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Abstract
Joining by plastic deformation, also called joining by forming techniques, has been developed as a powerful tool for joining a
broad range of similar and dissimilar materials in an environmentally friendly manner. Generally, the joining by forming
techniques fall into two distinctive categories, namelymechanical joining and solid state welding. In this paper, different methods
of joining by forming are studied from processing and manufacturing points of view. The article is arranged in three parts.
Mechanical joining processes will be discussed in this part A. Various processes in this category have been addressed individ-
ually. Principles of the processing, applicable materials, process variants, joint mechanical behavior including static and dynamic
performance, and various optimization techniques including experimental, numerical, and analytical approaches are the fields of
concentration in this study.
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1 Introduction

Generally, a product is a result of assembling various parts and
components. For example, a car or aircraft consists of thou-
sands of different components. These elements are assembled
by different joining techniques. Primary applications of a joint
are load transformation from one part to another one and cre-
ating relative motion between two or more parts.

Joints are the most critical parts of a structure, and when
loading, fracture usually occurs at the joining zones. However,
usage of the joints cannot be eliminated. Manufacturing and
transportation challenges are the main limitations of
manufacturing integrated structures, which makes the applica-
tion of joints inevitable. Because the joints are the most critical
parts of the structure and, on the other hand, their use in the
structure is unavoidable, obviously, there should be more at-
tention on the joining methods. Mechanical joining by fas-
teners, adhesive bonding, and fusion welding are the most
common joining techniques.

Mechanical fastening leads to property degradation due to
stress concentration around the joining zone. The evolution of
stresses around fastener holes, which induce strength degra-
dation and eventually create corrosion-related problems, non-
uniformly distributed loads which cause large local stresses,
increased component weight, and special mechanical opera-
tions required by the method, such as drilling of holes, making
screw threads, etc., prior to the joining process are some other
limitations of the mechanical joining. Adhesive bonding re-
quires long manufacturing time and is not applicable in some
corrosive environments and when the structure is exposed to
chemical compositions. Although the most durability and sta-
bility issues in engineering structures are fatigue related, but
the environmental resistance plays a major role in durability
issues of an adhesively bonded joint rather than fatigue loads.
The environmental resistance of an adhesive bond is deter-
mined by the chemical bonds formed during cure of the adhe-
sive and the resistance of the chemical bonds to environmental
degradation. Most in-service failures of the engineering struc-
tures are caused by environmental degradation of the interface
between the bonding surface and the adhesive. The tempera-
ture and moisture or environmental effects including humidi-
ty, solvents, corrosion, temperature extremes, thermal cycling,
etc., strongly affect the adhesively bonded joints [1]. On the
other hand, the degradation of the bondline mechanical prop-
erties due to either poor surface preparation or improper
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curing conditions is a major concern in adhesively bonded
joints [2].

Fusion welding techniques are not capable of joining dis-
similar materials, which is very important in hybrid structures
and high-performance applications. Nowadays, to achieve dif-
ferent properties at different zones of the product, utilizing
dissimilar materials become very common in automotive,
aerospace, marine, and military industries. For example, a
modern car body consists of steel, aluminum, magnesium,
and composite materials to achieve high strength at the pas-
senger compartment (also called safety cage) and large
deformability as well as high energy absorption in the crumple
zone. It ensures the best performance during a crash event.
Figure 1 illustrates the crumple zones and passenger compart-
ment (safety cage) for a car body and shows how a well-
designed car body behaves during the crash. Another impor-
tant reason to use dissimilar materials is weight reduction of
the vehicles to meet energy saving purposes. Recently, even a
hybrid car chassis is manufactured for some supercars such as
Ferrari, Lamborghini, and McLaren and even is extended for
some mass production cars such as BMW 7-series and Alfa
Romeo 4C [4], whereas previously, the car chassis was
manufactured only from steel by all automotive companies.

Joining this range of dissimilar materials by conventional
abovementioned joining techniques (fusion welding, adhesive
bonding, and mechanical fastening) is impossible or hard to
apply. The large differences between the physical and me-
chanical properties of the dissimilar materials are a big chal-
lenge when applying fusion welding techniques. For example,
the melting temperature of steel and aluminum differs about
800–900 °C; thus, at the time of reaching the melting point of
the steel, aluminum has completely destroyed. The galvanic
corrosion issues are another problem when joining dissimilar
materials. Galvanic corrosion (also called bimetallic corro-
sion) is an electrochemical process in which one metal cor-
rodes preferentially when it is in electrical contact (including
physical contact) with another, in the presence of an electro-
lyte. The combination of corrosion issues and local stresses in
a mechanically fastened joint is a highly destructive phenom-
enon leading to irreparable damages to the structure. Thus,

utilizing modern technologies should be considered for join-
ing dissimilar materials.

The use of plastic deformation to join materials is a rela-
tively new technology, which is developed in the last decades.
In such processes, plastic deformation applied to one or more
joining partner results in the partners to join together. This
joining method has a lot of advantages. Due to the disuse of
joining elements such as bolts, screws, rivets, and welding
electrodes, weight and cost reduction purposes could be met.
On the other hand, unlike to fusion welding, applying heat is
not required thus a considerable saving on the energy sources
can be achieved and subsequently the manufacturing cost can
be further reduced. Another advantage of disusing heat
sources is that thermal and residual stresses, as well as metal-
lurgical complaints, can be avoided. As mentioned above,
joints are the most critical parts of a structure, while in joining
by forming, due to phenomenon like strain hardening, the
strength of the joint can be increased considerably. In some
techniques, the joint strength superior to parent materials can
be achieved, which results in muchmore reliability of the joint
compared to other joining technologies. No emission of
fumes, sparks, and heat, as well as excellent capability in
joining dissimilar materials are some other advantages of join-
ing by forming.

As mentioned by Homberg et al. [5], a joint design must
be developed taking into account holistic aspects to ex-
clude suboptimal solutions. Furthermore, there are
influencing, partially conflicting requirements in the field
of material characteristics, design as well as production
engineering which have to be considered. As a designated
target for the joint design the according influencing factors,
as well as their influencing intersections on the joint de-
sign, should lead to solutions considering the central as-
pects of joint quality, cost, and time. The joining by
forming technologies can meet these requirements satisfac-
torily, because such technologies are generally high effi-
ciency, inexpensive, and rapid methods for joint
manufacturing.

Beside several advantages, joining by forming suffers
some limitations. It is hard to apply to low-formability

Fig. 1 Different mechanical
properties achieved on a car body
resulted by using dissimilar
materials: a safety cage and
crumple zone, b the behavior of
safety cage and crumple zone
during the crash event [3]
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materials. There are no standards for the processes [6], and
implementation of the processes requires a high technical
knowledge [7].

Joining by forming technologies are divided into two basic
categories: mechanical joining and metallurgical joining [6].
Metallurgical joining is based on intermetallic bonds and is
applicable for metallic parts only. The methods for obtaining
metallurgical joints are known as solid-state welding technol-
ogies. Unlike the metallurgical joints, mechanical joining
techniques can be applied to non-metallic elements too.
These methods themselves are subdivided into two categories:
form-fit joining and force-fit (interference-fit) joining. On
form-fit joining, the joint is a result of plastic deformation of
partners and creation of an interlock between them. While on
force-fit joining, residual stresses produced by plastic defor-
mation are the principal mechanism of joining. Mechanical
clinching and joining two tubes by electromagnetic compres-
sion are examples of form-fit and force-fit joining, respective-
ly. In some techniques, both the form-fit and force-fit mecha-
nisms occur. The material combination, the surface, and the
mechanical and thermal conditions influence the levels of ac-
tivation of each mechanism [8].

There are two comprehensive reviews on joining by
forming published in last years. Groche et al. [7] deeply fo-
cused on joining mechanisms and studied the mechanisms of
joint formation in different joining by forming processes and
categorized the methods based on these mechanisms. Mori
et al. [6] focused on the operations from amanufacturing point
of view. More recently Mori and Abe [9] published a review
article concentrating on the mechanical joining of aluminum
and high-strength steels (HSS). In the two former works, some
of the methods are discussed too briefly. Basic knowledge of
the process parameters is of extraordinary importance to ob-
tain a sound joint made by plastic deformation, which is not so
much focused on the prior reviews on joining by forming [6,
7]. On the other hand, the latter work is only focused on the
clinching, self-pierce riveting (SPR), and hemming of alumi-
num and HSS sheets and does not investigate other technolo-
gies, materials, and material combinations. Because of the
particular importance of joining by forming in modern high-
performance applications, a large number of studies and re-
searchers had been conducted within last 3 to 4 years, leading
to further development and optimization of the processes.

Furthermore, successful employment of joining by forming
technologies requires in-depth knowledge of the process prin-
ciples and parameters influencing the processes. Therefore, in
this paper, a more detailed study of the process principles is
provided; several works containing publications of last 3 years
are reviewed from a manufacturing point of view andmethods
of applying each process on different materials or material
combinations are investigated. Also, the joint mechanical per-
formance is an important field of concentration in this paper,
including tensile, shear and fatigue strengths as well as

elongation to failure, and the influence of process parameters
on these properties. Although the main focus is on the pro-
cessing and tooling conditions, process optimizations by var-
ious techniques including numerical approaches, finite ele-
ment (FE) simulations, analytical approaches, and different
designs of experiment methods like Taguchi method as well
as experimental procedures are reviewed in this work, because
of its importance on the accurate implementation of a process.

In the next section first, an overview is provided, and the
mechanical joints are categorized as mechanical joints by fas-
teners, clinching, SPR, hemming, rolling, die-less
hydroforming, joining by incremental forming, joining by
electromagnetic forming (EMF), joining shaft-hub connec-
tions, and other techniques. Processing and tooling conditions,
process variants, applicable materials, joint strength, and op-
timization techniques are investigated for each technology.
There are extensive studies and material about some tech-
niques, such as clinching and SPR. Thus, the sections address-
ing such techniques are subdivided into sub-sections. While
less attention from both academia and industry has been paid
to some techniques, such as rolling and there are a few studies
related, thus, such techniques are discussed in a single section
without any sub-section.

2 An overview on mechanical joints

Mechanical joints are categorized into two main groups: me-
chanical joining by fasteners and mechanical joining by
forming. The first group uses additional joining elements,
such as bolts, screws, and rivets. In joining of new materials,
these methods are applicable for joining composite materials,
which are hard to form due to their low elongation. In the case
of metals, usually, other joining technologies are preferred.
Due to the widespread use of mechanical fasteners in compos-
ite industries, there are many studies on the strength of these
joints and the influence of different parameters on the joint
strength. In an earlier work, joining of glass/polyester and
carbon/polyester composites by mechanical fasteners were
studied by Matthews et al. [10]. They categorized the
influencing parameters in three groups: material parameters,
design parameters, and fastener parameters. In this technique,
a predrilled hole on the joining partners is required. Thus
stress concentration takes place at the location of the hole
[11]. It is suggested to use glass fiber strips around bolt holes
to reduce stress concentration and subsequently increase the
joint strength. Geometrical parameters, such as fastener diam-
eter (d), the thickness of the composite laminate (t), the width
of the workpiece (w), and edge distance (e), are another critical
parameters influencing the joint strength [12].

The second group of mechanical joining is joining by
forming which utilizes some plastic deformation for joining
purposes. In such technologies, the joint is a result of
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interfacial stresses or creation of an interlock between the
joining partners. Unlike the metallurgical joints (see part B
and part C of this review article), there is no metallurgical
bonding at the interface of the workpieces. Thus, no surface
preparation is required [6]. Force-fit joints usually are
manufactured in tubular workpieces, two parts are aligned,
and a forming force either compression or expansion is ap-
plied to the interface area. For example in compression force-
fit joints, the forming force is applied on the outer surface of
the outer part where the collision between two parts, com-
presses them together and increasing the forming force, leads
to the plastic deformation of the outer portion and elastic de-
formation of the inner part. When the forming force is re-
leased, elastic recovery of both parts occurs. The plastically
deformed workpiece (i.e., in this case, the outer part) prevents
the complete elastic recovery of the other part (i.e., in this
instance the inner part), and resultantly, interfacial stresses
are created at the interface of two parts that cause a force-fit.
An important matter which should be considered in this type
of joints is that the plastic deformation of the second work-
piece (i.e., in this case, the inner part) should be controlled and
prevented because it negatively influences the joint strength
due to lack of the interfacial stresses caused by the elastic
recovery. Figure 2 shows the mechanism of joint formation
in the force-fit joints. In this mechanism, the joint strength is a
function of friction coefficient, interfacial stress, and contact
area of the joint.

In form-fit joints, the joint is a result of interlocking be-
tween the joining partners. In this case, there are no interfacial
stresses and the plastic deformation of the materials should be
controlled in ways that a proper interlock can be created.
Clinching is an example of such joints. In clinching which is
explained in more detail later, the die cavity controls the

plastic deformation. The cavity prevents the vertical flow of
the material; thus, the material flows in a radial direction, and
an interlock can be created. Figure 3 shows the mechanism of
joint formation in form-fit joints. In this arrangement, the joint
strength is a function of the amount of plastic deformation and
interlock and the strength of the material at the joining zone.

In this paper, various techniques leading to force-fit and
form-fit joining will be discussed individually. Table 1 sum-
marizes the most important features of the methods investigat-
ed in this paper. First, the fundamentals of the process and
applicable materials are explained; then the processing and
tooling parameters and their influence on the joint strength
and mechanical behavior are investigated; the joint strength
and different optimization methods with the aim of improve-
ment in the joint mechanical behavior are described. The par-
ticular variants of the processes (if any) are also discussed.

3 Clinching

3.1 Processing

Clinching is a joining process without additional or consum-
able joining elements, where only plastic deformation of both
workpieces leads to the joining. In this process, two sheets
either metallic or non-metallic, stack up, and experience a
locally severe plastic deformation applied by clinching equip-
ment. The pre-drilling step is not necessary on the sheets
(however, in some process, variants such as hole clinching
which will be discussed later, one of the sheets should be
pre-drilled), expensive equipment, and additional joining ele-
ments, and any surface preparation process [16] is not neces-
sary, all leading to considerable reduction in manufacturing

Fig. 2 a Mechanism of a force-fit joint [13]. b A force-fit joint of aluminum and carbon fiber reinforced plastic tubes manufactured by EMF [14]
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time and cost. The main drawbacks of the method are that it is
applicable only to the materials of relatively high formability
due to the locally severe plastic deformation of the work-
pieces, which may lead to cracking of the workpieces of lower
formability [17]. However, measures have been taken to im-
plement the process on materials of low ductility. Rectangular
(shear) clinching, preheating the workpieces, or increasing the
hydrostatic pressure and/or strain rate during the process are
among these measures, which will be discussed in the follow-
ing sections in more detail. The process applies to different
industries, such as automotive subassembly [18], building
components [19], and electrical appliances [20].

The clinching method is illustrated schematically in Fig. 4.
The clinching equipment has consisted of a punch and a die
and in some cases a blank-holder. First two sheets are stacked
up and placed on the die (step I), blank-holder, or any other
type of clamps which are used to fix the layers and to prevent
their relative motion or displacement on the die. Then, punch
is moved towards the punch-sided sheet and after contact, the
sheets start to deform plastically, and the material of both
sheets begins to flow towards the die cavity (step II). The
material of the lower sheet limits the vertical flow of the upper
sheet. Thus, it flows in the radial direction (step III) resulting
in a mechanical interlock between two layers (step IV). A
typical clinching equipment is illustrated in Fig. 5.

The joints made by clinching have some geometrical fea-
tures that primarily determine the joint quality, strength and

other mechanical properties. These features are illustrated in
Fig. 6 and are namely: neck thickness (tn), undercut (ts), and
thickness of the clinched zone or joint bottom thickness (X).

Dies with different geometrical features can be used for the
clinching process (Fig. 7). Fixed flat dies (Fig. 7c) and exten-
sible dies (Fig. 7a) are the most common ones [23]. Flat dies
are divided into two categories: simple and grooved dies. Abe
et al. [20] and Neugebauer et al. [24] utilized flat dies and
Lambiase and Ko [4], Lambiase [25], Lambiase and Di Ilio
[22], and Lambiase [26] used extensible dies for clinching
various materials. Other types of the dies are rectangular
(shear) dies (Fig. 7d) [27], which has lower applications com-
pared to other types. This type of die is generally utilized to
clinch materials of lower formability. Clinching with rectan-
gular dies is illustrated schematically in Fig. 8. In the rectan-
gular shear clinching process, the sheets are joined with partial
separation in the upper sheet. The sheets are joined by inter-
lock between the upper and lower sheets with upper sheet
separation in the short sides of a rectangle, whereas fracture
is prevented in the long sides of a rectangle. To obtain a certain
joint strength, both modulate interlock and minimum wall
thickness are required [28]. Lambiase et al. [29] investigated
the effect of die geometry on the quality of aluminum (Al)/
glass fiber reinforced plastic (GFRP) joint made by clinching.
They stated that round grooved dies are not proper for this
combination of materials because the GFRP crumbles fill the
die groove and the removal of crumbles from the die is time-

Fig. 3 a Mechanism of a form-fit joint [13]. b A form-fit joint of aluminum to aluminum manufactured by EMF [15]

Table 1 The most important features of the mechanical joining techniques

Joining technique Form-
fit

Force-
fit

Spot
joining

Continuous
joining

Direct
joining

Indirect
joining

Contact
joining

Non-
contact
joining

Sheet
joining

Tube/
profile
joining

Mechanical fastening × × ✓ × × ✓ ✓ ✓ ✓
Adhesive bonding × × ✓ ✓ × ✓ × ✓ ✓ ✓
Clinching ✓ * ✓ × ✓ × ✓ × ✓ ×
SPR ✓ * ✓ × × ✓ ✓ × ✓ ✓
Hemming ✓ × × ✓ ✓ × ✓ × ✓ ×
Rolling ✓ ✓ × ✓ ✓ × × ✓ × ✓
Die-less hydroforming ✓ ✓ × ✓ ✓ × × ✓ * ✓
Incremental forming ✓ * × ✓ * * * * ✓ ✓
Hydraulic/mechanical

crimping
✓ * × ✓ * * × ✓ × ✓

EMF ✓ ✓ * ✓ ✓ × * ✓ ✓ ✓
Lateral extrusion ✓ * × ✓ ✓ × ✓ × ✓

✓: utilized ×: not utilized *: partially utilized
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consuming. When using flat, due to higher hydrostatic stress,
a smaller undercut is created leading to joints of lower
strength. The best joint strength was achieved using extensible
dies, and shear dies created joints of intermediate strengths.

