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Abstract. The trend towards fuel efficiency in the automotive industry has made the light-
weight design of vehicles more and more common, making joining dissimilar materials a criti-
cal issue. This article reviews former research of six joining methods, Bolts, MIG, Friction Stir
Welding, Riveting, Clinch, and Adhesion, from different perspectives. This paper firstly re-
views the definition and background knowledge of six types of joining, then discusses and
compares the number of common pairs of lightweight materials they can join. Failure and fa-
tigue, strength and manufacturing process are included to select the most suitable joining
method. The result shows that bolts are the most suitable joining method due to their broad ap-
plicability and easy manufacturing progress.
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1. Introduction

Global warming and climate change have been increasingly significant in the past decades. Air pollu-
tion from internal combustion vehicles is widely blamed for the environmental problem. While more
and more countries are creating stricter government regulations, manufacturers have adopted many
approaches, such as hybrid vehicles, waste gas re-circulation, and energy recovery systems, to im-
prove fuel efficiency and thus reduce greenhouse gas emissions.

Lightweight automotive designs that reduce vehicle weight are considered one of the most efficient
solutions to improve fuel economy and reduce harmful emissions. In recent years, this concept, known
as lightweight, has become a significant research theme in the transport industry, including racing
cars, train vehicles, spacecraft, etc. Multi-material design options, lightweight metallic alloy, and fi-
ber-based hybrid composite are the three leading feasible solutions in developing and advancing
lightweight vehicles [1].

When people seek lighter panels with qualified strength, they face challenges that joining such
complicated materials should have high stiffness. However, not every joining is suitable for all materi-
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als. Thus, advanced joining is applied to join dissimilar materials to improve vehicles' fuel efficiency.
Therefore, to understand the specific use of advanced joining in vehicles, the development and general
knowledge of six types of joining methods are reviewed and discussed in the introduction.

Bolts are one of the most common types of threaded fasteners. Archytas of Tarentum, the father of
mechanics, is widely known as the inventor of threaded connection around 400 BC. The bolt-and-nut
connection was invented shortly after screws appeared. A bolt has male threads that match female
ones on another piece (usually a nut). The most widely used standard is based on the SAE system,
which was formed in the 1870s. Since then, bolts with various heads have come out; bolts are made
with different materials; bolts with whatever sizes or threads can be manufactured. There was no sig-
nificant innovation because it has become a mature tool widely used on every machine component.
While bolts give the convenience of installing and assembling parts, they could potentially cause fail-
ure. On July 23rd, 2001, an F-16 crashed because of the failure of two bolts on the air seal [2] as the
air seal got loose, the drive shaft connected to the turbine bent. The fragment of the turbine pierced the
fuel tank and ignited the fuel in it.

The complete name for MIG welding is melt inert-gas welding. The method of MIG welding in
which an external gas is used as the arc medium, and the metal droplet, welding pool, and high-
temperature metal in the welding area are protected [3]. It is widely used on most metal structures such
as cars, railways, ships, planes, etc. It improves the efficiency of the factory and the quality of compo-
nents in machines. Humphrey invented it in 1810. Carbon arc welding was becoming increasingly
popular by the end of the 19th and the first half of the 20th century [4].

Friction stir welding (FSW) is a solid-state metal joining technique invented in 1991 by The Weld-
ing Institute in the UK. It is called a "green” technology since its process only requires 2.5% of the
energy for laser welding. It eliminates the requirement of shielding gas and solvents and the produc-
tion of grinding wastes. [5-7]. In the FSW process, a welding tool moves on workpieces. High heating
caused by friction produces a thermo-mechanically affected zone (TMAZ), which allows the material
to undergo plastic deformation to make a joint [8]. Generally, FSW is used in aircraft panels, vehicles,
and train body shells to meet the design of lightweight structures; since FSW is effective for joining
metals that are hard to weld, even plates with different thicknesses or materials can be joined. Howev-
er, the friction stir process has three inherent issues: back support, weld thinning, and keyhole defect.
There is also a limitation: it is impossible to work pieces using FSW manually.

