear-clinching of AA7075-T6 which is a high-strength aluminium alloy with 
low ductility, is not applicable [18]. It was reported that a short-term heat treatment by a laser can be efficient on the 
improvement of the joinability of this alloy. The shear clinching was also examined for attaching three sheets made from 
AA5182-O and DP600 with different configurations [19]. It was revealed that although under shear load, the strength 
of the three-sheet joint is similar to the two-sheet joint, applying tensile load results to a two-staged failure mode and 
thus to lower strength.

The use of heat has been a suitable solution for connecting polymers and composites to the metallic sheets in the 
clinching process. Lambiase [20] heated different thermoplastic polymers (PS, PC and PMMA) by a convective source and 
joined successfully them as the die-sided sheet to aluminium sheets as the punch-sided sheet. Nevertheless, a hole was 
observed in the polymer sheet, which can affect the quality of the clinched joint. Krassmann and Moritzer [21] formed 
thermomechanically a thermoplastic composite to reduce damage to glass fibres during the formation of the mechani-
cal interlock in the hole clinching process. The created joints showed lower strengths by changing the loading direction 
from shear to cross-tension in the quasi-static destructive tests. Despite the efforts that have been made in adapting 
the clinching process for creating hybrid metal-composite/polymer joints, this process still needs further development 
to be used in industrial applications.

In recent years, flat clinching and dieless clinching processes have been proposed since they can make one-sided 
flat joints due to the use of a flat anvil instead of a groove die (Fig. 6) [22]. This feature can increase the applications of 
clinched joints both functionally and aesthetically. In the dieless clinching, a shouldered punch is used which means that 
unlike the flat clinching process, there is no need a blank holder [23]. These processes make the adjustment between the 
punch and the die easier. However, they require more force to produce joints compared to the conventional clinching 

Fig. 4  Schematic representation of the hole clinching process with a a conventional die, and b a spring die [15]. (Reprinted with permission 
from Elsevier)

Fig. 5  Schematic representa-
tion of the shear clinching 
process [19]. (Reprinted with 
permission from Elsevier)
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process. In the design of dieless clinched joints for dissimilar aluminium alloys, it is worth mentioning that as the upper 
sheet has a higher strength, the joint shows better mechanical behaviour [23]. In the heat assisted clinching, the flat 
anvil improves the heat transfer from the die to the die-sided sheet. The hot die-less clinching process was successfully 
tested for high strength AA7075-T6 sheets [24] as well as low ductility magnesium sheets [25].

Friedrich et al. [26] added a deformable auxiliary element in a second forming stage to the flat clinched joints to 
increase the interlocking leading to an improvement in the joint strength. A rigid auxiliary element was also employed 
to enhance the strength of flat-clinched joints [27]. In this process, called rivet clinching, a cylindrical rivet is pressed 
into the sheets by applying an external force to form a mechanical interlock. One of the key parameters in this process 
is the blank holder force so that increasing it allows to avoid warping and bulging of the joints and increase the tensile 
and shear strength [28]. It should be noted that the addition of an auxiliary element increases the joint weight and cost.

In order to manufacture clinched joints with double-sided flat surfaces, the initial dieless clinched joints can be flat-
tened by a pair of flat dies in a second forming stage [29, 30]. These joints are suitable for functional surfaces. As shown in 
Fig. 7, friction stir spot welding was also proposed to repair the hole of the flat clinched joints and improve the mechanical 
behaviour [31]. In this method, the protruding material on the punch-sided surface is forced into the hole under frictional 
heat and forming force. It was reported that the strength of the repaired joints between two similar aluminium sheets is 
significantly higher than that of flat-clinched joints because of the formation of metallurgical bonding. However, in case 
of dissimilar materials, involving heat may cause the formation of a brittle intermetallic compound layer affecting joint 
properties. Furthermore, the increase of the process time and cost should be taken into account.

Laser shock flat hole clinching process can be used to create microscale joints between ductile and brittle materials 
[32]. In this process, a ductile metal foil is plastically formed by laser-induced shock wave into the hole of a pre-pierced 
foil [33]. This process was successfully tested for joining pure copper and stainless-steel foils. However, the pulsed laser 
energy, number of laser pulses, and laser spot diameter should be carefully determined to obtain a sound joint [34].

Adhesive bonding can be combined with the clinching process to provide a higher shear strength, better fatigue per-
formance, vibration absorption and corrosion resistance for structural joints (Fig. 8) [35]. Nevertheless, the adhesive has 
a negligible effect on the performance of the clinch-bonded joint under tensile load because of the low tensile strength 
of the adhesive [36]. In this hybrid process, an adhesive is first added between the joining partners and the clinching 
operation is then performed when the adhesive is still fluid. The final strength of the hybrid joint is attained after the 
adhesive is entirely cured. During the clinching process, adhesive flow can cause the formation of adhesive pockets near 

Fig. 6  Schematic representa-
tion of a the flat clinching and 
b the dieless clinching [22]. 
(Reprinted with permission 
from Elsevier)

Fig. 7  Schematic representa-
tion of refilling the keyhole 
of a flat-clinched joint by 
friction stir spot welding [31]. 
(Reprinted with permission 
from Elsevier)
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the joint which negatively influences the creation of mechanical interlock and, therefore, the mechanical properties of 
the joint [37]. The combination of the adhesive bonding and clinching processes was also tested in microscale where an 
adhesive was placed between two aluminium foils and then attached to a pre-drilled thin stainless-steel sheet by laser 
shock [38]. This process, called laser shock adhesive-clinching, can create a hybrid joint with a higher shear strength com-
pared to the pure bonded and the pure clinched joints. It worth mentioning that the addition of an adhesive increases 
the sensitivity of the connection to environmental conditions, including temperature and humidity.

2.1.2  Self‑piercing riveting

Self-piercing riveting (SPR) is another joining process where an auxiliary joining element is used. In this process two or 
more sheets are joined by driving a rivet that pierces the upper sheet and flares within the lower sheet to form a force-fit 
and form-fit joint [39]. In this process, a pre-drilled hole is not required unlike the conventional riveting, decreasing the 
processing time [40, 41]. Figure 9 shows the four stages of the process. In the SPR process, four components, including 
a die, a punch, a blank holder and a consumable rivet are needed. The process starts by lowering the blank holder and 
clamping the sheets on the die. The punch is then moved down to force the rivet into the sheets by either punching or 
pushing until it starts to flare and form a mechanical interlock. Finally, the punch is retracted, and the joined sheets are 
released from the die. Interlock, minimum die-sided material thickness and rivet head end position are most important 
geometrical characteristics of a SPR joint that influence its load bearing capacity.