The toolset geometry and joining force (the force applied to
the workpieces by the punch) are the most critical factors
affecting the lock formation in clinching. The toolset geome-
try directly controls the material flow by generating different
stress states during the process. Also, the amount of undercut
and neck thickness is directly influenced by the joining force.
Generally, a higher joining force leads to a higher undercut
[30]. The effect of joining force differs in different toolsets.
For instance, Lambiase [31] found that when manufacturing a
hybridmetal/polymer joint, rectangular clinching tools require
lower joining forces as compared to round clinching tools.
Actually, other than depending on the materials flow stress
and thickness of the sheets, the joining force threshold (below
which the interlock is not formed) is highly influenced by the
clinching tools configuration and mainly by the developing
hydrostatic stress [32]. Generally, in shear clinching, the lower
joining forces can lead to a desirable undercut, but in other

toolsets, some higher joining forces are required to obtain a
sound undercut. In fact, with rectangular tools of the shear
clinching, a lower hydrostatic stress develops owing to the
shearing effect on the workpieces [31]. Ismail and Buang
[33] investigated the effect of punch speed and joining force
on the joint geometrical features, including undercut, neck
thickness, and bulge thickness, as well as the joint strength.
They concluded that increasing the joining force increases the
undercut and decreases the neck thickness and bulge thick-
ness. This increase led to an increase in joint strength in all the
samples. On the other hand, the increase in punch speed until a
certain point leads to an increase in the undercut and joint
strength, but the further increase will lead to a decrease in joint
strength. However, Zajkani and Salamati [34] obtained supe-
rior joint strength utilizing an ultra-high-speed punch. The
reason is that using such an ultra-high-speed punch leads to
great strain hardening resulted by high strain rate values,
which in turn, leads to a superior joint strength.

The joining force and toolset geometrical features also af-
fect the material characteristics in the processing zone. Krztoń
et al. [35] used the X-ray micro-diffraction technique to study
the effect of joining force and forming conditions on the
changes in austenite content of a dual-phase DP600 steel proc-
essed by clinching tools. They found that the austenite con-
tents in every deformed part decrease significantly depending
on the forming conditions. The amount of decrease in the

Fig. 4 Schematics of the clinching process [21]

Fig. 5 A typical clinching machine [22] Fig. 6 Interlocking conditions of a clinched joint [16]
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austenite content was observed to be higher in the die-sided
sheet for all the samples. On the other hand, the reduction of
the punch diameter lowers the austenite content in the necking
zone and the bulge zone as well. Lambiase et al. [17] stated
that the high deformation on the processing zone of the
clinched joints results in a drastic hardness increase stem from
material strain-hardening. However, this increase is dependent
on the work hardening characteristics of the processed mate-
rial. They studied the effect of forming temperature on the
micro-hardness distribution of AA 6082-T6. The highest in-
crease in micro-hardness was shown at the bottom protrusion,
regardless of the joining temperature, due to the severe plastic
flow. Comparing the micro-hardness distribution of speci-
mens produced at different temperatures, it was proved that
the micro-hardness of the punch-sided sheet zones reduces
with the joining temperature. This could be ascribed to a
higher strain-hardening of the material when joined at room

temperature and partial recovery annealing arising at higher
temperatures. On the other hand, the die-sided sheet seems to
be only marginally influenced by the joining temperature.
Indeed, because of the heating flux is directed towards the
punch-sided sheet, the die-sided sheet experiences a lower
temperature increase, which could explain the lower sensitiv-
ity to the joining temperature.

Different stress states can be produced on the workpieces
when utilizing different clinching toolsets. When round split
tools are used, the adoption of deeper dies involves a reduction
in the hydrostatic stress during upsetting (since the reduced
material flow), which leads to lower restricting action on the
material flow [32] and consequently, larger undercuts.
Besides, joints characterized by deeper bulges undergo to low-
er bearing stress acting on the die-sided sheet [31].
Nevertheless, deeper dies involve higher thinning on the
punch-sided sheet, which may also affect the mechanical

Fig. 7 The most common
clinching tools [22]

Fig. 8 Process sequence of rectangular (shear clinching): a initial positions, b separation in log side, c formation of interlock [28]
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behavior of the joints. Indeed, excessively deep dies may re-
sult in bulge fracture [29]. The flat dies can be regarded as
round tools with anvil depth of h = 0 mm. In this case, the
offsetting phase is negligible; thus, the neck thinning is re-
duced as compared to split dies with a certain height. The flat
dies promote high hydrostatic stresses during joining, which
restrain the material flow, and consequently, the undercut di-
mension. There is more compressive stress in flat clinching,
whereas tensile stress can be observed when clinching with
the contoured dies at the beginning of the process, which
increases the danger of crack formation in the hard to form
materials [24]. So, this is evident that the clinching toolset
should be selected considering the workpiece materials and
contributed flow stresses, the joining force available for the
process.

3.2 Materials

Clinching is a powerful technique for joining a broad range of
similar and dissimilar materials including metallic and non-
metallic parts. But, it is required to control the plastic defor-
mation carefully especially in materials of low formability or
to consider some special treatments to enhance the material
formability, such us increasing the hydrostatic stress [20] and
pre-heating the workpieces [24]. Using these techniques,
clinching is successfully applied for joining low formability
materials, such as titanium alloys [36], aluminum alloys [17],
magnesium alloys [24, 37], and copper alloys [38]. Clinching
can also be applied to high-strength materials, such as steel.
Lee et al. [39] utilized the clinching process for joining alu-
minum alloy AA5052 and DP780 steel, and Varis [40] joined
two high-strength structural steel sheets and introduced the
clinching as a suitable process for joining structural steels.
Abe et al. [41] joined the zinc-coated steel sheets, which are
of great importance in the automotive industry. They opti-
mized the shapes of punch and die by controlling the plastic
deformation of the sheets using the FE simulations to increase
the layer thickness of the coating of the joined sheets.

Clinching is a well-suitable process for joining any combi-
nation of dissimilar materials. During the clinching process,
the coating or paint layer of sheets will also plastically flow
with the plate plastic deformation without causing tearing
damage; therefore, the clinching process does not affect the
anti-corrosion performance of the sheets; so, it is a proper
method to join even materials of corrosion risk such as HSS
and aluminum [42].

It is essential to consider the arrangement of the materials
on the die when joining dissimilar materials by clinching. For
example, when joining Al/HSS, placing the steel sheet at the
punch side will lead to fracture of the steel sheet around the
punching zone due to low formability of HSS and placing it at
the die side will cause tensile stresses at the bulging region of
the other sheet leading to cracking on the steel sheet [20].

Prevention of these fractures can be achieved by optimization
of process tools including punch and die shape. Zhou et al.
[42] also investigated the configuration of the aluminum and
steel sheets and stated that placing the aluminum on the punch
side will lead to a more quality joint. Values of undercut and
neck thickness achieved by two configurations are listed in
Table 2. In this table, the HSS-Al means that HSS is the
punch-sided sheet and Al-HSS means that Al is the punch-
sided sheet.

It can be seen that when aluminum is punch-sided, neck
thickness is a little lower than the other configuration, but the
undercut is 2.5 times higher that leads to a considerable in-
crease in the strength. Usually, this is true for most material
combinations, to use the lower strength material at the punch
side. The fracture during the implementation of the process is
generally caused by the concentration of deformation around
the corner of the punch, or due to the tensile stress generated in
the bulged bottom into the groove of the die [20]. The former
one can be prevented using a lower strength punch-sided
sheet. Since deformation of the punch-sided sheet during the
clinching concentrates, the fracture occurs due to the small
ductility when using high-strength materials on the punch
side. On the other hand, the die-sided sheet generally experi-
ences a higher hydrostatic pressure generated by the clamping
device which facilitates the forming process and can over-
come the poor formability of the higher strength material.
Thus, it is recommended to use the higher strength material
on the die side. Another reason to use the lower strength ma-
terial on the punch side is due to the fact that the clinching tool
should be made of a harder material compared to the work-
pieces. Kaščák et al. [43] numerically (employing FEM sim-
ulation) and experimentally evaluated and monitored the wear
of a CrN coated clinching toolset when joining two sheets of
dual-phase DP600 steels. They found that the wear of the
clinching die is less pronounced as compared to the punch.
FEM analysis showed a maximum von Misses stress of
2991MPa in the punch corner radius and cracks were detected
in the punch corner radius vicinity using an SEM, while all
other critical zones exhibited only minor wear in the form of
removed spheroidal particles. Considering the fact that the
punch suffers higher wear compared to die reveals that it is
desirable to use the lower strength material on the punch side.
The effect of different coating materials on the wear of
clinching toolset was studied by Kaščák et al. [44]. Three
types of PVD coatings CrN, TiCN MP, and ZrN were

Table 2 Neck thickness and undercut values for two configurations of
HSS/Al joint

Configuration Neck thickness tn (mm) Undercut ts (mm)

HSS-Al 0.389 0.032

Al-HSS 0.345 0.079
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deposited on the surface of rigid dies for round mechanical
clinching and experimentally tested by joining of two
H220PD + Z steel sheets. The total number of 300 mechani-
cally clinched joints was produced by each pair of tools
(punch and die) and by each coating deposited. The samples
with 900 mechanically clinched joints were prepared.
Surfaces of die cavities were divided into five regions illus-
trated in Fig. 9 and scanned by SEM. Some galling was de-
tected in the RVD area of die cavity covered with the CrN and
ZrN coatings. This area remained intact in the case of TiCN
MP coating. The EDX qualitative analysis confirmed the pres-
ence of zinc and iron in the RVD area of CrN and ZrN coat-
ings. Relatively, planar VD and OD areas were worn only
slightly. Small spherical particles were removed from the sur-
face by the material flow, or they were plastically deformed by
the action of the normal and contact stresses. Compressive
forces or stresses are the main driving factor for galling and
adhesion. Levels of normal stress (in the Y direction) and
material flow along with the location of the contact pressure
maximum were evaluated by the FEA calculations. Tools (die
and punch) were modeled as deformable solid bodies without
coating. High levels of normal stress were evaluated in the
areas where the galling wear was observed, which was ROD
especially. Another highly loaded areas were RVD and VD.
Maximum levels of contact pressure were detected in the areas
of VD, RVD, and ROD. The material flow at each stage of
mechanical clinching, such as drawing, compression, and
interlocking, showed the direction of material flows and load-
ing curvature of the die cavity.

Clinching can be used to join non-metallic parts. Lüder
et al. [45] joined wood and aluminum by this process. By
increasing application of the polymeric materials and polymer
matrix composites (PMC) in various industries, applying
clinching on these elements becomes a field of interest.
Lambiase and Di Ilio [22] joined polystyrene (PS) and alumi-
num alloy AA5053 by clinching. To increase the formability
of the polymeric sheet, the pre-heating process was used.

Influence of clinching force and pre-heating time on the neck
thickness undercut, and shear strength is investigated.
Lambiase [26] stated that polymers, which have high tough-
ness at the room temperature such as polycarbonate (PC),
could be easily joined by clinching because these polymers
are not fractured under joining conditions even without pre-
heating. Polymers with low toughness and high yield strength,
such as polymethyl methacrylate (PMMA), are joinable by
pre-heating in proper time, and polymers with both little
toughness and yield strength, such as PS, are hard to join by
clinching.

Lambiase et al. [29] investigated the effect of the clinching
tools and workpiece thickness on the joinability of aluminum
and GFRP. GFRP sheet has minimal elongation (2.4%); thus,
it cannot be used on the punch side. Joining CFRP and alumi-
num by clinching is also investigated [4]. The CFRP used was
the thermosetting type, which cannot be pre-heated and has
very poor formability; it was used as a die-sided sheet, and an
extensible die was utilized for the experiments. Figure 10
shows the material flow during the process by applying
the punch force on the sheets; CFRP sheet delaminates
under the aluminum bulge. By increasing the punch stroke,
the CFRP is upset against the underlying die and fractures.
Thus, a hole in the CFRP sheet is formed, since there is a
complete cut of the carbon fibers surrounding the alumi-
num bulge, by a further increase in the punch stroke the
aluminum bulging is upset between the punch and the
CFRP and spreads radially, compacting the walls of the
CFRP hole resulting in the undercut. It is suggested that
a decrease in the punch taper angle and increase in the
punch diameter lead to more significant material flow and
subsequently a larger undercut.

3.3 Process variants

Applying the clinching on the high-strength materials,
such as advanced high-strength steels (AHSS) and CFRP,
faces some limitations due to the low formability of these
materials. The low formability of materials, in turn, leads
to some consequential problems, such as reduced undercut,
cracking in the necking zone, and incomplete or defective
clinch bulge. However, some considerations had been done
by some researchers, but generally, conventional clinching
is not the best way to join such materials. Figure 11 shows
some problems of joining AHSS and aluminum by conven-
tional clinching. As shown in Fig. 11a, the high strength of
the steel makes it difficult to achieve geometrical
interlocking with a punch or rivet. Figure 11b illustrates
the necking of the high-strength, low-ductility steel upper
sheet that occurs during clinching. Figure 11c shows a split
that the top sheet causes in the lower sheet owing to the
difference in strengths of the two materials. To address
such limitations, some special modifications are appliedFig. 9 Different regions on the die cavity to be scanned by SEM [44]
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to the conventional clinching, each of which leads to de-
velop a unique process variant, with the aim to minimize a
particular limitation of the process.

A particular variation of the process was developed to join
high-strength materials, so-called hole-clinching. In this pro-
cess, a hole is predrilled on the high-strength material, and
then it is used as the die-sided sheet, after punching, the ma-
terial of the formable sheet bulges onto the predrilled hole, and
the die cavity helps to the creation of the interlock. The

schematics of the process is shown in Fig. 12. Lee et al. [46]
used hole clinching to join aluminum alloy AA6061-T4 to
DP780 HSS, hot pressed 22MnB5, and CFRP. Aluminum is
used as a deformable material, and a numerical and analytical
approach was used to design the tools of the process. Lee et al.
[47] numerically and experimentally investigated the hole-
clinching of SPRC440 and CFRP. Influence of geometrical
features of the clinching tools including punch diameter and
punch corner radius on the joint strength was investigated.

Fig. 11 Typical problems in
mechanical clinching of AHSS
and aluminum [46]

Fig. 10 Material flow in clinching aluminum and CFRP in different punch strokes [4]
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They obtained a maximum shear strength of about 3.5 kN that
is a considerable value.

Zajkani and Salamati [34] introduced an electromagnetical-
ly assisted hole-clinching of the aluminum and CFRP. An
actuator disk made of aluminum is attached to the punch that
translates the magnetic field to the punch. As a result, the
punch strokes the aluminum sheet with a high velocity.
Therefore, the strain rate of the process is so high leading to
high strain hardening at the clinched zone as compared to the
conventional clinching. This results in greater strength of the
clinched region and subsequently a higher strength joint.

An important design parameter of the hole-clinching is that
the hole of the high-strength material and the punch should be
aligned coaxially that needs high precision. Otherwise, the
material of the high-strength sheet around the hole would
prevent complete bulging of the deformable sheet, resulting
in a defective joint. One other significant limitation of the
process is high manufacturing time due to the need for the
predrilling process. Busse et al. [48] developed a modified
clinching equipment to meet this challenge. In this method,
a ductile material and a very brittle material can be joined
together in a one-step continuous process without the need
to predrilling. The material with high formability lies on the
punch side and the high-strength material on the die side.
Then punching of the die-sided high-strength material is per-
formed by indirect shear-cutting and subsequent forming of
the deformable material into this hole, see Fig. 13. The use of
the punch set consisting of outer and inner punch realizes the
indirect shear-cutting operation of the die-sided material.
During the process, a fixed die anvil causes the radial material
flow of the punch side ductile material. The lateral extrusion
process is controlled by the opening of the die lamellae, and
the resulting interlock between the joined materials creates a
form-fitting, non-positive connection [49]. This process is so-
called shear clinching that is a hybrid process combining the
shear-cutting and clinching and prevents high manufacturing
times. Han et al. [50] investigated the influence of the punch
geometry on the deformation of specimens and occurring tool

loads in shear-clinching processes. They found that both,
using a blank holder with chamfer and reducing the outer
diameter of the outer punch lead to a decrease of the bending
of the joint sample. However, while the slim outer punch
results in a lower force during joining, the force increases
for the variation with the added chamfer. By combining both
geometrical adaptions, a distinct decrease in the bending of the
joint sample is achieved. Moreover, the maximum process
force is reduced, too.

Hörhold et al. [51] introduced shear-clinching and hole-
clinching as the solutions to clinch hard to formmaterials such
as ultra-high-strength steels (UHSS). As a case study, they
used these two processes to clinch AA 6016-T4 to 22MnB5.
The aluminum alloy is used as the punch-sided material and
the steel as die-sided one. They compared the mechanical
performance of the joints manufactured by two techniques
under tensile and shear loading. It should be mentioned that
the effect of pre-drilled hole geometry on the load-bearing
capacity of the joint manufactured by hole-clinching is also
investigated. A cylindrical and a tapered hole geometry is
considered for the investigations. Based on the results, under
shear load, the cylindrical pre-hole bears 3.51 kN. The tapered
pre-hole bears the maximum shear load of 4.11 kN. Under
tensile load, the results of maximum force and displacement
are not significantly different. The cylindrical pre-hole with-
stands 1.99 kN, the tapered pre-hole reaches a maximum ten-
sile strength of 2.16 kN on average. While, under shear load,
the shear-clinched specimens bear about 3.83 kN on average.
Under tensile load, the maximum load decreases to 1.76 kN.
Notably, the displacement until the break is significantly low-
er. Due to the formation of the lower and upper neck thickness,
the aluminum is more highly deformed, and the lower neck
thickness is thinner (0.54 mm) than the neck thickness of the
tapered pre-hole (0.87 mm). The neck fracture occurs earlier,
but still, both tests show a high level of load capacity.