Riveting is a common way of joints for metal, such as aluminum and carbon fibers. The rivet acts
to join the parts through the surfaces of materials. First, a straight metal piece is connected through the
parts. Then both ends are formed over the connection, joining the parts securely [9,10]. A rivet is a
mechanical fastener with a shaft inserted through holes to join two or more parts. As an emblematic
type of fastener characterizing 19th and 20th-century iron and steel constructions, riveted connections
were first introduced by two other branches of industry, namely boiler making and the shipbuilding
industry [11].

Clinched joining is popular in engineering structures and components for its lightness and sustaina-
bility. Moreover, clinched joining machines are expected to have a high damping capacity. As a result,
there is an increasing need to design lightweight structures like vehicle body shells. It also drew atten-
tion since they can join dissimilar, coated materials and are hard to weld together. So, clinching has
rapidly developed into a new branch of mechanical joining techniques.

Metal joining is used in most cases and is highly efficient and effective. However, non-metal mate-
rial is essential as well. Take adhesion, for example. Adhesion makes two or more objects' surfaces
attract each other, a physical and chemical bond. Currently, adhesion has been developed at a relative-
ly high level. [12]. However, adhesive failures exist for adhesion. Expanded or compressed adherents
will affect the performances of the machines. The machines might lose their operations and working
abilities [13].

Attributes of these six joineries are discussed below.
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2. Discussion

2.1. Bolts
Bolts are one of the most common fasteners due to not only their convenience to install and uninstall
parts but also their ability to connect a variety of materials. So, they are widely used in engineering,
especially in automotive applications. At the same time, however, bolts also have their inherent weak-
ness in that failures can happen quite quickly. There are mainly two types of bolt failures: loosening
and fatigue. They often occur on any machines that move and vibrate. Loosening is usually caused by
not enough torque being preloaded to the bolts. When the machine is vibrating, there are loads from all
axles and thus forces acting on the bolts, which makes them loosen. Fatigue is similarly caused by
axial loads but does not get loose. Instead, the micro-cracks decrease its ability to bear loads, which
could eventually cause complete failure of the structure if no measure is taken to prevent further prop-
agation [14] (Fjgure 1.);,
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Figure 1. An example of bolt failure [15].

One typical example of fatigue failure of bolts is on anything connected to a shaft, like the wind tur-
bines and the braking discs on vehicles, that is connected to a shaft using the bolts around the circum-
ference (Figure 2).

—1'| Pressing ring
Worn disc—" | =/

Figure 2. An illustration of a braking disc [15].

It is especially challenging for braking discs to slow down a vehicle from hundreds of kph to zero in
seconds only by friction. When the braking clamp is engaged, it provides a substantial resisting force
on the disc to change its motion which is also the entire vehicle's motion. In addition, since it is con-
nected to the bolts and the shaft, all the bolts have a massive axile force caused by the resisting force
that makes the vehicle stop (Figure 3).

163



The 3rd International Conference on Materials Chemistry and Environmental Engineering
DOI: 10.54254/2755-2721/3/20230398

Figure 3. The loads on a braking disc [15].

The loads from all directions create micro-cracks in the bolts. As the running time increases, the mi-
cro-cracks could propagate to become the cracks we can see and eventually break the bolts. If the fa-
tigue is not found, it will accumulate and deteriorate, which eventually causes the structural failure
that the bolt is broken into two pieces. One failed bolt might not be a fatal problem on a vehicle, which
might cause it to slow down not as efficiently because there is always redundancy when designed.
However, if several bolts fail, it will fail to decrease the speed of the vehicle as expected [15].

2.2. MIG Welding

Although MIG welding is an excellent method to connect materials, it has some disadvantages, just
like other ways. Two main reasons may cause a break when tension between the two objects welds
together. The first reason is that the materials had not completely melted and held together. Another
reason is that the undercut reduces the effective cross-section of the base materials [16,17].