Self-piercing riveting can be used to connect a wide range of materials, including dissimilar lightweight materials 
such as aluminium to advanced high strength steel, aluminium to magnesium alloy and aluminium alloys to composite. 
Compared to clinching, this process is less sensitive to material formability, allowing to expand its applications in the 
manufacturing of multi-material automotive bodies, however, when the strengths of the joining partners are very differ-
ent, self-piercing riveting becomes challenging [42]. In the joining of advanced high strength steel and aluminium alloys, 

Fig. 8  Schematic representation of the clinch-bonding process designed for joining aluminium alloy AA5052-H34 and advanced high-
strength steel JSC780: a adhesive injection, b clamping, c clinching, and d tool releasing (unit: mm) [26]. (Reprinted with permission from 
Elsevier)

Fig. 9  Schematic representation of the self-piercing riveting (SPR) process a the process stages a, and b the characteristics of a SPR joint 
[41]. (Reprinted with permission from Elsevier)
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it becomes difficult to insert the rivet into the high strength steel sheet on the upper side. Furthermore, placing the high 
strength sheet on the lower side may cause insufficient flare of the rivet skirt or even the occurrence of fracture in this 
sheet [43]. The optimization of the shape of the die can help to increase the joinability of such material combinations 
[44]. The use of innovative materials like high nitrogen steel, which has a high strength along with a good ductility and 
corrosion resistance, in the manufacturing of rivets can be an alternative solution to join high-strength materials. In this 
regard, Kuball et al. [45] presented a two-stage forming process for the manufacture of high nitrogen steel rivets, which 
can also eliminate the secondary processes of heat treatment and coating in the manufacture of rivets.

Friction self-piercing riveting (F-SPR) combines self-piercing riveting and friction stir welding to join lightweight 
materials with low formability and high strength without cracking, particularly in cases of joining aluminium and mag-
nesium alloys (see Fig. 10). In this process, a rivet is inserted into the sheets while being rotated by a spindle. The sheets 
are softened by the frictional heat generated by the rivet rotation, leading to higher formability for materials and lower 
force for feeding the rivet. In addition to the formation of a mechanical interlocking by flaring the rivet, the frictional heat 
can also create metallurgical bonding between the sheets resulting in improved joint strength [46].

Ma et al. [47] employed the F-SPR process to connect high strength AA7075-T6 aluminium sheets and investigated 
influence of the spindle speed and rivet feed rate on joint characteristics, joining force and energy input during the 
process. It was revealed that the combination of a medium rivet feed rate of 3–5 mm/s and a high spindle speed of 
3000 rpm results in joints with the highest quality. In addition, the shear strength of the F-SPR joints was the 67.6% and 
13.9% higher than the SPR and friction stir spot welded joints, respectively. However, the energy consumption in the 
F-SPR process should be taken into account because 96% of the total energy is used for the spinning motion [47]. The SPR 
and F-SPR were also examined to join AA6061-T6 aluminium alloy and AZ31B magnesium alloy. It was reported that that 
better joint quality can be achieved in both the processes by riveting from the magnesium sheet to the aluminium sheet. 
Furthermore, in the F-SPR process, the force required for riveting decreases to one third of that in the SPR process while 
the shear strength of the F-SPR joints increases 45.4% due to better rivet flaring. Shan et al. [48] proposed the friction 
stir riveting (FSR) process to join aluminium alloy and advanced high strength steel sheets. In this process, after piercing 
the aluminium sheet, a rotating rivet is frictionally welded to the steel sheet to create a metallurgical-mechanical hybrid 
joint. In fact, in the FSR process, the rivet does not pierce the steel sheet that allows to expand the applications to wider 
material combinations compared to the F-SPR process. However, the performance of FSR joints is negatively affected by 
a thin inclusion layer in the welding zone.

Injection lap riveting was proposed to eliminate the penetration of the sheets by a rivet, which limits the application 
of the FSR process for materials with high strength or low ductility [49]. In this process, as shown in Fig. 11, the desired 
shape of a semi-tubular in a riveted joint is first machined in the joining partners and afterwards the rivet is injected 
through the machined holes to achieve the interlocking. This design allows the rivets to be made of the materials of the 
sheets. This process was successfully tested for joining hybrid busbars, electric conductive connections, made from cop-
per and aluminium using a copper rivet to reduce the electrical disruption. The resulting joints do not have protrusions 
above and below the sheet surfaces resulting more unform the electric current flow.

The self-pierce riveting process is a very rigid and inflexible process as it has few controllable parameters to adapt 
to different conditions. The addition of a tumbling punch to the conventional self-pierce riveting process can create 

Fig. 10  Schematic representation of the friction self-piercing riveting (F-SPR): a positioning, b friction softening, c quick stop, d riveting e 
tool releasing [46]. (Reprinted with permission from Elsevier)
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possibilities for a versatile joining process as shown in Fig. 12 [50]. The tumbling motion of the punch reduces the con-
tact area between the punch, which has a conical geometry, and the rivet. As a result of this, the contact pressure for 
a constant force increases, leading to the improvement of material flow and forming capacity. Wituschek and Lechner 
[50] tested different tumbling angles for joining similar aluminium sheets and found that the joining force decreases 
with the increase of the tumbling angle up to 31%. The selection of circular or spiral tumbling kinematics for the punch 
can affect both the characteristics of mono- and multi-material joints and the force required for the joining process [51]. 
However, the tumbling onset influences slightly the geometric characteristics of the joint, but has a significant effect 
on the evolution the joining force with the punch displacement [50]. The increase of the tumbling punch speed creates 
a more uniform deformation of the rivet head and decreases the joining force. Wituschek et al. [52] showed that the 
tumbling self-piercing riveted joints, compared to the conventional self-piercing riveted joints made between a dual-
phase steel and an aluminium alloy, withstand a higher force in the shear tests and have a significantly higher energy 
absorption in cross tensile tests.

The geometry of the rivet can be varied to adapt the process for different purposes. Kato et al. [53] developed a short 
thin pipe rivet in a process called double-sided self-pierce riveting (DSSPR). The pipe rivet, with chamfered ends, is placed 
between the sheets and with a single stroke the rivet pierces and holds the sheets together. Nonetheless, the conven-
tional DSSPR process has limitations when joining dissimilar materials with very different strengths, as the rivet is less 
pierced in the sheet with higher strength resulting in an asymmetrical mechanical interlock. Alves et al. [54] studied the 
joining of AA5754-H111 and PVC by the DSSPR process using rivets with different chamfered angles in each side and also 
by a two-stroke approach where the higher strength material is firstly pierced by the rivet and only then the PVC sheet 
is placed for the second stroke. In another study, Alves et al. [55] studied the feasibility of introducing a flat-bottom hole 
in the sheet with higher strength in which the rivet, with different chamfered angles, can be inserted. With this method, 
the positioning and alignment of the rivets was solved and the joint strength was also considerably improved when 
compared with a conventional DSSPR joint.