Other particular variants of the clinching process are intro-
duced in some literature, each of which is suitable for a unique
application. Abibe et al. [52] proposed injection clinching

Fig. 12 Schematic of the hole-
clinching process [46]
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joining (ICJ) as a method for joining polymeric materials to
metallic ones. The process is based on staking, injection mold-
ing, and mechanical fastening. This is a staking joining tech-
nology for multi-material structures, which can join polymers
or PMC to other materials including metals, ceramics, or other
polymeric materials. Schematics of the process is shown in
Fig. 14. A polymeric part with a protruding stud is pre-
assembled with a pre-drilled joining partner so that the stud
fits in the hole. A hot case contains the polymeric stud and
then reaches the pre-assembled parts with the punch-piston.
The stud is heated at a certain temperature for a pre-
determined joining time, after which, the punch-piston pushes
the molten or softened polymer into the hole. Then the system
is cooled under pressure to reduce the polymer thermal deg-
radation, and the joint is consolidated. Abibe et al. [53] inves-
tigated the strength and failure modes of AA2024-T351/short
glass fiber reinforced polyamide 6.6 (PA66-GF) joints made
by injection clinching. A shear stress of 60 MPa was achieved
for the joints.

Neugebauer et al. [54] utilized the pressure of a high-
pressure fluid, as the driving force of the clinching process.

In this case, the fluid works as a punch replacement. Figure 15
shows the process sequence; first joining partners (3 and 4) are
brought into contact with the hydroforming tool (2) by the
fluid (5). During calibration, the hydroformed sheet (4) is
pressed through a hole in the part to be attached (3). The punch
(1) is withdrawn, to avoid bursting and to ensure a higher
forming level at the produced bulb. Subsequently, the punch
is set towards the high-pressure fluid. Because the high-
pressure fluid prevents the back forming, the material that
has been pressed through the hole is spread and develops an
interlock.

Another variant of the process is dieless clinching, where
two parts to be joined are lying partially overlapped on a flat
anvil (see Fig. 16). Clamp and the punch are moved together
towards the parts to be joined. First, the clamp gets into con-
tact with the upper sheet, and a limited pressure is applied to
the sheets, without deforming them. Then the punch is pressed
directly into the parts, with high force. The material of the
parts is displaced partially and flows in the opposite direction
to the movement of the punch. Thereby, pushing the clamp
upwards. Thus, an elevation is formed on the downside of the

Fig. 13 Shear-clinching hybrid
technology [48]

Fig. 14 Steps of injection clinching [52]
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bottom sheet. The size of this elevation is increasing the fur-
ther the punch is pressed into the sheets. As soon as the ma-
terial of the upper sheet has come into contact with the shoul-
der of the punch, the material flow against the movement of
the punch is stopped. When the punch is pressed even further
into the sheets, the elevation at the downside of the bottom
sheet is flattened, and the material displaced by the punch is
forced to flow in a radial direction, thus forming an interlock
between the parts [37].

Chen et al. [55] introduced a two-step clinching process
that lowers the protrusion height of the joint that can be ap-
plied in the visible areas of a structure where a lower protru-
sion height is required to meet esthetic requirements.
Furthermore, it is proved that both the tensile and shear
strengths of the joints manufactured by this process are higher
than those of conventional clinching. The first stage of the
process is precisely the traditional clinching by extensible
dies, subsequently followed by an upsetting process in the
protrusion extending out of the clinched zone, using a pair
of flat upsetting dies and a clinch-rivet. The clinch-rivet which
was embedded in the pit of the joint was applied to control the
material flow in the second stage.

A hybrid clinching riveting technique so-called
ClinchRiveting is one other process variant. The
ClinchRiveting is a cold process for joining two or more
sheets by directly piercing the sheets with a special rivet.
Since the ClinchRiveting process does not require a pre-

drilled hole unlike the conventional riveting, the joining speed
is the same level as that of the spot resistance welding, and the
equipment is similar. As depicted in Fig. 17, the joint is
formed by a rivet, the punch, under pressure conveyed by a
hydraulic power device, pushes the rivet to penetrate into the
top plate, and the die shape causes the rivet to flare within the
lower sheet to form a mechanical interlock [57]. This process,
therefore, requires access to both sides of the joint. It is similar
to the clinching process, which is used without any additional
elements. Like the conventional clinching, the main advantage
of ClinchRiveting technology is low running costs, since the
processed components need not be heated. Only a die and a
punch are used to press the sheet components to finish the
whole joining process. The incomparable advantages of CR
in practical production are as follows: no joining hot-stress has
been produced, no poisonous gas has been given off, there is
little noise in the process, the energy consumption is low, and
this process leads to no damage to surface coating and does
not require any predrilling of holes to the joined materials
[57]. Compared with the conventional clinching, the main
advantage of ClinchRiveting is to increase the joint strength
[56] because of the existence of a solid rivet in the clinched
hole. The rivet in the clinched hole increases stiffness; thus the
ClinchRiveted joints feature higher load-carrying ability [58].
Mucha and Witkowski [56] found the maximum shear
strength of ClinchRiveted joint of steel sheets 45% higher than
conventional clinched joints of the same materials. Also, the

Fig. 15 Operational sequence of hydro clinching [54]

Fig. 16 Operational sequence of dieless clinching [37]
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destruction energy for ClinchRiveted joint was more than
twice as that for the conventional clinched joint. The main
drawbacks are to increase the forming force required for the
process and to increase the weight of the structure because of
the existence of steel rivets. Mostly, steel rivets are used in the
ClinchRiveting process. The ClinchRiveting using aluminum
rivets is indeed a challenging task, since the strength of alu-
minum alloys is much weaker than that of steels. The alumi-
num rivet can be easily deformed when compressed into the
plates, and hence, no interlock is formed [57]. On the other
hand, the forming force is higher than that in conventional
clinching. Using the rivets increases the energy required for
its deformation and creating the interlock [56].

Zhang et al. [59] proposed a new hybrid technology called
resistance spot clinching (RSC) and implemented the process
to join two sheets of AA 5052. The process sequence of RSC
is similar to conventional clinching, which includes an addi-
tional current passing phase. One cycle of the RSC process
consists of four phases (i.e., initial, forging, melting, and de-
tachment phases). These stages are described as follows: (1) in
the initial phase, the workpieces are clamped together between
the punch and the die; a thin processing tape is also inserted
between the toolset and the AA 5052 sheets. (2) A period of
low-level current passes through the metal sheets during forg-
ing when the punch is driven down towards the die. In this
phase, a dent is formed locally in the joining zone. (3) During
the melting phase, the joining zone of AA 5052 is melted by
the heat generated by a period of high-level current. (4) After
the workpieces are joined, the punch moves back to its initial
position, and the processing tape is removed from the joining
spot. Compared with the traditional resistance spot welding
(RSW) process, the RSC technique is energy-efficient and
yields joints with a superior tensile property. Furthermore,
owing to its low electrical and thermal conductivity, the pro-
cessing tape acts as an additional heat source and barrier to
heat dissipation during the process. A large fusion zone is
realized, even if the energy input is low. Zhang et al. [60]
utilized the RSC process to join AA 5754 and DQSK steel.
In this material configuration, the liquid aluminum alloy
reacted with the solid steel to form a layer of Al–Fe interme-
tallic compounds, which joined the two metal sheets together.
The Al–Fe intermetallic compounds layer at the Al/steel

interface in the clinched–welded joint was thinner and
smoother than that in the spot-welded joint, leading to in-
creased joint strength and toughness. On the other hand, dig-
ital image correlation analysis of the Al/steel dissimilar joints
revealed that during the tensile–shear testing of the clinched–
welded joint, the main strain region avoided the Al–Fe inter-
metallic compounds layer (the weak point of the joint). This
structural merit coupled with metallurgical factors substantial-
ly increased the joint toughness. With adequate heat input, the
energy absorption ability of the Al/steel clinched–welded joint
was nearly three times that of the Al/steel spot-welded joint.

Wang et al. [61] proposed a novel clinching technique for
ultra-thin metallic foils using a laser shock wave. The basic
schematic diagram of micro-clinching with cutting by laser
shock forming is shown in Fig. 18. Metal foils can be joined
using this specific joining device, which includes the blank
holder, confinement layer, ablative layer, soft punch, metal
foils, mold sliders, spacer, mold substrate, and die anvil.
When a high energy laser beam is focused onto the ablative
layer through the transparent confinement layer, one part of
the ablative layer is vaporized instantaneously into a high-
temperature and high-pressure plasma after absorbing a large
amount of laser energy. The plasma continues to absorb the
laser energy, and the rapid deposition of laser energy ignites
the plasma and changes into a laser-supported detonation
wave. Under the constraints of the confinement layer and
blank holder, the induced shock wave can only propagate
downwards and generate tremendous impact on the soft
punch. As the soft punch is incompressible and hyper-elastic,
the shock wave will load on the metal foils after propagating
in the soft punch. Under the combined action of the impact
load and the micro-mold, the metal foils are subjected to a
considerable shear stress at the fillet of the mold and a series
of physical processes—such as elastic deformation, plastic
deformation, and fracture—are completed. Subsequently, the
lower foil is cut off, and the material of the upper foil flows
into the mold. A certain interlock is generated by the material
flow, which can hook the upper and lower metal foils together.
Eventually, the metal foils under the micro-scale are clinched
with cutting by laser shock forming. The necessary condition
for the process of micro-clinching with cutting by laser shock
forming is the generation of interlock without fracture of

Fig. 17 a Process sequence of ClinchRiveting. b Schematic representation of a ClinchRiveted joint [56]
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upper foils. The interlock between metal foils ensures the ap-
propriate joining strength. However, the fracture of upper foils
destroys the air tightness and water tightness of the joints and
accelerates the corrosion of the joints.

In the work of Wang et al. [61], PMMA was used as the
confinement layer. Given the increase in laser energy, the con-
finement layer (PMMA) constantly broke along the laser path
after a single laser shock, which blocked the following laser.
To address this problem,Wang et al. [62] employed a waterfall
as a confinement layer instead of PMMA in the experiment
system. Meanwhile, aluminum foil was used as the ablative
layer in almost all of the industrial applications, because of its
excellent toughness and easy maneuverability. Thus, they also
adopted aluminum foil as the ablative layer. Compared with
aluminum foil, black paint might be partly brushed away by
the waterfall and could not be instantly complemented to suit
several laser shocks. The rest of the process is similar to the
abovementioned work of Wang et al. [61].

3.3.1 Heat assisted clinching

Many materials of poor formability have been successfully
joined just by means of heating. Osten et al. [63] remark that
in order to realize the clinching of high-strength materials,
such as HSS, the sheet can be heated locally at the joint, to
improve ductility. There are various heat-assisted techniques
for clinching the brittle materials. Either a simple setup
consisted of a heating gun (inductive heating or convective
heating) or some more complex techniques such as laser
heating, resistance assisted heating, ultrasonic assisted heating
and friction-assisted heating can be used to preheat the work-
pieces. Lambiase [64] used a system consisted of a heater gun
to manufacture AA6082-T6 joints and investigated the effect
of preheating position (whether the heating gun is placed to-
wards the punch-sided or die-sided sheet). They claimed that
the employment of preheating represents a viable solution to
control the material flow in the clinching process other than

increasing the formability of the sheets. Indeed, when the air-
flow is directed towards the punch-sided sheet, the develop-
ment of cracks at the neck can be prevented by improving
material formability. On the other hand, if the heating airflow
is directed towards the die-sided sheet, thicker necks can be
produced since the die-sided sheet exerts a minor restraining
effect during the offsetting phase. Besides these advantages,
they remarked that the main drawback in the adoption of
preheating on heat treatable alloys, other than increasing the
complexity of the machines also resulting in higher costs,
could be represented by decreasing the local hardness of the
material because of increase in grain and precipitates
dimensions.

The ultrasonic assisted clinching is another way to reduce
the forming force required to clinch the materials and to apply
the process for the high-strength and hard to form materials.
The ultrasonic vibration can induce softening effect to metals.
The ultrasonic softening effect is affected by not only the
ultrasonic vibration amplitude but also the vibration frequen-
cy. The mechanism of ultrasonic softening effect lies in the
fact that the ultrasonic vibration acts like high frequency
impacting to the samples, refines the grain size in the sample,
and leads to localized plastic deformation, which causes an
unload phenomenon [65]. When the clinching process is
superimposed by an ultrasonic oscillation, the uniform motion
of the punch is overlayed with a high-frequency vibration. The
punch oscillates with a certain frequency and amplitude dur-
ing down-stroke and up-stroke. Superimposing a clinching
process with ultrasonic excitation induces higher temperatures
in the sheets. Thermo-mechanical tests show a correlation
between the increased temperatures and the reduced forming
force [66]. It should be mentioned that the residual effect
caused by ultrasonic vibration is quite material sensitive. For
example, residual hardening occurs for aluminum and residual
softening for titanium. The residual yield stress and strain
hardening rate is also sensitive to the vibration amplitude,
frequency, as well as the vibration duration [65]. Since in the

Fig. 18 Schematic representation of clinching by laser shock forming [61]
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clinching the joint is a part of sheet metal, the strain hardening
rate and residual yield stress at the joining zone are such im-
portant issues to be considered to achieve a high-strength
joint. Mizushima et al. [67] applied ultrasonic vibrations dur-
ing a clinching process for aluminum sheets in two types of
ultrasonic vibration modes: the maximum-displacement–am-
plitude mode and the maximum-stress–amplitude mode. The
application of ultrasonic vibrations in the maximum-displace-
ment–amplitude mode improved the joint strength slightly;
however, the amplitude of the applied ultrasonic vibrations
was restricted because of crack generation. On the other hand,
the application of ultrasonic vibrations in the maximum-
stress–amplitude mode generated a vortex flow, and this vor-
tex flow led to a stirring effect. Because of this stirring effect,
the joint interfaces vanished, thereby; leading to the metallic
adhesion and 60% improvement in the joint strength was ob-
tained. This stirring effect promises to produce more advanced
joining methods and grain refinement methods.

Laser-assisted clinching is the most complex heat-assisted
clinching technique and probably, the most expensive one.
Utilizing a laser beam to heat up the workpieces in clinching
process was first patented by Beyer et al. [68] and was applied
to clinch middle strength steels. With this new method, the
overlap section is heated locally by a laser during the clinching
process. As long as the heating is confined to the joint area, the
properties of the material away from the joint should be un-
changed by the joining process [69]. Reich et al. [70] aimed to
apply the process for HSS 22MnB5. Figure 19 shows the
cross-sectional image of laser-assisted clinched joint of 1.3-
mm thick 22MnB5 (as the punch-sided sheet) and 1.5-mm
thick HC500LA (as the die-sided sheet). Reich et al.
thermomechanically analyzed the deformation behavior of
22MnB5 steel under laser-assisted clinching process. They
found that the flow stress of the 22MnB5 decreases from

about 1400 MPA at 300 °C to about 200 MPa at 650 °C, thus
preheating using a laser beam significantly facilitates the
forming process. Therefore, the 22MnB5 martensitic steel
could be clinched for the very first time by laser assistance.
The authors also determined the phase transformations during
short time heating using calorimetry and dilatometry and ob-
tained good agreement between the numerical and experimen-
tal results.

Chen et al. [71] proposed an innovative hybrid technology
combining the hot stamping and clinching processes to clinch
UHSS. The mechanical clinching of UHSS sheets is difficult
because UHSS have low ductility so that fractures can occur
in the joint area. To avoid this defect and improve the joint
strength for the clinching of UHSS, hot stamping technology
is used for the clinching process. Chen et al. [71] improved the
joint strength of mechanical clinching by using hot stamping
technology. The results show that the interlock value is 15%
greater than the value when there is no heating process. The
neck thickness is 5% less than the value for cold stamping
clinching. The static strength of the joined sheets is 27% great-
er than that for cold stamping clinching. The preheating pro-
cess also increases the ability of the material to flow. The
stamping load decreases by 77%, compared to the cold
clinching process. Compared to traditional cold clinching,
the number of production processes and the cycle time are
increased, and the equipment is more costly. Most of the sheet
parts that are to be connected are also large and complex, so
they cannot be sent to a furnace for the heating process.
Therefore, the traditional hot stamping process is unrealistic
to combine the clinching process to joint general sheets. Thus
Chen and Cai [72] developed a new tool to complete this task.
They integrated a forming system, a heating system, and a
cooling system and designed a hot stamping clinching tool
in a single setup. They replaced the traditional heating furnace
by resistance heating technology to achieve in-die heating.
The hot stamping clinching tool is illustrated in Fig. 20, and
its operational sequence is controlled by a PLC system. The
initial position is that the upper setting is fixed on a moving
bed, and the lower setting is fastened on a fixed bed. During
the operating sequence is, the upper setting moves down but
stops moving as soon as the electrodes clamp the sheets. The
power for the heating system is then turned on to enable re-
sistance heating until the sheet temperature in the central re-
gion reaches 900 °C. At this moment, the upper setting con-
tinues to move down. When the blank holder touches the
plate, the forming and quenching process is starting. The up-
per dies then remains stationary for a few seconds, until the
temperature of the sheets cools to room temperature. Finally,
the upper setting is moved up to the original position and the
process finishes. The material flows better at high tempera-
tures, and a promising tensile strength was obtained for the
joint samples. The tensile strength at the processing zone is
increased up to about 2500 MPa that is a considerable value

Fig. 19 Cross-section of laser-assisted clinching joint (tn: neck thickness,
ts: undercut, DP = punch diameter, X: thickness of the clinched button)

276 Int J Adv Manuf Technol (2019) 101:261–315



compared to the tensile strength of the base material
(665 MPa). In this process, the cooling rate is a critical factor
in the final microstructure of the processed material. Thus, it is
essential to control the cooling rate carefully to get better joint
characteristics.