Overall, welding is a perfect way to decrease weight. In addition, they are stronger than standard con-
nection methods, especially MIG welding. It makes producing lightweight vehicles possible. Nowa-
days, MIG welding is widely used in factories.[18]

2.3. FSW Welding
Friction stir welding (FSW) is a solid-state joining process that uses a hon-consumable tool to join two
facing workpieces without melting the work-piece material [19] (Figure 4).
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Figure 4. Schematic representation of the FSW process [20].

It is a novel approach to welding dissimilar materials such as Magnesium (6XXX series) and Alumi-
num (AZ families), and it is joining for polymers that were still in the experiments. The main chal-
lenge of FSW is the presence of intermetallics (IMCs); they occur due to a non-equilibrium solidus
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temperature in the friction stir process since Liquefaction and solidification occur repeatedly. IMCs
result in joint failures due to their low tensile properties and brittleness [21]. Some advanced FSW
method was applied to diminish the IMCs. Firstly, water cooling can suppress the formation of IMCs
by reducing the cooling time in this process. Laser hybrid friction stir welding was also used to join Al
alloy to Mg alloy with Ni foil as filler material to reduce the formation of brittle Mg-Al IMCs.[22].
The three inherent issues of FSW are back support, weld thinning, and keyhole defect. During the fric-
tion stir process, the workpiece must be omnidirectionally fixed, which results in welding difficulties;
penetration defects occur in the bottom of the joints; plunge depth thinning the joint, which quickly
results in stress concentrations and fatigue damage [23]. Another common failure occurs with the
welding tool [24]. Since FSW joining had already been applied to vehicles, these problems did not
affect the overall performance of FSWi; it is an appreciated option for lightweight vehicle designing.

In lightweight vehicle innovations, FSW has been widely applied in joining aluminum, magnesium,
and other alloys lighter than traditional steel. In 2013, Honda developed a robotized FSW technology
to weld steel and aluminum in a sub-frame of vehicles and applied it to a mass-production vehicle
[25]. However, for the joining of other dissimilar lightweight materials, such as fiber-reinforced poly-
mers, FSW does not work well [26]. Research shows that an FSW joint between carbon fiber-
reinforced polymers has only a tensile shear strength of about 2.9kN, which is too low for heavy in-
dustrial applications. However, FSW joining for polymers has potential in the future. [27]

2.4. Riveting
The function of the rivet is to join parts using adjoining surfaces. A straight piece of metal is attached
through the part. The two ends are then formed at the joint, firmly joining the parts together. The self-
piercing riveting process is the primary process used by most machines. There is a way called engi-
neering that uses FEA to analyze, which is the most modern and economical way of optimal model
realization. Due to further research on the joints, new materials with high-strength properties are im-
plemented in assembling car body elements [28]. There is also a kind of electromagnetic-driven nail-
ing riveted joint. Electromagnetic high-speed nailing (E-HSN) has been widely used in the mechanical
area because of its high flexibility and excellent machine performance.[29]. The electromagnetic
forming equipment charges the capacitor bank to store energy, closes the discharge switch after the
energy is charged to the present value, and discharges energy through the flat coil placed in the rivet-
ing tooling. At the moment of discharge, the oscillating circuit composed of an energy storage capaci-
tor, discharge coil, and internal resistance of the system generates alternating current, which generates
an alternating magnetic field around the coil. The surface layer of the copper driving sheet attached to
the coil induces alternating eddy currents due to the action of an alternating magnetic field, thereby
generating an induced eddy current magnetic field. The coil's magnetic field and the eddy current's
magnetic field create opposing repulsive forces that push the punch to compress the rivet and form the
rivet head to lock the connecting plate. After fatigue testing, the fatigue life of his E-HSN joint at four
stress levels was obtained. The traditional Basquin derivation equation fits the fatigue data: The results
show that the joint has two typical fatigue failure modes. A cyclic stress of 253 MPa is the critical
point for both failure modes. [Fig.3]

Model: At high cyclic stress, the load has been shared by the revising shank. The Al sheet provides
a small horizontal load and subjects the rivet head, the rivet shank cannot withstand cyclical shear
loads, and cracks occur. Finally, fatigue failure occurs within relatively short cyclic loading periods.