The SPR process is adopted to join CFRP laminates to lightweight metals, especially aluminium alloys, for the con-
struction of multi-material hybrid body structures [56]. Since this technique can be employed only when the material 
placed on the bottom side has sufficient ductility, CFRP composites are often considered as the top sheet and the metal 
sheets undergo severe deformation during SPR process. Mechanical properties of the hybrid joints are influenced by 
geometrical features and process parameters such as rivet shape and riveting force. When continuous fibres are adopted 
as reinforcement, the fibre fractures, matrix cracks, and delamination are often present near the joint [57]. To decrease 

Fig. 11  Schematic representa-
tion of the injection lap rivet-
ing process [49]. (Reprinted 
with permission from Elsevier)

Fig. 12  Schematic repre-
sentation of the self-pierce 
riveting process combined 
with a tumbling punch [51]. 
(Reprinted with permission 
from Springer)
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these defects, Wang et al. [58] proposed a post‐curing self‐piercing riveting (PC‐SPR) technique in which the CFRP sheet 
are cured after the performance of the joining process.

In the conventional SPR method, the broken fibres usually exist at the region below the rivet tail. Zhang et al. [59] 
applied a pre-holed self-piercing riveting (PH-SPR) method to remove this defect and also obtain a better mechanical 
interlock in the riveted joints between CFRP and pure titanium sheets (see Fig. 13). In this process, the CFRP sheet is drilled 
before the joining process and, therefore, the rivet tail enters directly into the contact with the metal sheet resulting in 
a tighter mechanical interlock. Rao et al. [60] proposed new die and rivet geometries to join discontinuous carbon fibre 
reinforced thermoplastic composites. In this design, the rivet skirt pierces thoroughly both upper and lower sheets and 
flares along the trough surfaces of the die to form a mechanical hook. Vorderbrüggen and Meschut [61] investigated the 
damage to self-piercing riveted CFRP-metal joints due to the heat generated in the paint shop of an automotive body 
and optimized the geometry of rivet to ensure the requirements of the automotive industry.

SPR and bonding processes are combined to share their advantages and cover each other’s limitations (refer to Fig. 14) 
[62]. The adhesive layer reduces the corrosion between dissimilar materials [63] and also reduces the stress concentration 
in the SPR joint and can lead to an increase in its static and fatigue strengths under shear loading condition [64]. Unlike 
bonded joints, hybrid bonded-SPR joints are less sensitive to environmental conditions [64]. Yang et al. [65] investigated 
the influence of adhesive introduction on F-SPR method for the joining of AA7075-T6 aluminium sheets. The adhesive 
reduced the mechanical interlock by decreasing the contact stiffness and the friction coefficient between the aluminium 
sheets but did not influence the metallurgical bonding between the joining partners. Although the cured adhesive had 
no clear effect on the joint strength in the cross-tension test, enhanced the shear strength and energy absorption of the 
hybrid joint in the shear test by 128.7% and 82.5% respectively.

Liu and Zhuang [66] proposed 0°/90° ply of CFRP to obtain the optimum mechanical performance for the SPR-bonded 
joints of CFRP and AA5754 aluminium sheets under shear loading condition. The adhesive and locked structure failure 
mode was observed in these hybrid joints. Jiang et al. [67] applied SPR–bonding hybrid method to join aluminium and 
steel sheets and found that the hybrid joint provides 177.3% greater shear strength than that of the SPR joint and 360.0% 
and 47.9% higher energy absorption compared to the SPR and adhesive bonded joint, respectively. In fact, the mechanical 
interlock does not play a role in the load bearing capacity of the hybrid joint in the shear test until the adhesive failure, 

Fig. 13  Schematic representation of the pre-holed self-piercing riveting process for creating CFRP-metal joints [59]. (Reprinted with permis-
sion from Elsevier)

Fig. 14  Schematic representation of the stages of the self-pierce riveting-bonding process [62]. (Reprinted with permission from Elsevier)
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and after that it prevents the sudden drop in load and, therefore, improves reliability of the joint. The above-mentioned 
studies allow to conclude that the combination of adhesive boding and joining by plastic deformation can provide the 
joints with great mechanical properties.

2.1.3  Novel joining processes

Innovative processes have been developed to join materials with different shapes or properties, or for specific applica-
tions, in which common joining methods by plastic deformation are not applicable or efficient. Connecting tubes to 
sheets is one of these challenging issues. Alves et al. [68] developed an innovative joining method based on plastic insta-
bility to connect thin-walled tubes to sheets made of dissimilar materials. In this joining method, an axial compression 
force is applied to a tube to initiate local buckling, resulting in the development of plastic waves. The plastic waves are 
then controlled and converted into compression beads. Two compression beads are required to connect a tube to a sheet 
(Fig. 15a) unless one compression bead is combined with forms created by other deformations like sheet-bulk forming 
or flaring (Fig. 15b) [69, 70]. The method was also applied for joining thin-walled tubes from their ends [71]. Alves et al. 
[72] used the idea of the self-pierce riveting to join tubes to sheets. In this technique, a tube with the sharpened end is 
pressed into the sheet to form a mechanical lock (Fig. 15c). Afonso et al. [73] proposed a two-stage operation based on 
the combination of boss forming and upsetting to join tubes to sheets. First, an annular flange around a tube is formed 
by partial compression of the tube wall thickness along the tube axis (boss forming), and then this flange is compressed 
against a sheet with a bevelled hole (upsetting).

Creating connections for specific applications like the joining of hybrid busbars in electric vehicles, has been another 
motivation for developing new processes. A new method for joining by plastic deformation without auxiliary elements 
was developed by combining cutting, bending and compression operations for the fabrication of strong lap joints in 
hybrid busbars made from thick copper and aluminium strips [74, 75]. Sampaio et al. [76] proposed a new self-clinching 
fastening process involve making a blind hole in each sheet and locating a special designed fastener with the annular 
groove in the holes of the sheets. A hidden lap joint is then created by pressing the sheets against each other to form 
material around the fastener into the annular grooves (Fig. 16). The process was also tested to manufacture busbars [77].

Newly, a novel joining process, termed ‘hole hemming’, has been developed by Kasaei and da Silva [78] for connecting 
two sheets made from dissimilar materials in which only one of the sheets should be sufficiently ductile, and the strength 
and ductility of the second sheet does not limit the joining process (refer to Fig. 17). Thus, the second sheet can be a 
polymer, composite, low-ductility or high-strength metal. The hole hemming process involves in creating a mechanical 
interlock between predrilled holes that can be produced anywhere on the sheets. The process is performed in a two-
stage operation including flanging the hole of an outer sheet and bending the flange over the hole of an inner sheet. 
The process can realize joining materials with very different mechanical properties without heating or using additional 
elements such as a rivet.