Although the heat-assisted clinching methods allowed to
improve the material formability, they introduce further con-
cerns including efficiency of energy consumption (convective
heating), difficulty to integrate the system directly on the
clinching press (flame heating), production of thermal distor-
tions (as expected by flame heating), relatively high cost of the
heating system (laser and induction systems), and safety is-
sues for the operator (laser-assisted clinching) [73]. Thus, a
more effective way to heat up the workpieces is to use a
rotational tool. The adoption of the rotating tool enables to
significantly increase the aluminum temperature (up to

300 °C) that comes with higher formability [74]. The adoption
of the rotating tool enables to achieve sound joints without
cracks at the necking zone, and the great increase in the ma-
terial formability enables using very sharp tools (with a fillet
radius up to 0 mm) that comes with the higher material flow
and consequently larger undercuts. Another advantage of
friction-assisted clinching (FAC) is to reduce the joining force
significantly. Lambiase and Paoletti [74] joined 2.0-mm thick
AA6061 and CFRP sheets with a joining force of almost
300 N that is decidedly smaller as compared to that usually
involved in conventional clinching that typically ranges be-
tween 10 and 20 kN.

FAC is a promising technique tomanufacture hybrid metal/
polymer joints. In the FAC of metallic to polymeric parts, the
heat is conducted towards the metal-polymer interface. As a
result, physical, chemical, and either mechanical joining can

Fig. 20 Schematic representation of the hot stamping clinching toolset [72]
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be achieved between the substrates depending on the chemical
affinity and roughness of the materials. In this case, the poly-
mer exceeds the glass transition temperature (Tg) and softens,
enabling the formation of the joint with the metal part [75].
The mechanical joining mechanism created in this case leads
to the friction-assisted clinched joints, while the process is
called friction-assisted joining (FAJ) when the physical and
chemical bonds are responsible for the joining mechanism.
The joint mechanism and morphology are different in FAC
and FAJ. A similar process to the FAC utilizing a rotational
tool to clinch two metallic sheets by metallurgical bonds is
called friction stir clinching (FSC) and will be covered in part
B of this review study. Table 3 provides a summarized repre-
sentation of clinching process variants and the problems they
enabled to overcome.

3.4 Joint strength and optimizations

The strength of a joint can be studied from two aspects: static
strength and dynamic strength. Clinching is a spot joint, and
thus, its strength usually is compared to other spot joining
techniques, such as SPR (see Sect. 4) and RSW. It is crucial
to avoid the fractured zones around the clinching zone, be-
cause these fractures, however, to be small, would decrease
the static and dynamic strength of the joint drastically [29].
Mota and Costa [76] compared the strength of the clinched
joints and spot welds and obtained that the strength of the
clinched joints is 50–70% weaker than the spot welding.
Mucha [77] investigated the effect of sheet thickness on the
mechanical behavior of the clinched joints for automotive
applications. They stated that a considerable increase in the
joint strength can be achieved when the thicker sheet is placed
on the punch side and the thinner one at the die side. They also
find that by increasing the clinched zone diameter or increas-
ing the number of clinched zones, the joint strength can be
increased considerably. Zajkani and Salamati [34] also
achieved a considerable increase in joint strength by increas-
ing the thickness of the workpieces. The reason is that at
thinner workpieces, the neck thickness becomes very small
that negatively influences the joint strength. The mechanical
behavior of the clinched joints and hybrid adhesive-clinching
joints is investigated by He et al. [78]. Using the adhesive
layer between two sheets would increase the shear strength
and energy absorption of the clinched joints. However, the
increase in shear strength is not considerable (only 2%), but
the energy absorption had been increased by 32%, which is an
outstanding value.

Tensile, shear, and fatigue tests were carried out on the
clinched joints by Carboni et al. [18]. The location of crack
formation in the fatigue test of steel sheets joined by the
clinching corresponds to that at the concentration of stress
calculated from FE simulation. The fatigue strength is strongly
dependent on the stress distribution during repeated loading of

the joint. It was proved that the fatigue limit is 50% of the
ultimate strength: a value significantly higher than that of spot
welding.

In general, three failure modes can be observed when a
clinched joint is loaded. Figure 21 shows two of them. In
mode A, there is insufficient material in the necking zone,
which means less neck thickness and leads to failure in the
neck. On the other hand, in the mode B, the sheets are de-
formed and the joint subsequently open. Typically, insufficient
deformation leads to minor interlocking of the sheets and then
lower undercut which results in this failure mode. Finally, the
third failure mode is a combination of modes A and B. As a
general rule, larger neck thickness and undercut value indicat-
ed in Fig. 6 means the clinched joint can bear greater tensile
strength and shear force [42].

Damage criterion and crack evolution during clinching of
lower ductility materials were studied numerically. Lambiase
and Di Ilio [79] concluded from their simulation and experi-
ments that circumferential cracks might be produced during
the offsetting phase on both the upper and lower sheets. These
may completely shear the punch-sided sheet as a result of in-
plane tensile stress. During the subsequent steps including
upsetting and flow pressing, radial cracks can be produced
as a result of high hoop stress developing on both the sheets.

Regarding the absence of certain standards for the
clinching process [80] and the fact that the joint strength and
mechanical properties strongly depends on the process param-
eters, thus process optimization and increasing the joint qual-
ity by different analytical, numerical, and experimental ap-
proaches as well as various methods for design of experiments
(DoEs), such as Taguchi method is of particular importance.
Mucha [30] numerically investigated the effect of geometrical
features of the clinching tools on the joint formation. They
found that the die impression geometry, especially the groove,
significantly influences the lock shape and parameters.
Lambiase [25] investigated the effect of geometrical features
of the clinching tools on the strength and mechanical proper-
ties of clinched joints made by extensible dies. The undercut is
increased by reducing the extensible die diameter and by using
tools with sharper corner radii, by increasing the punch diam-
eter or by increasing the die depth, and the neck thickness
increases with a more considerable punch and die, smoother
corner radii, and shallow dies. Roux and Bouchard [81] con-
ducted an FE simulation considering ductile damage theory
for the real behavior to optimize the process conditions [81].
The optimized parameters induced 13.5% increase in the ten-
sile strength and 46.5% growth in shear strength of the
clinched structure.Wang et al. [82] listed the eight geometrical
parameters as the most critical parameters influencing the joint
characteristics. These parameters are shown in Fig. 22 and are
including: punch face draft angle (A), die cavity face draft
angle (B), width of die cavity groove (C), hump of the die
cavity side (D), punch radius (E), die anvil corner radius (F),
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Table 3 Clinching process variants

Die-less (flat) 

clinching

Overcomes the low formability of 

materials by increasing the hydrostatic 

pressure

Two-steps clinching

Lower button height overcomes the 

aesthetic related problems, increase in 

undercut and improvement in joint tensile 

and shear strength

ClinchRiveting

The existence of solid steel rivet increases 

the stiffness, strength, and destruction 

energy of the joint

Process variant Schematic Limitation(s) enabled to overcome

Hole-clinching

Overcomes the low formability of high 

strength materials by clinching the 

material into a pre-drilled hole

Electromagnetic 

clinching

Overcomes the low formability of 

materials by using high strain rate values, 

improvement in joint strength

Injection clinching

Polymer to metal hybrid clinching, 

overcomes the brittleness of polymeric 

material by direct curing the material 

during the process

Hydro clinching
Overcomes the low formability of 

materials by using a high pressure fluid
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Table 3 (continued)

Ultrasonic assisted 

clinching

Overcomes the low formability of 

materials by using ultrasonic vibrations to 

heat up the materials

Laser assisted 

clinching

Overcomes the low formability of 

materials by using a laser beam to heat up 

the materials

Friction assisted 

clinching

Overcomes the low formability of 

materials by using frictional work to heat 

up and plasticize the materials, 

considerably reduces the required joining 

force

Resistance spot 

clinching (RSC)

The hybridization of metallurgical bonds 

and form-fit connections results in a 

higher tensile and shear strength for the 

joints.

Hot stamping 

clinching

Better material flow due to the high 

temperatures, superior strength at the 

processing zone

Laser shock 

clinching
Suitable for ultra-thin metallic foils

Induction/convection 

assisted clinching

Overcomes the low formability of 

materials by pre-heating the material
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corner radius of the hump (G), and depth of die cavity (H).
They stated that these eight parameters are more significant
and sensitive for neck thickness, interlock forming, and tensile
force, which should be introduced in modeling and optimiza-
tion tasks.

Kaščák et al. [83] numerically investigated a three-layer
clinching of steel sheets (DC06, DX53D, and H220PD). The
2D axisymmetric conditions were used to simulate the joining
process, and the isotropic material model of joined sheets was
applied. The comparative analysis of geometries showed that
specific areas of mechanically clinched joints (such as the
individual sheet thicknesses in bottom and neck area, the
shape of the interlocking area, filling of the die groove by
the bottom sheet) calculated by FEA and experimental tests
are in very good agreement. Only minor differences were
found in the case of the mechanically clinched joint of
DX53D steel. The most considerable difference in the neck
thickness was observed in the case of DC06 steel. The evolu-
tion and distribution of plastic strains in the deformed sheets
were similar for all observed materials. The plastic strain was
found to initiate in the contact zones between sheets and tools

or between the adjoining sheets and then to progress towards
the thickness of individual sheets. The peak values of plastic
strain were attained in the critical (neck) zone of mechanically
clinched joints. This critical zone corresponded to the loca-
tion with the largest thinning of the upper sheet. The de-
velopment of reaction forces in the punch during the join-
ing process coincided with the curve shape observed dur-
ing joining of two sheets. The characteristic joint forming
phases could be identified by the shape variation of the
individual force reaction curves. The calculated and exper-
imental values of force reactions differed only slightly. One
more parameter investigated in this study was the material
flow during drawing, compression and interlocking phases
of joining. The so-called backward extrusion phenomenon
which occurs when the die cavity is wholly filled [46] was
observed in the case of DX53D steel sheets, which could
be attributed to the increased thickness of joined sheets, in
contrast to the other materials under study. This state
causes the backward material flow of the upper and middle
sheets in the opposite direction to the die cavity. At the
interlocking phase of joining, thicker sheets filled the vol-
ume of the die cavity before reaching the preset punch
stroke. At this point, the middle and upper sheets tended
to flow out of the die cavity. This deficiency can be
bypassed by the tool geometry modification. Since the up-
per sheet undergoes large plastic deformation and exces-
sive thinning during the joining process, the upper sheet
model should be replaced with a more advanced one capa-
ble of simulating the material separation or cracking.

During the simulation of the metal forming processes using
the FEM, significant distortion of the elements in the mesh
may appear especially when a severe plastic deformation oc-
curs. To compute an accurate simulation, one wishes to ensure
a sufficient geometrical quality to the mesh by use of re-
meshing techniques. Thus, an FE simulation of the clinching
process with automatic remeshing was conducted by Hamel
et al. [23]. By the FE simulation, the influence of changes in
the clinching die and punch geometry on the material flow and
consequent neck thickness and undercut of clinched joints was
investigated by De Paula et al. [84]. It is shown that introduc-
tion of protrusions at the punch corner, associated with a
slightly conical die and a reduced groove depth, as well as

Fig. 21 Failure modes in clinched
joints [36]

Fig. 22 Schematic representation of the most important geometrical
parameters in clinching [82]
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with restrictions on the upward movement of the sheets, led to
enhanced undercuts of a clinched joint.

The effect of die cavity geometrical parameters including
hole depth and cavity diameter on the metal flow of the sheets
was investigated by Abe et al. [85]. Decreasing the die depth
relieves the concentration of deformation around the punch
corner, resulting prevention of fracture of the punch-sided
sheet, an excessive reduction in die depth leads to insufficient
interlock. In case of die diameter, the amount of interlocking is
inadequate for excessively small and large diameters. Thus, an
optimum value should be considered.

Taguchi’s DoEs are reliable tool to investigate the effect of
parameters and selecting the optimum setting especially when
a large number of parameters exists. This approach was used
by Oudjene and Ben-Ayed [80] to determine the impact of
tools geometrical parameters on the joint quality. By optimi-
zation of the geometrical parameters, the tensile strength of
clinched joints of AA5754 was increased by 18%. In another
work, a further 10% increase was achieved for maximum
tensile strength by using the response surface methodology
with moving least-square approximation [86]. Lambiase and
Di Ilio [16] developed a flexible tool for the optimization of
the tool selection, with extensible dies. FE simulations
assessed the effect of the process parameters on the joint
strength. An artificial neural network (ANN) was developed
to predict the critical features of the clinched joints under
different processing conditions.

Lee et al. [87] developed a design method of clinching
tools with analytical models of joint strength for neck frac-
ture mode and button separation mode. The analytical
models of joint strength are defined as the geometrical
functions of neck thickness and undercut; these geometry
functions were determined by using the Box-Behnken
method [88]. Dean et al. [89] remarked the necessity of
the utilization of a finite strain elastoplastic material model
for the FE analysis of hybrid metal-composite clinching
joints. They developed an invariant-based transversely iso-
tropic elastoplastic material model for short fiber rein-
forced plastics and implemented the model in clinching
process simulation. The adaption of the proposed model
and considering re-meshing techniques led to more realis-
tic numerical predictions. A tensorial-based transversely-
orthotropic material model was used to simulate the
clinching process of a metallic sheet and short GFRP.
The formulation accommodates the anisotropy of the ma-
terial by using a structural-tensor representation. Two main
approaches were used for performing the homogenization
of the structural tensors: first, an averaged fiber distribu-
tion over the whole sheet thickness and second, a domain-
based procedure that takes into consideration the corre-
sponding fiber orientation of each of the layers that com-
pose the specimen. It is proved that the second methodol-
ogy provides a closer representation.

4 Self-pierce riveting

4.1 Processing

SPR is another spot joining by a forming technique, which
creates a form-fit joint. The main difference between SPR and
clinching is that SPR uses additional joining elements, which
are self-piercing rivets. SPR is essentially a cold forming pro-
cess in which a semi-tubular rivet, pressed by a plunger,
pierces through the thickness of the upper sheet, and flares
in the bottom sheet under the guidance of a suitable die,
forming a mechanical interlock between the two sheets. The
SPR joint can be set flush on one side if a countersunk rivet is
used. Oval head rivets can also be used if non-flush on both
sides is acceptable [90]. Since the SPR does not require a pre-
drilled hole unlike the conventional riveting, the joining speed
is the same level as that of the RSW, and the equipment is
similar. In the SPR, the difference between the melting points
of dissimilar sheet metals is not a problem because of plastic
joining [91].

As the process relies on a mechanical interlock rather than
fusion, it can be used on similar as well as a wide range of
dissimilar materials. Examples are zinc-coated, organic-coat-
ed, or pre-painted steels, a combination of steel to aluminum
alloys and some plastic to metals [92]. A fundamental advan-
tage of SPR is that various materials of different-coated may
join, from painted and galvanized sheet metal to plastic ones
[93]. The process can be applied to formmulti-layer joints that
may also include interlayer sealants or adhesives. In compar-
ison to spot welding, the process is environmentally friendly
due to the low energy requirement, little noise, and absence of
particulate and fume emissions, and it does not introduce heat
into the components [94]. It maintains or improves the joint
quality without many of the RSW risks, such as expensive
maintenance, toxic fumes, and sparks [95].

The two distinct phases of piercing and flaring in SPR can
be done through the following four steps: (1) clamping: the
rivet is forced by a low punch perpendicularly to the top sheet
surface and presses the sheets against the die; (2) piercing: the
punch pushes the rivet through the top sheet and into the
bottom sheet; (3) flaring: the material of the lower sheet flows
into the die, and the rivet shank is flared, thus forming a
mechanical interlock between the substrates; and (4) releas-
ing: the punch stops and retracts when it reaches the
predetermined value of force or stroke [92]. The process is
schematically illustrated in Fig. 23. SPR involves extensive
and highly localized plastic deformation that can lead to crack-
ing, especially in the materials used as the bottom sheet in the
design of the joint [97].

SPR was initially designed for the construction industry
and was subsequently used in domestic products including
machines and ventilation systems [98]. Furthermore, SPR
joints gain a significant share in the thin-walled structure
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assembly process in the metal industry, especially in the auto-
motive industry [99]. Audi A8, the first generation of the
aluminum space-frame vehicle, first adopted this joining tech-
nique in its assembly followed by other automotive companies
including Mackenzie, Jaguar, and Volvo [98].

4.2 Materials

As mentioned above, SPR applies to join a broad range of
similar and dissimilar materials. The joinability of aluminum
alloy and mild steel sheets using a self-piercing rivet is eval-
uated by Abe et al. [100]. The possibility of joining aluminum
alloy blanks and fiberglass composite panels by SPR opera-
tion was investigated by Fratini and Ruisi [101]. Experimental
tests were carried out on different thicknesses of joining part-
ners and the influence of the most relevant process parameters
for each of which considered case studies were obtained. The
joining of sandwich panels of the polymeric core and alumi-
num alloy skin was investigated [93] that are used widely in
the automotive, aerospace and railway industry. Durandet
et al. [97] studied the laser-assisted SPR of AZ31 magnesium
alloy strips. The effect of laser absorption and heat transfer
between the top and bottom sheets was investigated using a
combination of joining experiments, thermal modeling, met-
allurgical analysis, and mechanical testing.

Coatings are used to prevent corrosion in hybrid structures
made of dissimilar materials. Han and Chrysanthou [90] stud-
ied the effect of coatings on the quality, and mechanical be-
havior of SPR joints in aluminum alloy sheets joined with
high-strength low alloy steels (HSLA), which have been coat-
ed with E-coat or Zn-plate. It is shown that the use of coatings
and type of the coatings on the sheets affected the quality and

strength of SPR joints. The extent of this effect differed sig-
nificantly according to the kind of coating used.

The SPR process currently utilizes HSS rivets. The combi-
nation of steel rivets with an aluminum car body not only
makes recycling time to consume and is costly but also leads
to galvanic corrosion. Galvanic corrosion occurs when dis-
similar, conductive materials are joined, and the ingress of
water forms an electrolytic cell. In this type of corrosion, the
material is uniformly corroded as the anodic and cathodic
regions move and reverse from time to time [92]. To prevent
the corrosion and overcome recycling challenges, Hoang et al.
[102] replaced steel rivets with aluminum ones. Two sheets of
aluminum alloy AA6060with a 2.0-mm thickness which were
selected at three different temperatures were joined by the
rivets made of three different alloys. The results are illustrated
in Fig. 24. It can be seen from the Fig. 24 that the rivet material
did not affect the initial stiffness of the mechanical force-

Fig. 23 Schematics of the SPR
process [96]

Fig. 24 Comparison of load-displacement curves for aluminum and steel
rivets [102]
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displacement curves, but only the maximum force as well as
the movement at the maximum loading.