Mode2: At lower cyclic stresses, the cyclic load is insufficient to cause the rivet to fail immediate-
ly. After a load period, the interlocking structure between the sheet metal and the rivet grooves first
fails due to friction and wear. A small gap is created between the rivet shank and the plate, allowing
the rivet to tilt gradually. The rivet is subjected to shear and horizontal loads at this time, but the rivet
shank can withstand relatively small shear loads. As the load continues to be applied, the rivet tilt and
the horizontal load gradually increase. Fatigue failure eventually occurs between the rivet head and
rivet shank until the rivet head can no longer withstand horizontal loads.[30] (Figure 5).
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Figure S5.E-HSN equipment and cross-section geometry: the cross-section geometry of the
joint. [30].

High-strength steels and aluminum alloys are becoming the preferred material for body components
due to vehicle weight reduction when choosing the type of riveted joint. Body parts are usually con-
nected by resistance welding [31]. Because it is difficult to join dissimilar metal parts such as iron and
aluminum by resistance welding, the number of cases where mechanical joints such as SPR are used to
join them is increasing. In addition, compared to bolting, mechanical clamping, and adhesive bonding,
self-pierce riveting offers the advantages of solid and reliable connections, consistent riveting quality,
no pre-drilling and dust during the riveting process, no toxic fume emissions or waste, and easy mech-
anization. As a result, SPR has attracted worldwide interest. After a series of previous experiments
[32], fatigue tests show that the leading cause of joint failure is fretting wear between the rivet foot
and the lower plate. Reducing corrosion time and fretting wear is a practical way to extend joint fa-
tigue life.

2.5. Clinch

Clinching is similar to press forming. It is a process of cold forming of a small area of the material.
The clinch connection between lightweight materials such as aluminum would be affected by the cor-
rosion degradation phenomena and cause premature failure at a very low-stress level.

There are three stages of failure. At the first stage, as we observed a linear increase of the load ver-
sus displacement, the number of slopes was relatively constant, and the number of contact pressures
between the aluminum and steel sheets was induced because the clinched button offered a forced me-
chanical joining and a shear resistance. At the second stage, the maximum load stage, the load-
displacement curve has become non-linear, and the slope undergoes a progressive reduction. Moreo-
ver, contact friction is losing its effect on the total resistance of the joint. Finally, there is the final
stage, the residual resistance stage, the residual strength of the joint will decrease progressively. Then
there will be cracks in the button neck of the carbon steel button (Figure 6).
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Figure 6. The clinched.

2.6. Adhesion

Adhesion is one of the most effective methods used in vehicles for joining. For the reason that it is
relatively low price and easy to apply. Adhesion is usually used for vehicles' decorations which do not
need to withstand that much strength. For example, the simple leather inside the cars is applied with
adhesion, and almost every vehicle needs this joining method. However, its downsides are unavoida-
ble. Two of the most important factors which cause joining failure of adhesion are high temperature
and moisture. This effect will be presented between the material and the adherents. Once the joining of
adhesion is pulled and pressed, or it undergoes a temperature that it cannot hold, it will gradually lose
its connection ability. To cope with this problem, we can enhance the heat-proof ability of the materi-
al. The researchers also invented a new high-strength material called Carbon-fiber-reinforced plastics
(CFRPs). This advanced CF can withstand higher temperatures and more muscular stress and com-
pression.[33] Likewise, if the air is wet, the glue will lose its ability to stick together. When it comes
to metal material, adhesion cannot perform that well because many types of glue will cause corrosion
on metal material, and people must process metal surfaces to avoid corrosion. This demonstrates that
adhesion only presents its advantages in non-metal materials.[34] Carbon fiber can cooperate with
adhesion pretty well because a layer of blister attached to CF can highly strengthen the adhesion join-
ing method.[35] Furthermore, industrial plastic is also a suitable material applied to adhesion because
it is light and can be expanded easily. Moreover, CF and industrial plastic can be applied to one join-
ing to produce a mixed material joining.