Despite the innovative processes developed, the connection of metallic materials to composites and polymers still 
remain as a serious challenge. According to the features of the hole hamming, this process can be a promising solution 

Fig. 15  Joining tubes to sheets by a plastic instability b by the plastic instability and flaring and c self-pierce riveting [16]. (Reprinted with 
permission from Elsevier)
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for this kind of the connections. However, in applications where sealing is important, the use of the hole-hemmed joints 
is limited. Since the use of products produced by additive manufacturing has continuously increased, it is necessary to 
develop their appropriate connection methods that would be an interesting issue for future work.

2.2  Joint evaluation

To evaluate the quality of the mechanical interlock produced by plastic deformation, the cross-section of joints is com-
monly analysed. To this end, the joints are cut in the middle and the resulting cross-sections are then examined by means 
of an optical microscope [29]. The main geometrical characteristics of the joints are measured from cross-sectional 
micrographs. In the case of composites, structure degradation in polymer and fibre damage are also evaluated [58, 59]. 
Fractography is performed by scanning electron microscopy (SEM) to identify the origins of fracture in joining partners 
[79] (Fig. 18). In addition, the effect of severe local deformations on the parts to be joined can be investigated by examin-
ing their grain structures and hardness before and after the plastic deformation [80, 81]. It is expected that grain orienta-
tions and hardness are changed in different parts of the joint which are non-uniformly work-hardened.

The joints created by mechanical joining processes by plastic deformation are examined by means of destructive tests 
such as single-lap shear, cross-tension and peel tests to determine the maximum forces that the joints can safely resist 
and their failure modes [22, 82]. In addition, the relationships among the process parameters, the joint characteristics 
and the joint strength are explored. The joints are also tested under impact and cyclic loading conditions to investigate 
the safety and durability of the structure [64, 83]. Different load levels are used for these tests. A high-speed camera can 
be used to identify the crack propagation process and its path. Experimental data is correlated with the numerical results 
of the static, impact and fatigue responses of the joints.

Although the performance of joints under static loading has been widely investigated and their failure mechanisms 
have been determined, the study of the performance of the joints under impact and cyclic loads needs further investiga-
tion. This is due to the fact that these joints have been mostly developed for the construction of automotive structures, 
where the tolerance of these types of loads is of great importance. In addition, it seems necessary to develop new tests 
that allow checking the mechanical properties of the joints under mix loads such as a shear-tensile load which are likely 
to exist in the structures.

Fig. 16  Schematic representation of the self-clinching fastening process [76]. (Reprinted with permission from Elsevier)

Fig. 17  Schematic representation of the hole hemming process
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2.3  Fracture modelling

The finite element method has been extensively employed to simulate the mechanical joining processes by plastic 
deformation [84, 85]. Finite element simulations are mostly used to understand the effects of process parameters and 
tool geometry on joint characteristics, to optimize them to obtain a better mechanical interlock, and to predict the 
required force during a joining process. Destructive tests are also modelled to predict the strength and failure mode 
of joints under different loading conditions. The most important limiting factor for joining processes based on plastic 
deformation is the formability of materials, which is limited by fracture. Thus, considering fracture criteria in the finite 
element analysis of these processes can help to increase the accuracy of predictions [86]. However, this has been ignored 
in most of the investigations to simplify the modelling procedure. Defining the fracture behaviour of materials in the 
finite element model of the SPR process, in which the upper sheet is cut by a rivet, is essential. For this reason, the finite 
element method has been used less in the SPR process compared to the clinching process, and most of the investiga-
tions is based on experimental tests, which increases significantly research cost [47, 51]. In addition, when one of join-
ing partners is made of composites, experimental testing is usually preferred due to the difficulties of modelling their 
deformation behaviour and failure [58].

Lambiase and Ilio [79] employed the Rice and Tracey criterion to model ductile damage during the clinching process 
of AA6082-T6 sheets and introduced the punch-sided sheet neck and die-sided sheet bulge as the critical regions. 
Wiesenmayer and Merklein [18, 19] modelled the cutting of the die-sided sheet in the shear clinching process by the 
Cockroft-Latham criterion. Lee et al. [15] established the process windows of the hole clinching for the joining of CFRP 
and AA5083 aluminium alloy sheets using the normalized Cockroft-Latham criterion. Liu et al. [14] investigated the influ-
ence of ply angle on the damage pattern in the CFRP laminate by means of a continuous damage model based on the 
modified Hashin failure criterion during the hole clinching of CFRP and aluminium sheets.

Karathanasopoulos et al. [87] explored the SPR of different aluminium alloy and dual-phase steel sheets in terms of 
the rivet and die geometries using finite element and neural network modelling. The authors used the Hosford-Coulomb 
fracture criterion calibrated under different loading conditions to model the penetrations of the rivet into the sheets (refer 
to Fig. 19). In another investigation, they modelled failure mechanisms of the SPR joint in the lap-shear, cross-tension, 
inclined cross tension and peel tests [88].

Fig. 18  The surface mor-
phology of upper surface of 
punch-sided sheet during the 
clinching process of AA6082-
T6 sheets [79]. (Reprinted with 
permission from Elsevier)
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Kasaei and da Silva [78] developed the hole hemming process for joining a dual phase steel, DP780, and an aluminium 
alloy, AA6061-T6, by finite element modelling. They predicted the damage evolution based the Modified Mohr–Coulomb 
criterion during the hole hemming process (see Fig. 20) and designed the required tools and process parameter to obtain 
a tight mechanical interlock without fracture. The shear and peel tests were also simulated to reveal the mechanical 
properties and failure machinimas of the novel hole-hemmed joint.

Considering the above circumstances, the prediction of fracture in the joining processes of dissimilar materials and 
the destructive tests of created joints can be point out as an interesting topic for future research. The development of 
fracture criteria appropriate to the deformation modes in the processes and the tests, as well as the development of 
calibration tests that can properly reflect these deformation modes, are among the items that need to be investigated.

3  Metallurgical joining by plastic deformation

The processes discussed so far are based on purely mechanical interlocks achieved by geometric changes. This change 
of geometry is obtained by plastic deformation performed at room temperature. FSW, which is classified as a solid-state 
welding process, is also based on plastic deformation. However, there are some key differences between the FSW and the 
aforementioned procedures that should be noted. First, the joining mechanism is based on metallurgical bonding, which 
is why it is classified as a welding process. Second, no geometric changes occur during the process, and third, plastic 
deformation occurs at a temperature above the recrystallization temperature. These cause some major differences with 
the processes based on mechanical locking in terms of evaluation methods of the joints. However, since the FSW process 
and the other plastic deformation-based joining processes are interchangeable for joining difficult-to-weld materials, 
they are discussed in a paper to provide readers with some useful criteria for process selection.