SPR can join more than two layers of sheet materials. The
cross-section of a multi-layer SPR joint is indicated in Fig. 25.
Han et al. [94] examined the effect of different specimen con-
figurations on the mechanical response and loading character-
istics of SPR multi-layer joints. Abe et al. [104] investigated
the joinability of the SPR process of three HSS and aluminum
alloy sheets. Upper and middle sheets were HSS, and the
lower sheet was aluminum. The effect of the tensile strength
of the steel sheets on the amount of interlock obtained from
the experiments is illustrated in Fig. 26.

Meschut et al. [105] investigated the damage to the carbon
fiber composites in a hybrid composite/metal joint
manufactured by SPR. They observed surface cracks which
are assumed to be caused by tangential strains arising from the
piercingwith the punch. This press fit results in a strong elastic
stretch of the fiber composite in the hole edge region in the
tangential direction. Due to the low ultimate elongation of the
carbon fibers, radial fibers breaks occur in areas where the
fibers are arranged tangentially to the hole, while the areas
with a radial orientation of the fibers to the hole remain un-
damaged. This effect can be explained by the punching be-
havior of FRPs. Since in SPR the composite material is always
arranged as the top layer, the material is shear-cut on the upper
side directly at the sharp cutting edge of the rivet. However, on
the underside, a trough is formed in the metallic joining part-
ner, so that a local biaxial bending of the composite occurs.
Since there are no defined cutting conditions, the material is
not cut but breaks off. In such areas, the composite is severely
damaged, and further delamination can be induced at these
points. Thus SPR may easily cause damage such as delami-
nation at the points of piercing on the CFRP, so some modifi-
cations were considered in the process by Ueda et al. [106] to
join two CFRP laminates. Two flat washers were used on the
joining zone, and the pressure was applied to the washers
using two supporting dies to prevent the dragging and subse-
quent delamination of the laminates. The modified SPR joints
showed greater joint stiffness and strength than bolted joints.
The maximum load was retained for a period for the revised
SPR joint although the load was suddenly dropped for the
bolted joint. Di Franco et al. [107] also used SPR to join
AA2024-T6 and a thermosetting CFRP laminate. They used

an epoxy resin adhesive same type as the matrix of the CFRP
laminate and manufactured a hybrid adhesive-SPR joint.

4.3 Joint strength and optimizations

Since SPR is a spot joining technique, its static and dynamic
behavior usually is compared with other spot joining methods,
such as clinching, RSW, and spot friction joining (SFJ).
Briskham et al. [108] conducted a comparative study on the
static response of SPR, RSW, and SFJ of aluminum alloy
sheets. SPR showed the best performance on both the T-peel
tensile test and lap shear tensile test while SFJ showed the
worst performance in both cases (Figs. 27 and 28). Han
et al. [109] made a back-to-back comparison on the aluminum
alloy sheets joined by SPR and RSW. Static behavior of dif-
ferent joint samples by various thicknesses under different
loading conditions was compared. It is stated that in small
layer thicknesses, the static strength of RSW joints is more
than SPR joints, but by increasing the sheet thickness, the
strength of SPR joints increases and finally reaches a value
more than RSW. For T-peel joints, the strength of SPR joints is
more than RSW for all sheet thicknesses. Lennon et al. [110]
compared initial displacement and plastic shear behavior of
joints made by four different techniques: rectangular mechan-
ical clinching, SPR, pop-riveting, and screw connections, for
two layers of galvanizedmild steels of 1.0-, 1.2-, 1.6-, and 2.0-
mm thickness. SPR showed maximum static strength in all
cases. Lee et al. [87] obtained the load-displacement curve
of impact test for SPR and clinching. The resulted curves for
the two techniques were quite close to each other (Fig. 29).
Mori et al. [111] compared the static behaviors of aluminum
alloy sheets joined by mechanical clinching, SPR, and RSW.
The results are illustrated in Fig. 30; it can be seen that when
using SPR, failure occurs under large plastic deformation.
Mucha and Witkowski [112] compared the static strength of
riveted joints using different rivets including SPR. They found

Fig. 26 Effect of tensile strength of sheet on the amount of interlock
obtained from experiments [104]

Fig. 25 Cross-sectional shape of the rivet and workpiece plates in multi-
layer SPR joining [103]
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that for joints with conventional rivets, the same level joint
strength is reached, regardless of the joint sheet materials. The
fastener strength corresponds to the maximum load-bearing
capacity of the joints. While for the SPR joints, the joint
strength depends on the mechanical properties of the joined
sheets. It is highest for steel sheets and lowest for the alumi-
num alloy sheets. It should be noted that the shear strength of
SPRed joints was obtained considerably higher than the ten-
sile strength (almost three times higher). Thus, the SPRed
joints like the clinched joints are more suitable for applications
with shear or tensile-shear loading. Joining force also plays an
essential role on the joint strength. Mucha [113] obtained a
36% increase in maximum shearing strength by increasing the
joining force from 14 to 32 kN (by 128%). However, it should
be noted that this affects the tool durability adversely and
increases the residual stress in the rivet. Too high forming
force may result in serious residual stress values in the rivet,

especially around the rivet head. The rivet head becomes a
potential fracture location when loading the joint. Too low
forming force results in disappointing notch filling and
clinching the rivet in the joined sheet metal. The effect of
lower pressing force results in smaller material dent around
the rivet and smaller joint strength [114].

Dynamic and fatigue behavior of SPR joints are of high
importance, and several studies are conducted for this pur-
pose. It is found that the fatigue strength of the SPR joints is
considerably superior to that of the RSW [115] and the fatigue
strength of mechanical clinching and RSW are at same level
and substantially lower than SPR [111]. Li and Fatemi [116]
studied and compared the fatigue behavior of T-peel joints
made by pop rivet and SPR. The effect of the joining method,
plate thickness combination, and geometry deformation
resulting in a monotonic deformation and fatigue behaviors
was studied. Fu and Mallick [117] examined the fatigue

Fig. 27 Typical lap-shear tensile test results for SPR, RSW, and SFJ in joining AA5754 of 2.0-mm thickness [108]

Fig. 28 Typical T-peel tensile test results for SPR, RSW, and SFJ in joining AA5754 of 2.0-mm thickness [108]
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behavior of SPR joints in aluminum alloy AA6111-T4. They
found that fatigue pre-cycling up to 75% of the fatigue life
tends to deteriorate the joint strength gradually, but above 90%
of the fatigue life there is a sudden decrease in joint strength.

Fretting wear damage is inevitable when SPR joints are
subjected to cyclic loading [118]. Fretting wear at the interface
between the joined sheets takes place for two-body fretting
and three-body fretting. The fretting behavior between two
aluminum alloy sheets joined by SPR was studied, and the
influence of lubricant and polytetrafluoroethylene (PTFE) in-
sert between metallic layers on the fretting behavior was in-
vestigated [98]. The presence of an oil lubricant could delay
the onset of fretting damage on the alloy surface leading to
extended fatigue life, and the application of a PTFE insert at
the interface between the riveted sheets eliminated fretting at
the lower fatigue loads. The effect of heat treatment on fatigue
performances of SPR joints in titanium, aluminum, and cop-
per alloys was investigated [119]. Relief annealing significant-
ly reduced the fatigue strength of Ti/Ti SPRed joints in the
long life range but enhanced it in the short-life range.

The crashworthiness of second hat-shaped section mem-
bers made by SPR and adhesive bonding was evaluated by

Lee et al. [120]. They found that however, the mean crush load
and maximum crush load of the SPR joined structure were
lower than that of the spot-welded structure, but SPR joining
method could use in a vehicle composed of dissimilar mate-
rials as a substitute for spot welding. Porcaro et al. [121] pres-
ent a study on identification and modeling of SPR connections
in aluminum alloy. The behavior of a single-rivet specimen
under combined pull-out and shear static loading conditions
was investigated. All the pull-out tests showed the same fail-
ure mode, i.e., bending of the sheets and pull-out of the rivet
from the bottom plate.

Pressing and stamping are certain processes in the fabrica-
tion of a body composed of sheet materials, resulting in addi-
tional straining, gauge thinning and work hardening of the
sheet materials. The effect of sheet pre-straining on the quality
and the mechanical behavior of the SPRed aluminum alloy
joints was investigated [122]. It was found that increasing
the pre-straining levels led to SPR joint of higher lap-shear
strength and fatigue life. The interlocking condition is the
most critical parameter in characterizing the quality and me-
chanical performance of the SPR connections. This feature is
usually measured by destructive testing which is time and cost
consuming. Johnson et al. [123] developed an online monitor-
ing method of the SPR process to provide non-destructive
testing of the mechanical interlock which prevents material
and time wastage.

The performance of cold-formed steel (CFS) shear walls
with SPR under monotonic and cyclic loading was studied by
Xie et al. [124]. The effects of loading methods, rivet spacing
at the sheet edges, rivet number at CFS framed joints, axial
compression ratio, and the types of sheathing on mechanical
properties and failure modes were analyzed. Based on the
results, the primary failure modes for a SPRed CFS wall were
listed as pull-over of the sheet from rivet head, sheet buckling,
end stud buckling, and track tearing. Rivet spacing at the sheet
edges was a key influencing factor on failure mode of shear
walls. With the increase of rivet spacing, the damage level of
pull-over of the sheet from rivet head was intensified, but the
failure level of sheet buckling, end stud buckling, and track
tearing reduced. In the design of the shear wall, sheet buckling
and end stud distortional buckling should be considered in
particular when rivet spacing of sheet edges was less than
100 mm. Pull-over of the sheet from rivet head should be
considered especially when rivet spacing greater than
100 mm. Shear strength and ultimate deformation for CFS
shear walls with SPR decrease linearly with the increase of
rivet spacing. They concluded that using double rivet in CFS
framing joints cannot only dramatically enhance stiffness and
deformability but also effectively reduce deformation of the
wall and enhance the frame effect in the process of installation
for walls. The increase of axial compression ratio can effi-
ciently increase initial stiffness and ductility of shear walls
under monotonic loading. Finally, comparing to traditional

Fig. 29 Load-displacement curves of impact test for clinching and SPR
[87]

Fig. 30 Static behavior of joints made by clinching, SPR, and RSW [111]
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self-drilling screw, CFS shear walls with SPR have improved
in strength and stiffness, but reduced deformability and
ductility.

In the SPR process, the complex joint geometry and its
three-dimensional nature combine to increase the difficulty
of obtaining an overall system of governing equations for
predicting the properties of joints [125]. Thus, FE simula-
tion gains an important share on the optimization of the
process. An SPR process for joining UHSS and aluminum
alloy sheets was developed, and to attain better joining
quality, the die shape was optimized using the FE simula-
tion without changing mechanical properties of the rivet
[126]. Authors reported that the joint strength is greatly
influenced by not only the strength of the sheets and rivets
but also by the ratio of the thickness of the lower sheet to
the total thickness. The effects of flow stress of the HSS
sheets and the combination of the sheets on the joinability
were investigated by FE simulation and an experiment by
Abe et al. [91]. They found that as the tensile strength of
the HSS sheet increases, the interlock for the high upper
strength steel sheet increases due to the increase in flaring
during driving through the upper sheet, whereas that for the
lower HSS sheet decreases. Furthermore, Abe et al. [100]
stated that when joining aluminum to mild steel using SPR,
due to the significant difference of flow stress between two
workpieces, the joinability deteriorates and thus, the opti-
mization of joining conditions is desirable. Thus a dynamic
explicit FE method was used to optimize the process, and
defects for the SPR process were categorized to obtain
optimum joining conditions. To improve the joinability
with the HSS sheets, Abe et al. [104] optimized the shape
of the die by controlling the deforming behaviors of the
sheets and rivet using the FE simulation. Mucha [127] nu-
merically simulated the SPR process to evaluate the effect
of different process conditions on the joint quality. It is
proved that one of the significant factors affecting the fin-
ished joint form is the die impression geometry and proper
selection of corresponding rivet material features, i.e., its
yield point and strain hardening, enables a significant
change of the sheet joining process and specific joint pa-
rameters. Porcaro et al. [128] studied how to perform nu-
merical simulation of SPR joint using LS-Dyna, and a
study was made to suggest the optimum values of process
parameters like friction and adaptive interval.

Due to a combination of piercing and flaring, the SPR
process requires large forces (30–100 kN), which can cause
severe local distortion, called joint distortion. This joint (local)
distortion can, in turn, transmit its stresses and strains to the
whole structure and induce global distortions. Cai et al. [129]
established math-based models to predict assembly dimen-
sions for SPR applications. They remarked that the joint dis-
tortion due to SPR is about two or four times the magnitude of
that for RSW, and the inclusion of SPR joint distortion is

needed for accurate global assembly predictions.
Furthermore, since reducing the forming force of the SPR
process is a particular challenge, the force characteristics of
the SPR process were studied, and it was found that the max-
imum punching force decreased dramatically with the in-
crease of the workpiece temperature. Even more, other infor-
mation such as metal flow and details of die fill and distribu-
tion of strains in the material obtained from the simulation
[130]. The behavior of the SPR connection under quasi-
static loading conditions was investigated experimentally
and numerically [131]. A 3D numerical model of different
types of riveted connections subjected to various loading con-
ditions was developed based on the numerical simulation of
the riveting process. FE simulation of crash testing of SPR
joints, peel specimen was conducted [132]. The simulations
were performed with the FE software ABAQUS/explicit and
involved dynamic inertia effect. The results show that the
load-displacement curves are quite similar to the spot welded
and SPR cases, except for the oscillating amplitudes as the
SPR is larger. Since SPR is a rapid process both the highly
localized plastic deformation and friction contacts generate
adiabatic heating, thus, using the material data obtained by
uniaxial tensile tests at room temperature leads to wrong pre-
dictions. Therefore, Carandente et al. [133] considered the
effects of thermal softening and strain hardening to achieve
a precise prediction of the SPR process. By these consider-
ations, they obtained excellent agreement between numerical
and experimental results.

4.4 Process variants

Friction self-pierce riveting (FSPR) is a variation of SPR in-
troduced by Li et al. [134] during which the rivet is rotating
while being punched into the workpiece. They found that the
joints manufactured by FSPR have shear strength twice as
much as that of an SPR joint of same materials. In fact, the
combination of force-fit and solid state joining mechanisms
improves the joint strength significantly. Ma et al. [135] opti-
mized the FSPR process, they optimized the rivet from com-
mercial SPR rivets regarding hardness and geometrical fea-
tures, but due to the slow reduction of rotating speed at the end
of the process, a considerable amount of cracks were observed
in the joints. Livatyali et al. [136] used an especially designed
machine which its high-speed rotating spindle can achieve a
sudden stop motion within 0.3 s. This helps the residual spin-
ning of the rivet as the punch starts to retract from the work-
piece. Ma et al. [137] proposed an improved FSPR process,
aiming at joining different multi-material stack-ups using the
same equipment with just changing rivets, dies and process
parameters. They used a pip die for low ductility materials.
For stack-ups that need single-sided joining, a die with a large
through hole is used. For stack-ups with lightweight material
on top and HSS on the bottom, a flat die is used. They used
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this new process for joining three typical stack-ups (including
aluminum alloy to magnesium alloy, aluminum alloys of dif-
ferent gages that needs single-sided joining, and aluminum
alloy to HSS) to validate its effectiveness on different dissim-
ilar materials.

An SPR process using a fluid pressure was introduced by
Neugebauer et al. [54]. This process is called hydro-self-
pierce riveting. The forming fluid is used as a die replacement
(Fig. 31). First, the hydroformed sheet (5) and the part to be
attached (4) are brought into contact with the hydroforming
tool (2) by the fluid (6). The punch (1) presses the spreading
rivet (3) into the sheets. The high-pressure fluid (6) is
preventing too sharp bending of the hydroformed sheet. To
the axial movement of the punch, a wobble movement can be
overlaid to decrease the necessary joining force and thus limit
the necessary pressure of the fluid.

An SPR process using solid rivets is introduced by Mucha
[138]. This technique is called solid self-pierce riveting
(SSPR). Using the solid rivet in SPR technology allows
achieving a flat and quite a smooth surface on one side of
joint. In some cases, this improves the finished product’s look.
When making the joint (Fig. 32), the rivet acts as a cutting
punch. The hole in the sheets joined is cut when the punch
presses the rivet head (phases I, II, III). The scrap is expelled
by the opening in the lower die. The used die has the edge
around the opening, and its inner edge acts as the cutting edge.
In phase IV, the joined sheets are pressed in a way that the
bottom sheet material fills in the groove on the rivet perimeter.
Finally, this locks the rivet, and the joint is made. The addi-
tional movement may be made by the bottom die or the
clamping device with the punch. This technology enables
the joining of various materials. These are not only metal
sheets but also their combinations with cast alloys, the plas-
tics, and various intermediate layers: gluing and sealing ones.
This technology is used in the production of the thin-walled
car body elements using materials of improved mechanical
properties.

The solid rivets used for this process have grooves on the
body. Mucha [113] states that while forming the joint with the
solid rivet, there are some difficulties with filling in all the

grooves with the joined sheet material. The number of grooves
and their location in relation to the lower sheet are crucial
factors for the filling amount. While selecting the number
and layout of rivet grooves, the stress distribution in the rivet
must be accounted for. The largest stress concentrator is a
groove located at the rivet head base. Using three grooves
enables moving the groove out of the rivet head base. Using
a numerical analysis, they showed that moving the groove out
of the rivet head base makes sense in order to improve the
groove filling with the lower sheet material. Switching the tool
movement order significantly affects the rivet’s groove filling.
It is possible to reduce the maximum axial stress in the rivet by
changing the edge pressing method. However, this requires
design changes of the tools and the press. Using the smaller
edge height allows to fill the grooves and reduce the maxi-
mum axial stress in the rivet.