2.7. Compare and contrast

For each joining that is strong enough, types of lightweight materials were discussed and marked in
table 1.
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Material pairs

Bolt

MIG
welding

Friction
Stir  weld-
ing

Rivet-
ing

Clinched
joining

Adhe-
sion

Carbon fiber reinforced poly-
mers

(CFRPs)+Carbon fiber rein-
forced polymers (CFRPS)

Carbon fiber reinforced poly-
mers
(CFRPs)+Aluminum alloy

Carbon fiber reinforced poly-
mers
(CFRPs)+ Magnesium alloy

Carbon fiber reinforced poly-
mers
(CFRPs)+ Industrial plastics

Aluminum  alloy+Aluminum
alloy

Aluminum alloy+Magnesium
alloy

Aluminum  alloy+Industrial
plastics

Magnesium alloy+Magnesium
alloy

Magnesium  alloy+Industrial
plastics

Industrial  plastics+Industrial
plastics

Firstly, from the table above, bolts, FSW, and rivets have much broader applications when joining
different materials than MIG, clinch, and adhesion. Secondly, comparing the pull-out strength, bolts
have the highest strength, and rivets are the second highest due to their threaded nature. An anchor
bolt of 12 mm @ with an embedment length of 70 mm has 47kN pullout strength [36], while a self-
piercing rivet has about 34kN pullout strength [10]. Thirdly, bolts have a more straightforward manu-
facturing process than rivets. It is also more convenient to join two materials with bolts than with riv-
ets. Admittedly, both bolts and rivets bring additional weights to the structure, while FSW and MIG
welding do not. In conclusion, bolts are the most appropriate choice for most applications, considering
the materials being joined, their high pullout strength, and the installation convenience, while riveting

joints are the second.
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3. Conclusion
This paper reviewed six types of advanced joining that could be applied to join dissimilar materials to
meet fuel efficiency.

Bolts are the most common type of joining because it is not limited by the materials being joined.
For example, bolts can be used to join carbon fiber, aluminum alloy, magnesium alloy, plastic, etc.
The only restriction of bolts is their failure, whether loosening or fatigue. However, it is caused by
either excessive loads while the machine is running or not enough torque being pre-installed. So the
only restriction of bolts has nothing to do with the joined materials. Thus, bolts can join the most vari-
ety of materials with different combinations.

MIG Welding is one of the most popular ways to connect two metals. Nowadays, MIG welding is
used widely in the industrial field. For example, the inside structure of the car usually uses welding to
connect. However, materials that do not include metal cannot be connected by welding. Overall, weld-
ing is a stable and safe way to combine metal materials.

Friction Stir Welding (FSW) has been widely applied to join aluminum alloy plates to magnesium
plates. A study found that FSW has the potential to join thermoplastic polymers and polymer matrix
composites, but FSW for polymers hasn't been applied widely in practice.

Riveting joints are currently used in machines because they can connect many types of materi-
als.Electromagnetic High-Speed-Nailing (E-HSN) has wide application prospects due to the advantage
of high flexibility, unilateral operation, and excellent performance. This paper systematically devel-
oped the fatigue behavior of E-HSN joints with aluminum alloy and high-strength steel structure.

Clinching is a new type of joining which is lightweight and can connect a variety of materials. It
fits automatized environment-friendly mass production. Since car companies are trying to lower the
cost, it will be trendy in the future. It also can connect most new materials which use the latest tech-
nology. So, clinching can decrease fuel consumption and be suitable for car production.

Adhesion only gains its advantages when it comes to non-metal. And the reason is that before the
metal materials are about to be stuck together, they need to be processed on their surfaces because the
adhesion materials might erode the metals, consequently affecting the joining performance. Therefore,
non-metal materials such as carbon fiber and industrial plastic are most suitable for adhesion.

So, among the six types of joining that are reviewed, bolts are considered the best choice to connect
different types of materials without the limitation of the types of materials that are joined. Thus, bolts
are widely applied on applications that require an overall low weight, which decreases fuel consump-
tion and thus increases fuel efficiency.
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