3.1  Process development

The development of a joining process is usually driven by the need to overcome its known limitations. In FSW, one 
of the most popular processes for metallurgical joining by plastic deformation, many of the issues are related to 
fixing of the workpieces. Among these issues are weld thinning, back support and key-hole formation [89]. Weld 
thinning is caused by the plunging of the tool into the workpieces. This plunging is necessary to provide the axial 

Fig. 19  Comparison of the cross-section of the SPR joint obtained from the experimental test and the numerical simulation considering the 
Hosford-Coulomb fracture criterion. (materials: 2.1 mm AA7075-F/1.5 mm DP600 steel) [87]. (Reprinted with permission from Elsevier)

Fig. 20  Damage distribution 
in the hole hemmed joint 
predicted based on the Modi-
fied Mohr–Coulomb criterion 
(materials: 1 mm DP780 
steel/1 mm AA6061-T6 steel)
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load for sufficient material flow. The back support is needed to bear the axial load during welding. Key-hole forma-
tion is inevitable, as the tool retracts in the end and leaves behind a hole which is as large as the pin diameter. Other 
than these, kissing bond is also a common problem during FSW. This defect is characterized by a continuous oxide 
layer at the interface which is commonly formed at the root of the nugget zone [90]. Asymmetry in the weld zone, 
though is not considered as a defect, causes an inhomogeneity in the mechanical properties of the joint. This defect 
is due to different strain at advancing and retreating sides. Recently a Reverse Dual Rotation FSW (RDRFSW) was 
developed to overcome this problem by which the rotation directions of the pin and shoulder are opposite [91]. 
This process also helps to reduce the clamping requirements, as the torque imposed on the workpieces during FSW 
reduces by the counterpart rotation. The value of torque in FSW process is dependent on the material, thickness, tool 
geometry, tool dimensions, and the FSW parameters [92]. It will be shown that tracking the torque can give useful 
information about the quality of the process [93] and hence this parameter along with the other ones are used for 
online controlling of the process.

3.1.1  FSW tools

The FSW tool is the core element of the process that is composed of two main components, shoulder and pin. The 
first generation FSW tools were made of a concave shoulder which necessitates an inclination angle for trapping the 
plasticized material under the shoulder (Fig. 21a). This would lead to some problems such as thinning of the work-
piece. Furthermore, the complex paths and 3D dimensional curved paths cannot be joined by these tools. The second 
and third generations of the tools have been developed to overcome these problems [10]. The inward Archimedean 
profile on the shoulder of these tools helps to push the material inward (Fig. 21b, c). In the second generation of the 
tools the shoulder is flat which is sensitive to the plunge depth and needs high assembly accuracy. In the third gen-
eration, the shoulder is convex which is less sensitive to the plunge depth and is more adaptable to the curved paths.

3.1.2  Friction stir spot welding (FSSW)

In this process, only the plunging, dwelling and retracting stages exist, meaning that the traversing of the tool is 
absent. This process is frequently used in joining dissimilar materials such as aluminium to copper [94], as the usual 
problems raised from intermetallic compound formation in FSW do not exist in FSSW. The existence of a hole is the 
main disadvantage of this process and therefore several procedures have been developed to overcome this problem. 
Refill friction stir welding uses a special designed tool to fill the hole whose schematic is presented in Fig. 22. The 
effectiveness of this process has been demonstrated for joining of dissimilar materials such as aluminium to steel 
[95]. In the case of dissimilar joining, a slight penetration into the bottom layer (which is chosen to be the harder 
material) is needed, in direct constrast to the similar welding in which the penetration into the bottom layer is high.

Fig. 21  a The inclination angle needed for first generation tools with concave shoulder. b, c the isometric side view and sectional view of 
third generation tools with convex shoulder and Archimedean spiral profile, respectively [10]. (Reprinted with permission from Elsevier)
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3.1.3  Self‑reacting FSW (SRFSQ)

This process is a self-supportive FSW process which utilizes a bobbin tool consisting of two shoulders and a pin (see 
Fig. 23). In this process, also named as Bobbin-Tool FSW (BT-FSW), the need for axial load decreases, as there is another 
shoulder in the other side of the main shoulder which supports the work piece [89]. The thermal cycle in this process has 
more importance than that of conventional FSW due to more significant heat generation caused by the use of two shoul-
ders. The vertical gap between the two shoulders, namely the Shoulder Pinching Gap, should be lower than the thickness 
of the material to provide a plunge depth of the upper and lower shoulder into the workpiece. This plunge depth, like 
conventional FSW, causes sufficient material flow and heat generation, whose absence causes the defect formation.

3.1.4  Penetrating FSW

This process utilizes a stationary shoulder with a blind hole to support the sheets from the back (Fig. 24). The end of 
the pin penetrates into this hole and the entire thickness of the sheets are touched by the pin, avoiding kissing bond 
formation at the root of the weld [97].

Fig. 22  Refill friction stir 
welding [96]. (Reprinted with 
permission from Elsevier)

Fig. 23  The tool of a conven-
tional and b BT-FSW
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3.1.5  Stationary shoulder friction stir welding (SSFSW)

This process uses a stationary shoulder which touches the upper surface but does not penetrate into the workpiece 
and therefore no thinning of the weld can occur [98]. Moreover, the heat generated by this method is controlled due to 
the absence of the rotation of the shoulder which suits it for cases where the heat conductivity is low like Ti [99] or for 
joining of dissimilar materials where the heat generation deteriorates the weld due to the formation of IMCs [100]. The 
reduction of IMC thickness and joint strength improvement [101] was observed during SSFSW of aluminium to copper 
[102]. It is also reported that a lower heat generation leads to a reduction in the residual stress during FSW of aluminium 
alloy [103]. SSFSW of Al6061 caused a uniform structure in the stir zone with a change in the texture with respect to the 
conventional FSW, which was attributed to the heat control [104].

3.1.6  Hot FSW

Hot FSW refers to those in which the temperature of the workpiece is intentionally raised during welding by additional 
processes. Hot FSW is used in the literature for various reasons. Joints made by FSW show a steep gradient of microstruc-
ture and hardness change in the advancing side, which is due to a high gradient of plastic strain. Li et al. [105] used TIG 
torch to preheat the front of the tool in the advancing side of an AA2219 alloy. This technique causes a smooth change in 
the microstructure and hardness along the weld line from the retreating side to the advancing side which consequently 
increases the joint strength. In cases where the melting point is high, such as steel, titanium, and nickel based super 
alloys, the heat generation during FSW is not high enough to cause plasticization and softening. Therefore, insufficient 
material flow may cause defect formation during welding [106]. To overcome this problem, a high rotation speed and a 
high axial load is needed which leads to severe wear of the tool [107]. External assisted FSW is used to provide additional 
heat to facilitate the softening of the material in order to reduce the required axial load and therefore reduce the wear of 
the tool [106]. Various methods of external heating are provided in the literature [106] such as induction assisted FSW, 
laser assisted FSW, electrically assisted FSW, arc assisted FSW and ultrasonic FSW. Raturi et al. [108] used a gas torch in 
front of the FSW tool to heat the aluminium alloys in order to change the texture and hardness of the weld nugget. A 
self-heated FSW tool was designed and fabricated to join polypropylene [109]. This heating caused better plasticization 
of the polymer and elimination of welding defects caused by insufficient material flow. A higher tensile strength of the 
joints was reported by using this technique.