When joining materials with a significant difference be-
tween the mechanical properties (such as UHSS and alu-
minum) by SSPR, the high difference between the material
strength and stiffness can result in the large (or excessive)
deformations of the lower strength alloy. In fact, the high
joining force required to punch the higher strength material
results in an excessive material flow in the lower strength
material. Figure 33 shows an example of this effect.
Hybridization of adhesive bonding and SSPR cannot ad-
dress this problem. The adhesive modifies the tribological
system between the sheet layers. As the friction between
the sheet surfaces is reduced, the sheets can easily slide on
each other. Hahn et al. [139] introduced a hybrid adhesive/
SSPR joining using an optimized SSPR toolset to address
this challenge. They used a standard contour of the die
emboss ring in combination with an additional outer reser-
voir ring. The contour of the outer ring prevents a free flow
of material and thus reduces the deformation. On the other
hand, the effect of “breathing” can be reduced and so in-
clusions of air can be minimized in the formation of the
adhesive layer. Figure 34 shows the specimen joined by
this optimized toolset.

Finally, a summary of SPR process variants and the limita-
tions they enabled to overcome is provided in Table 4.

Fig. 31 Schematics of the hydro-
self-pierce riveting [54]
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In the end, the most important features of the different spot
joining techniques including clinching, SPR and RSW are
compared in Table 5.

5 Hemming

5.1 Processing

Clinching and SPR are only locally spotted, but if there is a
need to connect mating parts in a large area, e.g., to achieve
sealing, hemming should be considered [7]. Hemming is a
method used to join two pieces of sheet metal by the plastic
strain, which consists in bending the edge of one sheet,
called the outer part, over the edge of another, called inner
part [141]. Hemming is performed in two steps. In the first
step so-called pre-hemming, the flange of the outer panel is
bent down to an angle of approximately 45° to the outer
surface, and in the second step, the flange of the outer part
is bent down to the final position (Fig. 35). The advantage
of hemming is that it gives a neat and a compact joint,
while the disadvantage is that it is less strong than a welded
joint [142]. Hemming is widely used in the automotive
industry for example to connect the inner and outer panels
of automobile doors, hood, or deck lids. It is also used to
create a smooth edge on a sheet metal component by fold-
ing the edge of the sheet metal onto itself for appearance
and safety considerations [143]. Furthermore, hemming
can be used to increase the part stiffness [144].

Regarding the geometry considerations, hemming can be
categorized into different groups. These categories are listed
in Table 6. Because hemming is the final stage of production
operations, the defects introduced cannot be eliminated in
subsequent operations and therefore the hemming quality sig-
nificantly influences the overall quality of a product [145].
The most common hemming defects are shown in Fig. 36.
Roll-in (creep) and roll-out (grow) are the inward and outward
shift of the hem edge (Fig. 36a). Recoil is the out-of-plane
displacement of the outer panel after final hemming
(Fig. 36b), and warp is the indentation in the outside of the
outer panel after final hemming (Fig. 36c) [146]. Recoil and
warp are surface defects that generally appear after final hem-
ming spring-back [145]. Wind is outward and localized wav-
iness on the outer panel edge on the panel plane (Fig. 36d).
Hem-out is a localized and exaggerated combination of recoil
and grows, where the flange is subjected to excessive com-
pression, exhibits instability, and bends in the opposite direc-
tion (Fig. 36e) Other defects such as wrinkling and splitting
may cause failure of hemming (Fig. 36f). Also, spring-back is
a problem in this process, such as all other sheet metal oper-
ations, and in the hemming, spring-back can lead to other
defects such as recoil and warp [143]. Furthermore, fitting
defects such as inappropriate clearance and the level mismatch
can negatively influence the appearance considerations of the
final product. The hemming defects are categorized in Table 7.

Livatyali and Larris [147] investigated the effects of con-
tour radius, flange length, and final hemming force on the
occurrence and elimination of final hem defects including
roll-in, roll-out, warp, and coil. Livatyali et al. [141] studied

Fig. 32 Process sequence of self-pierce riveting using a solid rivet [138]

Fig. 33 Large deformation of aluminum alloy while joining to UHSS
using SSPR process (workpieces 1 and 3 are AA 6014 and workpiece 2
is 22MnB5) [139]

Fig. 34 The specimen shown in Fig. 33 joined by the optimized toolset
[139]
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deeply on the pre-hemming step and stated that by carefully
designing the pre-hemming operation, most forming defects
including roll-in/out, recoil, and warp can be eliminated, min-
imized, or controlled. Wanintradul et al. [148] stated that roll-
in could be prevented by reducing undesirable bending

moment, they applied a reaction force using an angled stopper
to counteract the undesirable bending moment. The process is
schematically illustrated in Fig. 37. In this process, the exter-
nal force is introduced by the concept of a stopper as shown in
the figure. The stopper angle should provide the necessary

Table 4 SPR process variants

Process variant Schematic Limitation(s) enabled to overcome

Friction self-pierce 

riveting (FSPR)

The rotating rivet penetrates the harder 

materials much easier, Due to joint action 

of the mechanical joining mechanism and 

solid-state joining mechanism, a higher 

strength joint can be manufactured 

compared to conventional SPR [140].

Hydro-SPR

Overcomes the low formability of 

materials by using a high pressure fluid, 

much lower joining force is required 

compared to conventional SPR

Solid self-pierce

riveting (SSPR)

Improved joint look, improved 

mechanical performance, ability to join a 

wide range of dissimilar materials

Table 5 Comparison of clinching, SPR, and RSW [96]

Criteria for application Clinching SPR RSW

Kind of connection Mechanical, no heat transfer, connecting
by shape, no joining elements required

Mechanical, no heat transfer,
joining by form and force

Melting, heat transfer,
connecting by material

Dissimilar materials Possible Possible Only with bimetal

Non-metallic material Possible Possible Impossible

Coated material Possible Possible In general impossible

Optical view Inconvenient Inconvenient Better

Thickness of material St = 5.0 mm (total)
Al = 8.0 mm (total)

St = 6.0 mm (total)
Al = 11.0 mm (total)

With 60 kA up to 4.0 mm

Static strength Less Medium Higher

Fatigue strength Medium Higher Less

Lifetime of dies 100,000–200,000 joining 100,000–200,000 joining 2500 points

Joints per min 40–80 20–60 20–40

Installation Hydraulic
Pneumatic

Hydraulic
Pneumatic

Compressed air + current + water

Consumption of energy Very low Very low High

Demand for area Less Less More

Cost of investment Low Low Higher
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conditions such that the flange will fold in the desired direc-
tion. The edge of the flange is released from the stopper after
the flange touches the inner panel, and section AB (shown in
Fig. 37a) will be folded down after the flange angle reaches
90°. With the optimum stopper geometry, the edge of the
flange will be released from the stopper when the mid-
section of the flange touches the inner panel as illustrated in
Fig. 37c. At the moment when the outer panel touches the
inner panel, a new hinge is introduced. From this point, the
rotation occurs around the point of contact of the outer panel
and the inner panel, as shown in Fig. 37d and e. The hemming
tool continues downward until the process is completed as
shown in Fig. 37f. Using this modification on the process
principles can lead to prevent roll-in and retain sharp radius
from two-step flanging process.

5.2 Simulations and optimizations

Usually, hemming process control is experience-oriented and
die design is based on trial and error. Therefore, understanding
the hemming process from the mechanistic point of view,
developing predictive modeling capability, and realizing pro-
cess optimization are important goals in the quest for better
design and quality [143], and a significant amount of both
time and money could be saved if the defects could be pre-
dicted with high accuracy [142]. Svensson and Mattiasson
[149] performed a two dimensional FE simulation using both
shell as well as solid elements on the hemming process. Some
effects cannot be predicted by 2D FE simulation of the pro-
cess. For instance, in the 2D model, the material is prevented
from moving in the direction perpendicular to the plane of the
model. This difference between the 2D and 3D models will
sometimes influence the amount of roll-in and make it neces-
sary to perform 3D simulations when the impact on the roll-in
of the shape of the parts should be determined. Thus Svensson

and Mattiasson [142] performed a 3D simulation of the hem-
ming process. The overall accuracy of the simulation results
was judged to be good enough to motivate the use of numer-
ical simulations as an efficient industrial tool for predicting
roll-in at the hemming of real production parts. Le Maoût
et al. [150] conducted a numerical study on the hemming
process of complex geometries. The use of an anisotropic
yield criterion gave better predictions than the anisotropic
yield criterion. Mechanisms of recoil and warp were studied
using FE simulation and experimental methods on the flat
[141] and the curved surface with straight edge geometry
[143]. Zhang et al. [145] used FE simulations and statistical
computer empirical design method to optimize the process.
Huang [151] used an incremental updated Lagrangian
elastoplastic FE method to analyze stretch flanging of circular
plates with a predetermined smaller hole at the center of the
sheet metal [151].

5.3 Materials

Due to very localized and severe plastic deformation, the hem-
ming process usually is performed on materials with higher
formability such as steels. Experimental work on the curved
surface-straight edge hemming process based on a fractional
factorial design method was conducted by Zhang et al. [143].
The material used in the experiments is AKDQ steel. Through
the regression analysis, the output hemming quality indices
such as roll-in/out, recoil and spring-back as well as hemming
loads can be expressed as functions of the input geometrical
and process factors. The regression models can provide infor-
mation about the significance of the selected input factors and
predict output responses under certain circumstances.
Hamedon et al. [152] used hemming to join hollow sections
made of HSS sheets and compared the tensile and fatigue
strength of the joints by RSWed joints of the same materials.

Fig. 35 Operational consequence
of hemming process: a initial
position, b pre-hemming, c final
hem [142]

Table 6 Hemming classification according to surface and edge curvatures [143]

I II III IV V VI VII VIII IX

Surface Convex Convex Convex Straight Straight Straight Concave Concave Concave

Edge Convex Straight Concave Convex Straight Concave Convex Straight Concave
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For the RSW joints, the failure occurred at the upper sheet
around the welded spot, whereas for the hemming method,
the flange portion that joined the inner and outer sheets was
opened and deformed during the tensile test and the sheet
separated and came out. There was no crack or fracture oc-
curred on the hemmed sheet. The load-stroke curves are illus-
trated in Fig. 38. Although the maximum load of the RSWed
joints almost doubles the hemming process, it failed earlier
and hemming process shows superior elongation. Also, the
maximum load for hemming increased as the strength of the
steel sheet increased. The fatigue strength of RSW was

superior to hemming at higher cyclic loads, while by decreas-
ing the cyclic load, the fatigue strength of two processes get
closer and almost the same.

Materials such as aluminum and magnesium have lower
formability compared to steel and are difficult to hem due to
their susceptibility to strain localization during the hemming
process. This phenomenon produces cracking on the hemmed
edge [153]. Since an entirely flat hem requires materials with
excellent formability because of the sharp hem radius, so for
the materials with lower formability, rope hems with larger
hem radii are used to avoid strain localization and cracking
which results in exceeding the forming limits [144].
Schematic of a rope hem is illustrated in Fig. 39. Although
its higher forming limit, rope hems negatively influence the
appearance of the product. Therefore, special techniques must
be considered to hem the low formability materials.
Muderrisoglu et al. [154] conducted an experimental study
on flat surface curved edge hemming using aluminum alloy
AA1050. They studied the effect of flange height and flange
radius on the hemming process, and it was observed that the
flange height has a more significant impact on deformation
load than the flange radius. The results showed that cracks
were found on the outer surface over the bending area. Lin
et al. [155] performed a computational DoEs study for alumi-
num alloy AA6111-T4 hemming. They found that pre-
hemming die angle and the bending die radius significantly

Fig. 36 The most common hemming defects: a roll-in or out, b recoil, c warp, d wind, e hem-out, f wrinkling and splitting

Table 7 Categorization of hemming defects

Hemming Defects Dimensional inaccuracy Roll-in (creep)

Roll-out (grow)

Fitting defects Inappropriate clearance

Level mismatch

Surface defects Recoil

Warp

Wind

Hem-out

Other defects Wrinkling

Splitting

Spring-back
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impact the maximum surface strain. Golovashchenko [156]
presented a new method for hemming of aluminum alloy
AA6111-T4. It was obtained that flat hem union for aluminum
alloy by redistributing the plastic strain of the bending opera-
tion through a larger area before the hemming. The flanged
parts must have a sharp bending radius to reduce damage to
the parts. An additional axial compression step which in-
creases process time and tooling cost.

5.4 Process variants

Roller hemming is a variant of classical hemming process. In
this method a roller is guided by a robot along the hemmed

line, progressively bending the flanged height along the part
[157]. In this way, no conventional die is required, and the
final shape of the part only depends on the trajectory assigned
to the tool [158]. The process is schematically illustrated in
Fig. 40.

Roller hemming presents a non-plane strain deformation
pattern with a component of strain in the direction of the
hemline different from the plane strain bending created with
the conventional hemming [153]. Figure 41 shows strain
states in the roller hemming process. The main advantages
are its low cost, the reduction of delivery time in industriali-
zation, the use of only one tool from prototype to serial pro-
duction [159], and its high flexibility [158]. Disadvantages are
the arduous robot programming of the process [153].

Thuillier et al. [159] conducted the FE simulation of the
roller hemming process of an aluminum-magnesium alloy to
define roll-in/out. Three different constitutive models were
identified to study the influence of mixed hardening and an-
isotropy on roll-in. Hu et al. [157] presented a numerical sim-
ulation of the roller hemming process. The mechanical behav-
ior of the steel panel was described by a combined isotropic
and non-linear kinematic hardening rule. Furthermore, roller
hemming process simulation was presented for a flat surface
straight edge outer panel according to combined hardening
and ductile damage criterion [158]. A laser-assisted roller
hemming of magnesium alloys was conducted by Levinson
et al. [160]. The laser was used to locally warm up the work-
piece to successfully perform the hemming process.

Since aluminum alloys exhibit little uniform elongation
and high strength, EMF (see section 10) is a promising

Fig. 37 The operational sequence of the hemming with angled stopper: a initial state, b the edge of flange is constrained by stopper, c flange touches the
inner panel when the edge is almost released from the stopper, d and e flange unfolded, f finished hem [148]

Fig. 38 Load-stroke curves of tensile test for hollow section joints using
RSW and hemming for JSC890YN [152]
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technique to enhance its formability and performing the hem-
ming process [144]. Regarding this fact, Jimbert et al. [153]
utilized EMF to carry out the hemming on AA6016-T4.
Electromagnetic hemming has some advantages over the con-
ventional hemming. First, electromagnetic hemming elimi-
nates the pre-hemming stage and could hem the pre-bent parts
from 90° to 180° in one step. Second, due to the high strain
rate of the process, the material formability increases and
therefore it is a proper way to hem low formability materials.
Jimbert et al. [153] also performed a numerical simulation of
the electromagnetic hemming process, which confirmed the
reduction of the maximum strain in electromagnetic
hemming.

Hemming process in a warm state was also performed on
the magnesium alloys by Carsley and Kim [161]. A tempera-
ture range that enables 90° flanging followed by 180° bending
of AZ3113-O was determined. The surface condition of bent
samples was examined for evidence of cracking, and the mi-
crostructure was scanned in cross-section for indication of
unusual bending strain. The hemming process variants and
the limitations they enabled to overcome are summarized in
Table 8.

6 Rolling

Joining by rolling uses the mechanical contact between the
rolling elements of a tool and an inner part of a tubular assem-
bly to expand both parts being joined (Fig. 42) [6]. Cylindrical
rollers are driven by a conical mandrel (cone) and are

positioned by a cage. By an infeed of the cone, the rollers
are moved in the radial direction towards the tube [163]. The
internal tube is expanded by the rolling tool, which runs with a
defined rolling oversize through the tube. When there is an
appropriate external component with a little clearance posi-
tioned outside of the internal tube, the outer part will be elas-
tically deformed by the inner tube. This case is seen with the
result that the plastic deformation of the inner tube in combi-
nation with the elastic recovery of the external component
leads to a high bearing pressure, thereby a force-fit joint is
created [162]. Using an outer part with a higher yield stress
than the inner part gives a more upper strength joint.

The stability of the joint mainly depends on the diameter of
the roller body and the material of the joining partners. The
joining diameter and the wall thickness of the inner and outer
parts also have a significant influence [162]. This method is
also used for joining of an aluminum tube and an insert by
external rolling using burnishing tools [163]. They used the
grooved inserts for experiments as well as the cylindrical ones
as indicated in Fig. 43 and the grooved inserts presented
higher joint resistant.

The primary application of the joining by rolling is for the
manufacturing of hollow and light-weight camshafts. A
rolled-in camshaft is indicated in Fig. 44, and a comparison
between the weight of the forged camshafts and rolled-in cam-
shafts is presented in Fig. 45. Furthermore rolling is used for
joining tubes in the boiler and apparatus engineering. Water
and steam tubes are joined to the bottom of heat exchangers
for the use in power plants. Today joining by expansion is
usually done by hydroforming (section 7) and EMF (Sect.
10) processes because of simple setup and lower cost.

7 Die-less hydroforming

One alternative for joining by rolling is joining by die-less
hydroforming. Conventional hydroforming process uses a flu-
id under high pressure to form tubes, profiles, single, and
double sheets into a die cavity [164]. Figure 46 indicates the
process principles of die-less hydroforming. In die-less
hydroforming, to initiate the joining process, a joining tool,
so-called hydro-probe is positioned inside the inner part axi-
ally underneath the other joining partner. In a gap between
hydro-probe and tube, a pressurized workingmedia is applied.
If the pressure which acts locally in the joining area exceeds
the tube’s yield strength because of a limitation in the axial
direction by sealing, plastic deformation of the tube occursFig. 40 Schematics of the roller hemming process [157]

Fig. 39 Schematics of a rope hem
[144]
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[165]. The force which determines the forming of the tube
leads to an elasto-plastic deformation of the tube and an ide-
ally elastic deformation of the external joining partner [163].

Manufacturing of camshafts, intermediate shafts or cylin-
drical liners, and light-weight frame-structures is done by die-
less hydroforming. Furthermore, this technology is potentially
suitable to join extruded profiles to casted or machined nodes
[165] and for manufacturing heat exchangers [166].

Marre et al. [165] developed an analytical model to calcu-
late the interference pressure between a tube and a ring joined
by die-less hydroforming. They introduced four significant
strains related to the interference diameter and calculated the
interference pressure by Eq. (1), where pi, kf, E, ν, and Q are
the internal pressure, yield stress, Young’s modulus, Poison’s
ratio, and the ratio of inner and outer diameters of joining
partners, respectively, and indices I and O are related to inter-
nal and external parts, respectively. They also verified the

analytically calculated interference pressure with FE simula-
tions as depicted in Fig. 47. However, there can be seen a
minor deviation between the two calculated interference pres-
sures due to the simplifications.
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In addition to joining by tube expansion, other types of
joints could be manufactured using die-less hydroforming.
Groche and Tibari [167] utilized hydroforming to angularly
join hollow workpieces in one die without any welding
(Fig. 48). The process involves three phases. During phase I,

Fig. 41 Strain state of different
sections during roller hemming
[157]

Table 8 Hemming process variants

Process variant Schematic Limitation(s) enabled to overcome

Roller hemming

low cost, the reduction of delivery time in 

industrialization, the use of only one tool 

from prototype to serial production

Electromagnetic 

hemming

Overcomes the low formability of 

materials by using a high strain rate 

forming process via EMF technique

Int J Adv Manuf Technol (2019) 101:261–315 295



the internal fluid pressure forms an asymmetrically shaped
dome into the female component. Then, phase II commences
and a counter punch compresses the accumulated dome ma-
terial and results in a radial flow of the dome material, and
subsequently, the female part expands radially until it touches
the die cavity. If then the counter punch continues to flatten the
dome, the female component resists the material flow of the
male component. Consequently, the flattened dome is set un-
der radial and tangential compressive stresses, while the fe-
male component faces radial compressive and tensile tangen-
tial stresses. Figure 49 shows the stress-strain profiles for a
force-fit joint in this case. After unloading, phase III com-
mences when the elastic recovery of a female component cre-
ates a force-fit joint between the male and female parts. Since
joining and forming were performed simultaneously, the pro-
duction chain and costly equipment can be reduced.

Merklein et al. [164] combined the tube and double sheet
hydroforming processes into one single process to manufac-
ture complex shaped parts; it is almost impossible to build
such parts in one step using any other manufacturing

technique. Integrated process chain is illustrated in Fig. 50.
First, the lower sheet and the tube are placed into the tool;
then, the upper sheet is positioned onto the tube and onto
guiding elements. During the device closing operation, the
sheets are pre-formed by the tube into the die cavity in the
junction area between the tube and double sheet. Then the
tube is upset with an axial force by the docking cylinder
(Fig. 50b). The hydroforming fluid flows through a channel
in the docking cylinder and forms the two blanks and the tube
against the die cavity. At the end of the forming process, the
clinching punches, which were retracted inapposite holes in
the blank holder, are actively moved and join the two sheets in
six points in the flange (Fig. 50c). Due to the hydroforming
operation, a joining by hydroforming between the tube and the
double sheet is also realized. Finally, the component can be
taken out of the press and finished by additional welding and
cutting operations in the adjacent laser station (Fig. 50d). The
manufactured part is illustrated in Fig. 51. Wang et al. [168]
used hydroforming to make bimetallic corrosion resistant al-
loy (CRA)-lined pipes. The CRA-lined pipe has a liner pipe

Fig. 42 Process principles of
joining by rolling [162]

Fig. 43 Tubular joining by rolling: 1 tube; 2 smooth, grooved, or
patterned insert Fig. 44 Rolled-in camshafts [162]
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made of corrosion-resistant-alloy (CRA) and an outer pipe
made of low-cost steel and has been utilized in oil production,
nuclear power plants and refining industry increasingly. First,
the carbon steel outer pipe and the CRA liner pipe should be
produced by seamless or welded manufacturing processes.
The contact area of the two tubes (the outside of the liner
and the inside of the outer pipe) has been treated by alkaline
cleaning, and then sour cleaning. The two tubes are joined
together hydraulically using a nearly complicated setup. The
O-rings and the self-energizing seal rings made of rubber are
installed on two ends to assure the sealing between two tubes.
A core tube is placed inside the liner pipe, and a liquid medi-
um (water is used in this case) is pressed into the cavity be-
tween the core tube and the liner pipe (called expanding

cavity). By increasing hydraulic pressure in the expansion
cavity, the CRA liner pipe is hydraulically expanded at ambi-
ent temperature until it touches the inside wall of the outer
carbon steel pipe. And the operation is then followed by a
combined expansion of both the liner and the outer pipe.
During expanding process of the pipe assembly, the simulta-
neous pressure in seal cavity is always higher than that in
expansion cavity to maintain the condition of the self-
energizing seal. When the hydraulic pressure in the expanding
cavity is up to the required value, it is held for a few minutes,
and then it is released. At this point, the process is finished,
and a bi-metal pipe is manufactured.

8 Joining by incremental forming

Incremental forming is an innovative and highly flexible sheet
metal forming technology for small batch production and
prototyping that does not require any adapted dies or punches
to form a complex shape [169]. Incremental forming can be

Fig. 45 Weight comparison of
forged and rolled-in camshafts
[162]

Fig. 46 Process principles of joining by die-less hydroforming [163]
Fig. 47 Calculation of interference pressure by FE simulation and Eq. (1)
[165]
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categorized into several techniques, such as flow forming,
spinning, single-point incremental forming (SPIF), two-point
incremental forming (TPIF), and rotary swaging. Some incre-
mental forming technologies can also be applied to join ma-
terials. Joining by incremental forming has four major bene-
fits: (1) Assembly can be carried out without additional join-
ing elements; (2) an enormous freedom of material selection is
given since incremental forming processes can lead to high
formability [170]; (3) short clock cycles; and (4) possibility to
vary the temperature increase of the workpiece by changing
the process duration [8].

An application for joining by incremental forming is
manufacturing multi-layered (composite) hollow frames or
tubes. In many cases, the inner and outer surfaces of hollow
sections are exposed to different environments, and different

characteristics are required inside and outside. In these in-
stances, various bimetallic or clad tubes are used in the various
industries. Utilizing the tube spinning process, a method for
cold-bonding of cylinders, so-called spin-bonding was pro-
posed [171]. Figure 52 shows the schematic of the process.
Initially, the surface preparation was done on the workpieces;
then, the two tubes to be joined were positioned relative to
each other. The roller moved on the outer workpiece along the
mandrel and thickness of both workpieces reduced, and a
force-fit between two workpieces was created under the influ-
ence of the heat and pressure. Effect of the process parameters,
including temperature, feed rate, roller attack angle, and thick-
ness reduction, was investigated. It is stated that the main
difference between spin-bonding and roll-bonding is the strain
history of these processes.

Fig. 49 Stress-strain profile for
fluid-based force-fits [167]

Fig. 48 Angular joining by
hydroforming; process phases
and product [167]
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Incremental forming processes also seem to be particularly
attractive for the assembly of smart and structural components
by enclosing the functional elements with a plastically de-
formable material. For example, Groche and Turk [8] used
metal spinning to manufacture tube parts with integrated ring
magnets (Fig. 53). The integration of the two magnets takes
place in three steps. In the first step, an aluminum tube is
formed into a preform upon a two-part mandrel. After this,
the first ring magnet is positioned on the mandrel, and the
undercut is formed. Now, the mandrel can be removed and
the outer side of the tube with the second ring magnet is
formed by the spinning roller. The rings are fixed into the tube
part, and the mandrel can be removed. Figure 53 schematical-
ly shows the sectional view of the part design (left) and pro-
duced cartridge by metal spinning (right).

Rotary swaging is an incremental forming process for the
reduction of the cross-section of bars, tubes, and wires. Sets of
two, three, four, or in individual cases up to eight dies perform
several simultaneous radial movements. During every inward
movement of the dies, a small area of the workpiece is de-
formed. Depending on the kind of relative movement between
the workpiece and die, rotary swaging is categorized into
infeed and hitch-feed swaging methods [172]. Mainly com-
pressive stresses inside the workpieces lead to plastic defor-
mation during conventional swaging processes [8]. It is wide-
ly used in automobile and aviation industries due to its high-
cost effectiveness and considerable material saving [173].
Rotary swaging was also used as a joining method to manu-
facture smart structures. A tube made of aluminum alloy
AA6060 and piezoceramic ring were the mating parts [8].
Rotary swaging dies loaded them and supported by an inner
mandrel. A groove inside the swaging dies led to a stronger
reduction of the tube diameter in areas where the piezoceramic
ring was not located. Furthermore, numerical simulations
were carried out to prove the relevance of the joining
mechanisms.

Joining by rotary swaging was utilized as a joining by
plastic deformation method for connecting tube/tube parts
[173]. Figure 54 shows the schematics of the process. Two
tubes of copper were positioned coaxially and then by ro-
tary swaging dies, the thickness of tubes reduced and an
interference pressure between the parts obtained. Both sim-
ulation and experimental methods have been used to inves-
tigate the joining mechanisms and the deformation process
as the joining strength of parts.

Fig. 50 Integrated process chain
for combined tube and double
sheet hydroforming [164]

Fig. 51 Tube double-sheet component [164]
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9 Joining by hydraulic and mechanical
crimping

In crimping process, the tubular component is lowered into
the casing to a predetermined depth, and then segmental
dies or elastomers are pushed into the housing by mechan-
ical or hydraulic rams, resulting in forming the crimp. The
housing is deformed to fill grooves, which were machined
on the inner part formerly [146]. Hydraulic and mechanical
crimping is almost the same processes with minor differ-
ence between process tools and driving force. In mechan-
ical crimping, segmental tools so-called crimping dies are
used to apply forming pressure to the outer joining part as
depicted in Fig. 55, while in hydraulic crimping, elasto-
mers are used to apply forming pressure, and utterly elastic
deformation of elastomers causes plastic deformation of
the outer part (Fig. 56). In these processes, a force-fit is

created between joining partners. A principal application
of the crimping methods is to join metal casings to rubber
hoses [175] and in the field of electrical engineering for
assembling composite insulators [176]. The main advan-
tage is the easy installation, small manufacturing time
and manufacturing leakage-proof connections [175].

Cho and Song [174] used the crimping process for joining
metal fitting to a rubber hose for automotive power steering
applications. Figure 55 illustrates schematics of the process.
First nipple and sleeve are metal-fitted by jaw 1. Then, the
rubber hose is inserted between nipple and sleeve and is
crimped to the metal fitting by jaw 2. After unloading, the
metal fitting and rubber hose show the spring-back and stress
relaxation, respectively. It is proved that stress relaxation neg-
atively influences the strength of the force-fit joint and it is
suggested that the shape and dimension of nipple grooves,
sleeve concaves, and rubber materials to be determined care-
fully such that unexpected oil leakage may not be triggered by
the stress relaxation. Pavloušková et al. [177] found that the
crimped hoses typically fail by fracture running through the
ribs. This observation evokes that clamp insert is responsible
for the failure of the fitting assembly by providing the force for
opening the crack. Cracks initiate at the bottom of the ribs,
suggesting that the cause of cracking is the stress concentra-
tion during deformation of the material. Furthermore, evalua-
tion of crack in transverse direction revealed that they were
formed during crimping of the sleeve when the material at the
sleeve’s inner surface was subjected to heavy plastic flow.

Shirgaokar et al. [178] focused on the crimping of a rod
to a tube using flexible tools. First, the rod is press-fitted
into the tube to a predetermined depth and then a

Fig. 52 Schematics of the spin-
bonding process [171]

Fig. 53 Sectional view of a part design with integrated ring magnets
(left); produced cartridge by metal spinning (right) [8]
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hydraulically pressurized rubber crimper pushes the casing
into grooves machined on the rod, forming the assembly.
Pull-out forces in the range of 9–15 kN were found for the
construction. The design of the crimping processes for as-
sembling tubular parts rely mainly on the experimental trial
and error methods, which prove to be very expensive and
time-consuming [178]. So, it is advantageous to use FE
simulation to predict the process and determine the opti-
mum process parameters, but the numerical analysis of the
process is not so simple because this process exhibits the
highly non-linear behavior. Cho et al. [175], the FE analy-
sis of the method was presented by fully reflecting materi-
al, geometry, and boundary nonlinearities. Shirgaokar et al.
[176] discuss the application of FEM in the evaluation of a
hydraulic crimping process to enhance the performance of
the assembly by determining the optimum process and
geometrical parameters. Shirgaokar et al. [178] conducted
FE simulations to optimize the process parameters.
According to the simulation results, it was proved that
the combination of minimum flow stress, minimum force-
fit, and maximum friction yields to the maximum pull-out
force values. Pavloušková et al. [177] stated that high and
excessive degrees of material strengthening during the cold
formation leads to failure of the fitting, because of forma-
tion of deeper and more stress-concentrating cracks at the
bottom of the ribs.

10 Electromagnetic forming

EMF is an impulse, high speed, contactless forming tech-
nology, which utilizes substantial electromagnetic fields to
form electrically conductive materials. First, a high-voltage
energy (about 3–30 kV) is charged in a capacitor or bank of
capacitors. This charged energy is sufficient to form the
material. By discharging the energy suddenly, all the stored
energy is released, leading to an electrical discharge cur-
rent running through a coil which generates an intense
transient magnetic field around it. This magnetic field can
be induced in any electrically conductive material adjacent
to the coil and induces transient eddy current. The two
currents running in the opposite direction create a large
magnitude magnetic repulsion force between the coil and
the workpiece. This magnetic repulsion launches the work-
piece at very high speeds, and desired shapes can be ob-
tained on the workpiece [179]. Depending on the arrange-
ment and the geometry of the coil and workpiece, different
applications of EMF are achieved: compression and expan-
sion of tubular components or hollow profiles as well as
forming of initially flat or three-dimensional preformed
sheet metals (see Fig. 57) [181].

In addition to the tube forming and sheet forming in
different geometries, the process can be utilized to achieve
assembly and joining purposes. Joining by EMF can be

Fig. 54 Schematic representation
of joining tubes of different
diameters by rotary swaging
[173]

Fig. 55 a Schematic view of the mechanical crimping process. b Sleeve and nipple to be joined [174]
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applied for connecting tubes as well as sheet metals [181].
Both tube compression and expansion processes are avail-
able by this forming technology and all joint mechanisms
introduced in Sect. 2 including force-fit, form-fit, and met-
allurgical joints can be produced. In the case of connec-
tions including at least one sheet metal partner, force fit
joining is not possible [181], while the main joining mech-
anism in tube joining by expansion or compression is a
force-fit, form-fit joints also can be produced in this cate-
gory. One of the most common applications of tube
expansion/compression by EMF is crimping of shafts, ca-
bles, and building frame-structures [6].

In comparison to other conventional joining techniques like
mechanical crimping, electromagnetic crimping features very
homogenous bond characteristics. These results from a uni-
form forming pressure distribution [182]. One other applica-
tion is in the aerospace industry. For example, in Boeing 777
and other recent Boeing aircraft models, this technology is
used for manufacturing torque tubes [183].

10.1 Force-fit joining

For manufacturing force-fit joints by electromagnetic expan-
sion/compression, the workpieces should be positioned coax-
ially, and magnetic pressure is applied to their overlap area in
the radial direction. In tube compression, the magnetic pres-
sure is applied to the outer surface of the outer part and in tube
expansion on the inner surface of the inner portion. The main
advantage of force-fit joints created by EMF is the combina-
tion of high strength and simplicity of the process. High-
velocity forming typically develops a natural force-fit that
resists motion, and by forming onto undulating surfaces, joints
that have the strength of the weaker joining partner in torsion
and tension can be manufactured [183]. This process can be
utilized to join any electrically conductive material to any
other materials such as steels [15] and even rubber materials
like polyurethane [184].

The impact velocity has a significant effect on the joint
strength. The impact velocity is under the influence of

Fig. 57 Different setups for electromagnetic forming/joining process [180]

Fig. 56 Schematic representation
of hydraulic crimping process [6]
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discharge energy and the initial gap between the joining
partners. An optimum initial gap leads to the higher speed
of the workpiece as a result to increase the impact energy,
and the much stronger joint can be produced. However,
this is valid only for metallic workpieces, as Hwang et al.
[184] report that initial gap between aluminum and poly-
urethane workpieces negatively influences the joint
strength. Salamati et al. [14] reported the same observa-
tions in joining aluminum and CFRP tubes by the electro-
magnetic compression process.

Considering joining a tube and a collar by electromag-
netic expansion (Fig. 58a), once the magnetic pressure ap-
plied, both the workpieces deform radially (Fig. 58, phase
2). Thus, the inner joining partner (tube) initially deforms
elastically and on final levels of the process deforms plas-
tically. The other joining partner, the collar should neces-
sarily deform elastically (Fig. 58, phase 3), the plastic de-
formation of this part negatively influences the joint qual-
ity and strength. When the energy completely discharges,
the elastic recovery of the workpieces initiates, and if the
plastically deformed workpiece (tube in this case) avoid
the elastic recovery of the outer part, a force-fit creates
between the workpieces. Electromagnetic compression
(Fig. 58b) is the other way around. In fact, in this case,
the pressure is applied to the outer surface of the outer part
(e.g., tube), so that the outer parts should deform elastic-
plastically, while the inner part (e.g., mandrel) should nec-
essarily deform elastically. Three main factors are influenc-
ing the strength of the force-fit joint:

& The interference stress;
& Friction coefficient;
& The contact area between two parts.

Strength and stiffness of the mandrel play a significant role
in the force-fit stresses. Kleiner et al. [185] and Barreiro et al.
[186] investigated the effect of yield strength and stiffness of
the mandrel on joints made by tube compression. As shown in
Fig. 59, using a mandrel material of both higher strength (Re)
and stiffness results in higher pull-out loads, so it will be
favorable to use a mandrel of higher strength and stiffness than
the tube material (Fig. 59). To investigate the effect of mandrel
material’s stiffness on joint strength, the parameterQ =Di /Da

was introduced [187], whereDi andDo are the inner and outer
diameters of the mandrel, respectively. It is evident that Q = 0
corresponds to a rigid solid mandrel with high stiffness and
Q = 1 corresponds to an infinitely thin-walled mandrel with
very little stiffness. When Q is very small (near zero or zero),
the interference stresses is low due to the high stiffness and
quasi-rigid conditions of the mandrel, and thus joint strength is
little too. Increasing Q to a certain point leads to a significant
increase in joint strength, but the excessive increase inQ leads
to a considerable decrease in joint strength. The reason is that
due to the very low wall thickness and stiffness, the mandrel
deformation is elastic-plastic and plastic deformation nega-
tively influences the joint force. A critical inner mandrel di-
ameter dM was found concerning the transferable loads [182].
If dM be smaller than its threshold value, a supplementary

Fig. 58 Process principles of electromagnetic force-fit joining by expansion or compression [181]
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force-fit is generated yielding to an increase in the joint
strength, while dM exceeding its threshold value leads to a
reduction of the transferable load. Hollow mandrels have the
opportunity to reduce the mass of a connection, but a hollow
mandrel can deform easily during the joining process as
depicted in Fig. 60a. To solve this problem Weddeling et al.
[189] introduced a steel support into the hole of the inner
hollowmandrel. Figure 60b indicates that the plastic deforma-
tion of the mandrel is reduced significantly when using
support.