3.1.7  Cold FSW

There are some purposes of cooling during FSW. Mahmoudiniya et al. [110] used a copper backing plate during FSW 
of DP700 (dual phase steel) to alleviate the softening in the HAZ. By doing so, both the tensile strength and elongation 
increased and the fracture location moved away from the HAZ to the base material. Aghajani et al. [111] used under-
water FSW to join polycarbonate. The increased cooling rate caused the viscosity to be higher during FSW and a higher 
chemical stability and a lower crystallinity of the stir zone was obtained which led to an increase of the joint strength. FSW 
under cold condition is reported to help to stabilize the grain size in the stir zone of AA2519 aluminium alloy by keeping 
the peak temperature below the dissolution temperature of precipitates [112]. Preservation of precipitates caused the 
Zener pressure to be high enough during the subsequent annealing to prevent the abnormal grain growth. Other than 

Fig. 24  Schematic of pen-
etrating FSW process [97]. 
(Reprinted with permission 
from Elsevier)
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the precipitates, the initial grain size can also affect the stability of the grains. When the welding was performed in a cold 
condition by using a copper backing plate, the grains in the bottom were finer which provided the stored energy for 
abnormal grain growth during the subsequent heat treatment [113]. Therefore, a balance needs to be realized between 
the preservation of precipitates and grain refinement, as the former inhibits and the latter provokes the abnormal grain 
growth. Under-water FSW leads to a dark surface finish of aluminium alloys because of the oxidation reaction between hot 
aluminium and water [114]. Under-water FSW, due to its capability to lower the peak temperature, can prevent softening 
in AA6082 leading to a raise in the joint strength up to 10.7% with respect to the conventional FSW [115]. High speed 
FSW at 4 m/min was performed to join AA6063 aluminium alloy by which a fine grain structure was obtained in the stir 
zone [116]. However, due to high loads on the pin which cause the breakage a very high rotation speed is needed as well.

3.1.8  Mechanical locking

This mechanism is used when a metallurgical bond cannot be obtained, such as whem welding a polymer to a metal. 
Although, not the main topic of this review, this mechanism is of note since it is also the dominant mechanism during 
similar welding of polymers [117]. Friction based filling stacking joining (FFSJ) was used by Huang et al. [118] to join a 
metal to polymer by filling a pre-fabricated hole in the metal with a stud. Friction stir dovetailing was used to join alu-
minium to steel by pre-fabricating a dovetail in steel and flowing of aluminium into it by FSW (Fig. 25). A part of this joint 
is metallurgical where an insert is in contact with steel, but the dominant mechanism of joining is mechanical interlocking.

3.2  Process monitoring

One of the most important characteristics of FSW machines is the high load bearing capacity of the spindle in the verti-
cal direction. This vertical load is necessary to induce the flow of material in the workpieces during welding. To induce 
this axial load, an inclination angle of the tool with respect to the vertical axis is essential when concave tools are used 
[120]. Hence, special machines dedicated to FSW are needed to perform this process. CNC machines which are used for 
machining can also be adopted for FSW but with special consideration to the axial load. Imani et al. [121] developed a 
right angle FSW process by utilizing a flat shoulder with spirals to be used on a CNC machine. In was reported that the 
axial load is reduced which makes this process suited for CNC machine.

Online monitoring of FSW is used for some purposes such as predicting and controlling the weld defects [122] or 
adjusting the parameters during the process [123]. Various sensors can be implemented in the FSW machine to measure 
force, torque, current, power, temperature, vibration, acoustic emission, and imaging to use them for online controlling 
[124]. Appropriate features of these data should be extracted by Digital signal processing (DSP) and digital image pro-
cessing (DIP) methods to be able to be used for online monitoring. Sudhager et al. [122] used the surface appearance 
of the welds made at various parameters to extract its features to be classified by support vector machine (SVM) with 
regard to the tensile strength. Stable Extremal Region (MSER) algorithm was used to extract the features of the welds 
successfully. Figure 26 shows the result of feature extraction of the weld surface to be used in SVM.

Fig. 25  Friction stir dovetail-
ing of aluminium to steel 
[119]. (Reprinted with permis-
sion from Elsevier)
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In addition to the surface appearance, the data obtained from various sensors can also be used for online monitor-
ing of the process. These sensors provide information about the process in real time helping to control the process. 
Roy et al. [125] used the power signals of the spindle and found it effective in controlling the defects during FSW 
of aluminium alloys. A multi-sensor approach was used by Mishra et al. [126] where a graphical user interface (GUI) 
was created in Labview software to receive data from three sensors which measure force, torque and power. This 
data was transmitted from the sensors to a cloud and the weld parameters were transmitted from the cloud to the 
machine by TCP/IP interface. Discrete Wavelet Transform (DWT) was used by them to extract information from the 
obtained signals. These data were used in a trained artificial neural network (ANN) to predict the UTS. When the pre-
dicted UTS was higher than the expected value, the FSW was maintained with the same parameters otherwise new 
welding parameters are to be chosen from another trained ANN which are sent to the machine. Figure 27 shows the 
procedure of this online monitoring.

Fig. 26  Feature extraction of 
the weld surface to be used in 
SVM for online image process-
ing of FSW [122]. (Reprinted 
with permission from Elsevier)

Fig. 27  The procedure of online monitoring of FSW by using the signals from various sensors [126]. (Reprinted with permission from Else-
vier)
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3.3  Process modelling

Modelling of the process helps to understand the effect of FSW parameters on thermal history and residual stress 
during FSW without the need to run several experiments [103]. Analytica solutions for calculating the temperature 
during FSW have been developed, so the need for the numerical simulation runs is avoided to a large extent. How-
ever, these formulations lack the potential to predict the material flow in FSW. Thermo-mechanical analysis of FSW 
is categorised in two approaches: Computational solid mechanics (CSM) and computational fluid mechanics (CFM) 
[127]. Flint et al. [128] proposed a volumetric heat source model to predict the spatial and temporal temperature 
during FSW. Their model, though fast and very efficient in modelling various stages of the process, is not as accurate 
as computational fluid dynamics (CFD) models. Bora et al. [129] developed an empirical formula to correlate the FSW 
variables with the peak temperature. They used a full-factorial design to do the FSW experiments and to obtain the 
peak temperature during each experiment. Finally, a mathematical model was developed which is helpful to predict 
the temperature at every FSW parameter. However, this mathematical model has several limitations. It can be used 
only for the selected material, tool, thickness and selected range of parameters. Furthermore, if cannot yield the 
spatial and temporal temperature in every point as it only yields the peak temperature only at a specific point. So, 
numerical solutions are still in a high demand to simulates FSW process. Decoupled thermo-mechanical analysis is 
helpful for obtaining the residual stress and temperature distribution during the FSW, neglecting the material flow 
during the welding [130]. For material flow, a fully coupled model is needed by which the thermal process and the 
mechanical process are coupled.