10.2 Form-fit joining

If the abovementioned geometrical elements (threads,
grooves, or knurls) become as large as the macro scale, the
joint mechanism changes to form-fit. In a form-fit joint, an
undercut is created by forming one or more of the joining
partners onto the geometrical elements on the other part.
Thus the better filling of geometrical elements leads to stron-
ger joints. The minimum pressure required to initiate plastic
deformation of a tube into a groove was analytically calculat-
ed based on assumptions of typical plastic material behavior
and plane strain:

pmin ¼ σy 3 � s
w

� �2
þ s

R

� 	
ð2Þ

where σy is the yield strength of the tube, s is the wall
thickness of the tube, w is the groove width, and R is the
inside radius of the tube [190]. However, it is proved that

the values calculated for the minimum pressure from this
analytical approach do not fully correlate with the experi-
mental data [191]. They are smaller than the values that
could be derived from the experimental results for the mag-
netic pressure at which the plastic deformation begins. It
can be assumed that this results from the simplifications of
the analytical model. Therefore, the results of this model
should be considered as the lower limit of the required
forming pressure. It has to be noted that the joint
manufactured by the minimum necessary energy to fill
the groove, never can be of sufficient pull-out strength.
Figure 61 schematically shows the joints manufactured
by the minimum necessary energy to fill the groove and
with a higher discharge energy. It is evident that the joint
produced by minimum energy has no sufficient strength.

The effect of groove geometry on joint strength can be
divided into three categories as illustrated in Fig. 62: (1)
effect of groove radius; (2) effect of groove depth; and (3)
effect of groove width. These parameters all have two dif-
ferent effects, there is an optimum value for each parameter
and exceeding these optimum values negatively influences
the joint strength. Increasing the groove radius leads to
reduced thinning on the groove profile but simultaneously
results in joint separation quickly. Increasing the groove
depth makes the separation more difficult but excessive
increase in depth leads to substantial thinning of the outer
part and joint strength decreases, and finally increasing the
groove width increases the contact area which in turn in-
creases the frictional force but increasing the groove width
over a certain point causes wrinkling of the workpiece.

Fig. 59 Pull-out loads for
different mandrel materials [186]

Fig. 60 Joining of connections
with hollow mandrels a without
support b with support [188]
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Increasing the groove depth and decreasing its width leads
to more deformation of the tube and thus higher stiffness
and lower angle α. The angle α decreases with increasing
the discharge energy, and a force-fit can be created in ad-
dition to the form-fit [191]. Furthermore, the shape of the
groove (i.e., rectangular, circular and triangular) also influ-
ences the joint strength. Rectangular grooves showed the
highest strength and triangular grooves resulted in the
weakest joints [191]. It is because of greater interference
stresses in rectangular grooves. For both circular and rect-
angular grooves, narrower and deeper grooves lead to
higher joint strength [192], but until a critical point.
Weddeling et al. [182] introduced an analytical joint
strength prediction method for joints with the circular
grooves. However, the model can be adaptable to the two
other form-fit elements (rectangular and triangular). The
parameters considered by the model are the geometrical
characteristics of the joining zone, such as groove dimen-
sions and shapes and the material properties of the joining
partners.

The surface conditions of the joining partners also have an
essential influence on joint quality. The joint force, which is
the ability to resist external loading, is expressed as
Fjoint = Ffriction + Fgroove [15], where Ffriction is a frictional force
arising from contact pressure, and Fgroove is the restraining
force caused by the groove. Since the frictional force resulting
from the residual hoop stress is not sufficient to support heavy
external loading, the restraining force must be maximized to

make a strong joint. The effect of different machining and shot
peening processes on the surface conditions of the workpieces
and the joint strength are investigated by Hammers et al.
[193]. It is stated that increasing the surface roughness and
surface hardening of the parts lead to increased joint strength.
Furthermore, Eguia et al. [183] reported that knurled mandrel
leads to increased torsion strength. Form-fit joints can be cre-
ated with sheet metal joining too. Jimbert et al. [194] used an
innovative electromagnetically assisted hemming (EM hem-
ming) process for hemming of aluminum alloys. As men-
tioned in Sect. 5 aluminum is sensitive to hemming because
of its poor formability, but by using high strain rate of the
EMF process, it was successfully joined to a steel component.
Jimbert et al. [195] conducted a two-step electromagnetic
flanging and hemming process and influence of the relative
positioning of the workpiece and tool coil and the discharge
energy are investigated. Jimbert et al. [153] investigated the
EM hemming process, numerically and experimentally.
Figure 63 shows the experimental setup. First sheet metals
were bent mechanically and then were positioned on the
EMF machine until the hemming process been conducted.
Figure 64 compares the sheets hemmed by EM hemming
(right) and conventional hemming (left). Bending radius and
cracking on the bending area in EM hemming is considerably
lower than the conventional hemming. Discharge energy and
coil height have a significant effect on EM hemming process
[144]. Zajkani and Salamati [34] introduced electromagneti-
cally assisted clinching (EM clinching) process to join low
ductility materials by the clinching. Details are given in Sect.
3. EMF process was used for riveting titanium alloys [196].
The process is schematically illustrated in Fig. 65. The mag-
netic field produced in the flat coil accelerates an armature,
which carries the die to upset the rivet. EM riveting has ad-
vantages, such as uniform deformation of the rivet shaft and
stable quality of the riveting among the conventional riveting.
EM riveting can effectively avoid the damage of composite
material in case of joining titanium alloy and composite hy-
brid structure and deform the difficult to deformation mate-
rials, such as titanium alloys.

Fig. 61 a Joint manufactured with the minimal necessary discharge energy to fill the groove. b Joint produced with a higher discharge energy [191]

Fig. 62 The geometric design parameters of the groove for form-fit joints
[15]
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10.3 Optimizations

Numerical simulation of EMF process is more complicated
than other procedures. There are three ways to FE analysis
of the process. First is a loosely coupled scheme that is
used in some works such as Oliveira et al. [197]. In this
method, the equations governed electromagnetic parts of
the problem are assumed to be independent of the structur-
al part of it. The other way is a fully coupled scheme that
was used by Stiemer et al. [198]. In this method, electro-
magnetic and structural-mechanical simulations are itera-
tively and sequentially performed, and changing the work-
piece geometry as a function of time is considered in solv-
ing governing equations in the electromagnetic part.
Finally, the last method that is simpler than the former
methods was used by some researchers such as Correia
et al. [179], Uhlmann and Jurgasch [199], and Imbert
et al. [200]. In this process, analysis is divided into two
different sections: electromagnetic analysis and mechani-
cal analysis, and the pressure resulted from the electromag-
netic analysis is applied to the workpiece as a mechanical
force. FE simulations were done to predict the effect of
some critical parameters on joint strength in tube compres-
sion process by the third method. It is concluded that by
increasing the discharge energy, the magnetic field density
and magnetic pressure both increase and lead to stronger
joint and interference stresses at the tube and mandrel sur-
face lead to increase the joint strength [201].

Metallurgical joints can also be manufactured by EMF pro-
cess that will be discussed in part C of this work.

11 Joining shaft-hub connections by lateral
extrusion

Joining by lateral extrusion of a shaft-hub connection can be
classified into joining by cold forging processes. In this join-
ing by forming technology, shaft deforms elastic-plastically
while the hub deforms elastically and resultantly a force-fit
joint is generated (Fig. 66). Two important factors influencing
the connection strength of such components are the tribolog-
ical conditions within the contact area of both parts on the one
hand and the usage of a suitable internal hub profile [202] on
the other hand. The punch force, roundness deviation and
cavity filling were determined to have the most effect on an
appropriate internal hub profile [203]. The smaller profile ec-
centricity leads to the lower punch force, but more sophisti-
cated internal hubs result in further increase in the connection
strength. Utilizing this process is advantageous for
manufacturing shaft-hub connections because there is no need
for tight tolerances to ensure a proper connection and by de-
termining optimum process parameters, high-strength torsion-
al loads can be transmitted by such components.

Joining by indentation is a variant of the process in which
there is a metallurgical bond on the contact surface. The tran-
sition from the force-fit mechanism to the metallurgical one

Fig. 63 EMF straight hemming experimental set-up (left) and detailed view of the main geometrical parameters (distances in millimeters) (right) [153]

Fig. 64 Conventionally, hemmed
sample on the left and EMF
hemmed sample on the right
[153]
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depends on the surface quality of the workpieces, material,
compression force [204], and more generally to the severity
of the plastic deformation. This process will be discussed in
part B of this review article.

12 Other mechanical joining methods

There are some processes which could not be classified rep-
resented in the sections mentioned above. Such works are
innovative or hybrid processes developed by hybridization
of two or more conventional method which are briefly ex-
plained here.

12.1 Adhesive-embossing hybrid bonding method

Huang et al. [205] used a novel process for manufacturing a
hybrid joint consisted of adhesive bonding and joining by
plastic deformation to join aluminum and CFRP sheets. This
process is called “adhesive-embossing hybrid bonding meth-
od.” In this process, the adhesively bonded specimens were
embossed with a hydraulic servo press. In the case of
embossing under a warm state, the specimens were heated
by an induction coil unit the target temperature, by using a
thermocouple-based sensor-feedback system, because as stat-
ed by Yanagimoto and Ikeuchi [206], preheating to a specific
temperature, increases the formability of thermosetting
CFRPs. Furthermore, experimental parameters were

investigated systematically to improve the joining quality.
Tensile strength, failure modes, and the negative effects of
the process on the properties of the CFRP laminate were stud-
ied. As indicated in Fig. 67, the adhesive–embossing hybrid
bonding method is superior in terms of tensile shear load and
slip displacement among the four joining methods. The tensile
shear load of mechanically bonded joints is typically larger
than that of adhesively bonded joints, as demonstrated by Di
Franco et al. [107]. However, in this case, adhesive bonding is
advantageous, because the bonded specimen is very thin and
thus, the adhered materials becomemuch weaker owing to the
stress concentration on the mechanical joints. After the tensile
shear test, the failure modes for both rivet joining and
adhesive-rivet hybrid joining were the shear-out failure and
gentle ply drop-off failure, while the failure modes for adhe-
sive bonding and adhesive–embossing hybrid bonding were
mainly interfacial debonding and cohesive failure.

12.2 Tube end forming

Joining sheet panels to tubular profiles is necessary for a broad
range of engineering applications. These parts are joined by
mechanical fasteners or fusion welding and sometimes adhe-
sive bonding. Alves et al. [207] offered a new joining by

Fig. 65 Schematic of
electromagnetic riveting
rationale.1 transformer; 2 current-
rectifying silicon stack; 3 current
limiting resistance; 4 capacitor
bank; 5 discharge switch; 6
recoilmass; 7 flatcoil; 8 driver
plate; 9 amplifier; 10 rivet; 11
plate stack;12 supporting base
[196]

Fig. 67 Comparison of load-displacement curves for adhesive-
embossing hybrid process and some other joining techniques [205]Fig. 66 Joining of a shaft-hub connection by lateral extrusion [202]
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plastic deformation process for manufacturing such parts. It is
a two-stage tube end forming process that is schematically
illustrated in Fig. 68a, and the manufactured part is shown in
Fig. 68b. The process involves compression beading and ex-
ternal inversion. Compression beading is performed by forc-
ing the upper tube end against the bottom tube end while
leaving a gap opening between the dies that support/hold the
tube. As compression progresses, the tube collapses under
local buckling and gives rise to an axisymmetric bead at the
gap opening (Fig. 68a, left). The sheet panel is then placed on
top of the bead and joining is accomplished by compressing
the upper free end of the tube with an appropriate external
inversion punch until achieving the required clamp geometry
(Fig. 68a, right). Furthermore, experimental observations
complemented by FEmodeling allowed to systemize the main
parameters and to understand their influence in the overall
process feasibility window. In another work, Alves and
Martins [208] introduced a developed version of the above

process that is capable of fixing sheet panels to tubular profiles
with a single ram stroke, to meet the demand of industry for
shortening the production time and increasing the manufactur-
ing rate. Schematic of the process, so-called “single-stroke
joining by tube forming” is illustrated in Fig. 69. As seen
fixing is accomplished by a sequence of two different modes
of deformation that are commonly found in tube end forming
processes: flaring and compression beading.

12.3 Sheet joining by tab bending and sheet-bulk
compression

Pragana et al. [209] proposed a new joining by forming tech-
nique to connect two deformable sheets in a lap joint config-
uration. This technique combines partial cutting and bending
with mechanical interlocking by sheet-bulk compression of
tabs from the two sheets partially placed over one another
(Fig. 70). In this process first, the tabs are cut from the sheets

Fig. 68 Joining sheet panels to thin-walled tubular profiles by tube end forming. a Schematic representation of the process. b Picture showing an
application (circular sheet joined to a tube) [207]

Fig. 69 Schematic representation
of single-stroke mechanical
joining of sheet panels to tubular
profiles by tube forming [208]
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Fig. 70 The sheet joining by tab
bending and sheet-bulk
compression: a partial cutting, b
bending, c mechanical
interlocking by sheet-bulk
compression, and d photograph
with a cross section detail of the
joint [209]

Table 9 The most important applications for joining by mechanical forming technologies

Joining technique Applications Similar methods Relative strengtha

Clinching Automotive (especially for body-in-white applications); electronics;
construction; lightweight manufacturing; aerospace; home
appliances; heating and ventilating; dissimilar joining. it is mostly
suitable for non-critical joints.

SPR, RSW Lower

SPR The most important application is on the automotive industry to join
hoods, fenders, doors, deck-lids, lift-gates, body-in-white, seat
structures, door modules, moon-roof structures and other hardware.
It is a promising technique for automated vehicle construction [210].

Clinching, RSW Relatively higher

Hemming It is generally used for manufacturing automotive body panels Stud welding Relatively lower but with
a better-look design

Rolling Joining tubular parts used for automotive body and chassis;
camshafts; frame-structures; heating and ventilating;
lightweight manufacturing.

EMF joining, die-less
hydroforming,
crimping

Relatively comparable
but with a more
complicated setup

Die-less hydroforming Joining tubular parts used for automotive body and chassis;
frame-structure; automotive parts such as tie bar, engine mount
bracket, sheet/tube sub-frame, and cooling tubes; heating and
ventilating; lightweight manufacturing.

EMF joining, crimping,
rolling

Relatively comparable

Incremental forming Multi-layered tubular and hollow frames; tube/tube and
tube/mandrel connections; tubular connections with a;
smart structures; automotive; aerospace.

EMF joining, crimping,
rolling, die-less
hydroforming

Relatively comparable

Hydraulic/mechanical
crimping

Joining tubular parts used for automotive body and chassis;
frame-structures; heating and ventilating; lightweight
manufacturing.

EMF joining, rolling,
die-less hydroforming

Relatively comparable

EMF Joining tubular parts used for automotive body and chassis;
frame-structures; heating and ventilating; lightweight
manufacturing.

Crimping, rolling,
die-less hydroforming

Relatively comparable

Lateral extrusion Joining shaft-hub connections – –

a Compared to similar joining techniques
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by means of wire electro-discharge machining, waterjet cut-
ting, laser cutting, and so on (Fig. 70a). Then, the two sheets
are partially placed on each other as shown in Fig. 70b. A
toolset is used to bend the tabs of each metallic sheet as shown
in Fig. 70c. Finally, a lap joint with a cross-section illustrated
in Fig. 70d can be manufactured. In the work of Pragana et al.
[209] lap joints of AA 5754-H111 with 2.5 and 5.0 mm, thick-
nesses are manufactured. The joints manufactured by this new
joining by forming method showed a superior shear strength
compared to a joint manufactured by conventional tab bend-
ing process (almost twice). The morphology of the cracked
surfaces reveals triggering of the cracks by shear followed by
opening in tension due to the bending.

Finally, it should be mentioned that the various joining by
forming methods are advanced technologies suitable for high-
performance applications and high-end products. Using such
technologies most of the limitations involved in conventional
joining methods could be overcome, and a highly reliable,
high quality, and a better-look (from an esthetic point of view)
product can be manufactured. As a brief conclusion on the
applications of the methods reviewed in this study, the most
important applications of each one in the industry are summa-
rized in Table 9. It should be noted that there is no limitation
for fields of applications for joining by forming and numerous
innovative and productive applications are available. Here,
only the most important applications are listed.

13 Conclusions

Joining by plastic deformation technologies are reliable tools
for joining processes in high-performance applications.
Higher efficiency compared to conventional joining tech-
niques and high capability in joining dissimilar materials are
the most important advantages. Since the governing joining
mechanism in mechanical joining by forming techniques,
studied in this part A of the paper is either form-fit, force-fit,
or a combination of these mechanisms, rather than metallur-
gical bonding, obtaining the efficiency of 100% (or higher) is
nearly impossible, however they still retain their position as a
powerful tool for joining. It is important that utilization of
optimized tooling and processing parameters, would lead to
significant improvements in joint mechanical behavior. Thus,
realization and optimization of these parameters would result
in a stronger and more reliable joint. However, there are sev-
eral areas for further studies and advancement in this techno-
logical field, including the implementation of technologies on
low-formability materials, improvement in mechanical behav-
ior, the combination of different techniques in order to develop
hybrid techniques, improvements in simulation techniques,
and standardization of the various techniques. Future trends
will be discussed in more detail in the final part of the review
article (part C).

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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