The sole thermal modelling was also used by Sarikavak et al. [131] to understand the effect of FSW parameters 
on heat distribution during FSW of several materials. In their model they used the formulations which took rotation 
speed, weld speed and axial pressure into account to calculate the heat generation. In their model they did not con-
sider directly the heat generated by plastic deformation. The heat generation by plastic deformation ( q

p
 ) is calculated 

according to the following equation [132]:

where � is a coefficient which describes the fraction of the plastic deformation work converted to heat, � is the equivalent 
stress and �̇� is the strain rate.

Three approaches Lagrangian, Eulerian and arbitrary Lagrangian–Eulerian (ALE) formulations can be chosen for 
finite element simulation [109]. In Lagrangian formulation the meshes are attached to the material and the meshes 
follow the material deformation which seems appropriate for FSW in which sever plastic deformation exists. How-
ever, large strains cause large distortion and to avoid this, very small step sizes are needed. In Eulerian formulation, 
the meshes are fixed and the material flows through the faces of the elements which is beneficial in avoiding the 
complications during simulation of large strains. This formulation needs a prior knowledge of the tool/workpiece 
contact length and geometry and it cannot resolve the flow detail which limits its application. It is mainly used in 
fluid dynamics [133]. ALE is developed to overcome the shortcomings of two approaches and can be used in large 
deformation problems. However, this method encounters divergency of numerical solution when excessive mesh 
distortion exists [134]. Coupled Eulerian–Lagrangian (CEL) method is reliably used to simulate the FSW process by 
which the tool is formulated as Lagrangian and the workpiece is formulated as Eulerian [135]. In this method, the 
interaction between the tool-workpiece is very important as it determines the material flow and heat generation 
[136]. Generally, the tool-workpiece interaction is a combination of sticking and slipping whose participations depend 
on several factors [137]. The Lagrangian body should be coupled with the Eulerian tool with a contact interaction 
(for example the Coulomb friction law). The higher the friction coefficient of the tool/workpiece the higher is the 
sticking dominant zone, as verified by an analytical model developed by Wang et al. [138].

In CFD approach the material is considered as non-Newtonian fluid and the conservation equation of mass, 
momentum, and energy for viscous fluid are used for analysing the thermo mechanical behaviour in FSW [127]. 
CFD needs less computational time with respect to CEL but the thermo mechanical fields obtained by CEL are more 
reliable [138]. Aghajani et al. [111] used CFD to model the material flow during FSW of polycarbonate both in the air 
and under the water. The viscosity of the polymer was related to the temperature and strain rate whose alteration 
during FSW and under-water FSW determined the material flow and the defect formation. Zhao et al. [139] used a 
pressure-dependent velocity boundary condition by which the effect of the welding speed on the shape of the stir 
zone could be accurately captured.

(1)q
p
= 𝛽𝜎�̇�
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Smoothed particle hydrodynamic is another approach used to simulate the material flow during welding to predict 
the defect formation [140]. This method is mesh-less and the computational units are nodes instead of elements, elimi-
nating the risk of element distortion [141].

3.4  Joint evaluation

3.4.1  Mechanical behaviour

The determinant factors in joint strength are of different nature in similar and dissimilar welding. In dissimilar welding, 
the mixing pattern of two materials as well as the formation of intermetallic compounds play the major role in mechani-
cal properties [142]. In similar welding the softening due to recrystallization and the kissing bond are the critical factors 
[143]. In the welds made by bobbin tool FSW a S-line defect appeared in the nugget zone which acted as the fracture 
site which is attributed to insufficient fragmentation of oxide layer at the faying surface [132]. In the spot welds made 
by FSSW the failure occurs in the joint area due to the stress and strain concentration around the hole which is inherent 
to the process [144]. In dissimilar welds the thickness and distribution of intermetallic compounds determine the joint 
strength, making the fracture behaviour to be brittle in most cases [145].

3.4.2  Metallographic examination

Metallography is usually used in both macro and micro scales. The macro scale images are used to observe the shape 
and the extent of the nugget and HAZ as well as the macro defects. The macro defect such as voids are usually formed 
in the junction of different flow zones [146]. It seems that when the frontier of the flow zones is not well consolidated in 
the junction, defects appear. The macrostructure image of the nugget formed by BT-FSW is symmetric in the upper and 
lower part due to the usage of two shoulders in both sides [147]. The macrostructure of a weld obtained by SSFSW misses 
the shoulder affected zone region and the widths of HAZ and TMAZ are reduced due to the reduced heat input [148].

3.4.3  Electron microscopy

Transmission electron microscopy (TEM) is usually used to observe the precipitates, subgrain boundaries, and disloca-
tions. This method is especially useful for precipitation hardening aluminium alloys in which the precipitates of different 
regions undergo different evolutions. In TMAZ of aluminium, the precipitates can be coarsened [149] or remain which 
depends on the peak temperature during the welding.

Scanning Electron Microscopy (SEM) is sued to observe the distribution and morphology of phases especially in the 
case of dissimilar welding. In this case, Back Scattered Electron (BSE) mode is helpful, as it provides a contrast of chemi-
cal composition in a grey scale. Dissimilar joining by FSW is mostly concerned with joining of Al with other materials 
such as copper, steel, magnesium, and titanium. The fragments of a material inside the other caused by the FSW tool 
rotation can be discernible by this method giving a good understanding of the process mechanism [150]. Figure 28a, b 
show the distribution of two Al and Ti at the interface and the stir zone of a join between these two metals. The micro 
cracks are also observable in the stir zone which are associated with intermetallic compounds formation. The formation 

Fig. 28  BSE image of the 
interface of Al and Ti joined 
by FSW showing: a the weld 
interface and b the mixing 
region and cracks in the stir 
zone [152]. (Reprinted with 
permission from Elsevier)
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of intermetallic compounds occurs in the case of dissimilar materials and their distribution and morphology and size are 
very important in determination of the mechanical properties of the joints. The Secondary Electron is useful in the study 
of fracture surface whose topology gives useful information about the mechanism of fracture [151].

3.4.4  Electron back scatter diffraction (EBSD) observations

EBSD is a strong tool to observe the texture, misorientation, and grain size. EBSD is a powerful tool to study the mecha-
nism of joining in FSW, as plastic deformation is the main mechanism in the process. This process is associated with 
recrystallization phenomenon whose mechanism can be estimated by EBSD results. In the case of aluminium alloys, 
every recrystallization mechanism is associated with a specific texture. For example, cube texture is a characteristic of 
discontinuous dynamic recrystallization [153]. Development of texture during FSW is attributed to the self-adaption of 
the crystallographic orientations by which the lowest energy for plastic flow is needed [154]. Imam et al. [155] used EBSD 
technique to study the texture around the FSW tool. They attributed the high angle grain boundaries to the mechanism 
of particle stimulated nucleation by which a random texture develops. Raturi et al. [108] used EBSD technique to study 
the effect of assisted heating on the misorientation distribution and texture in the advancing and the retreating sides 
of the friction stir welded aluminium alloys. They observed an increase in the high angle grain boundary fraction when 
using the heating (see Fig. 29).

Fig. 29  IPF and GB distribution of FSWed aluminum alloys: a without heating and b with heating [108]. (Reprinted with permission from 
Elsevier)
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The texture developed during FSW is critical in determination of the joint properties in Mg alloys which possess 
a hexagonal close-packed (HCP) structure. A strong 0001 texture is developed in the stir zone of Mg alloys whose 
tilting with respect to the applied load during the mechanical testing is determinant. When this texture is inclined 
48° with respect to the applied load, the yield stress decreases, because the shear load in these planed would be 
maximum [156]. Zhang et al. [157] showed that by post processing of the weld nugget by TIG welding the ductility 
of the joints increases which was attributed to the change of texture to a more random one. This is because in HCP 
structures, due to limitation of the active slipping systems for plastic deformation, the presence of texture limits the 
plasticity and therefore the ductility.

4  A general comparison of the processes

In order to have criteria for the selection of joining processes by plastic deformation, the advantages and disadvan-
tages of these processes must be compared. In this regard, several aspects are taken into account as can be seen 
in Table 1. Most sheet materials including metals, polymers and composites can be joined at least by one of the 
mechanical joining processes by plastic deformation and there is no limit to coated and painted sheets.

In these processes, samples do not require preparation except for those that make an interlock through a pre-hole 
like the hole clinching process. In FSW process, no special preparation is needed for both butt and lap configura-
tions. After designing a mechanical-based joining process by engineers, low-skilled operators can carry out joining 
operations. In FSW process, the technician must be trained well for both fixturing, tool selection, and setting the 
FSW parameters. The geometry of the tool, the tool rotation speed, the tool offset in the material (especially in the 
case of dissimilar ones) need to be chosen properly in order to obtain a sound joint. The forming force required 
in the mechanical-based joining methods is high due to cold plastic deformation applied to a small region. As a 
result of this, materials with high strength need to be selected for required tools, especially when one of the joining 
components is made of high strength materials. Compared to FSW process, the mechanical-based joining methods 
requires more complex tools. For FSW process, the tools can be made of cheap tool-steels when the light material 
such as aluminium and magnesium are involved in the joining process. In special cases such as joining of steels or 
titanium, the tools need to be made of expensive materials such as carbide-tungsten or Polycrystalline cubic boron 
nitride (PCBN). The initial investment for the equipment for mechanical-based joining methods is low and they can 
be usually performed on regular machines in industries. It is also possible to design portable equipment and tools 
for them to be used simply and quickly in production lines. The price of the FSW machine is relatively high which 
is dependent on the volume of the work, material, and thickness. One main advantage of the FSW process is that it 
can perform continuous, seamless joints while this is not possible in the case of mechanical-based joining methods. 
The FSW process is very sensitive to the parameters and several defects may appear during welding. As mentioned, 
the technician needs to be well trained to select the optimum parameters for each case. The mechanical joining 
processes are less sensitive to their parameters because deformation occurs at ambient temperature and there is no 
need to create a metallurgical connection.

Table 1  Comparative 
characteristics of the 
joining methods by plastic 
deformation

Processes Mechanical-based methods Metallurgical-based method (FSW)

Materials Most sheet materials (metals, 
polymers and composites)

All deformable materials

Sample preparation Low Low
Skill level required Low High
Tool cost High Low for light alloys
Fixtures needed Low High
Equipment cost Low High
Continuous seamless joint No Yes
Portability High Low
Sensitivity to process parameters Low High
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5  Summary and future perspective

In the present study, two joining technologies based on plastic deformation that can be used for manufacturing 
multi-material structures are discussed. Joining by plastic deformation, such as clinching, self-pierce riveting and 
other innovative processes, creates a mechanical bond between two materials and is capable of joining any pair of 
materials including metals, polymers and composites, at least one of which is deformable. The preparation techniques 
for these processes are not complex and costly. These processes are fast and do not need post processing. The change 
in microstructure during these processes is negligible and confined to a limited area. These processes are considered 
a spot joint and therefore cannot join a seam. Furthermore, a lap configuration is needed for them to make a joint. 
The FSW process, on the other hand, is based on a metallurgical bond produced by severe plastic deformation. With 
the FSW, the mechanical interlock, if present, has no significant contribution in the joining process, unless the process 
is designed to do so. FSW processes need robust fixturing due to the high torque of the tool in the materials. The 
microstructural changes in materials joined by FSW are high and can affect the quality of the joint. Hence, the char-
acterization techniques such as optical and electron microscopy are frequently used to evaluate these joints. These 
techniques are not used to evaluate joints made by mechanical interlocking because the microstructural changes 
are less important than the geometric ones.

The review of previous researches revealed that mechanical joining by plastic deformation, especially in recent years, 
is being extensively developed, which is actually a response to the growing needs for the sustainable manufacturing 
of the lightweight structures from advanced materials in the transportation sector. However, several challenges remain 
to be addressed. The flexibility of the mechanical joining processes based on plastic deformation is one of the topics 
that needs to be investigated in order to be able to connect new material combinations with the lowest cost and time. 
Joining metals with very different mechanical properties faces serious challenges, such as joining metals that have low 
ductility (e.g., magnesium), or have very high strength, (e.g., advanced high-strength steels) to other metals. There is 
also a need for processes that can effectively connect metals to composites and polymers. With the growing develop-
ment of printed materials, focus should be also placed on the connection of this type of materials. The hybrid processes 
showed that they are able to produce high-quality joints and, therefore, can be further developed to overcome some 
above-mentioned challenges. The evaluation of joints under loading conditions existing in industrial applications such 
as dynamic and cyclic loadings need to be given more attention in order to gain the confidence of industries for the 
use of these joints. Appropriate fracture models alongside their calibration tests should be developed for the joining 
processes of dissimilar materials and the destructive tests of joints in order to provide more accurate predictions for the 
process design and the joint evaluation. Due to the potential interchangeability of FSW and other processes mentioned, 
in addition to evaluating machining properties, life cycle analyses must be performed to provide comprehensive criteria 
for process selection that also consider environmental impacts and economic aspects.
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