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Abstract. Techniques for joining lightweight dissimilar materials, particularly metals and poly-
mers, are becoming increasingly important in the manufacturing of hybrid structures and compo-
nents for engineering applications. The recent drive towards lightweight construction in the aero-
space and automotive industries has led to increased exploitation of lightweight metallic and
non-metallic materials with the aim of achieving specifically optimized versatility. Hence, suitable
joining methods are necessary in order to reliably join these dissimilar materials and to integrate
them in engineering structures. Understanding of the various joining technologies that exist for
multi-material metal-to-metal, polymer-to-polymer, and metal-to-polymer hybrid structures is
consequently important. The objective of this current study is to examine and summarize infor-
mation and results from previous research and investigations on techniques for joining dissimi-
lar materials. The findings presented serve to further understanding of the various joining tech-
niques available and optimization of processes for metal-to-metal, polymer-to-polymer and metal-
to-polymer hybrid joints.

1. INTRODUCTION

Utilization of plastic materials in engineering struc-
tures has increased because of benefits accruing
from their low weight, high specific strength and elas-
tic modulus, design flexibility, and reduced manu-
facturing costs [1,2]. The growing prevalence of poly-
mer materials in structural applications has spurred
research into the combination of dissimilar materi-
2=D�2?5�;]:?:?8�>6E9]5D�R�2�4C:E:42=�724E]C�:?�E96
manufacturing of components involving polymers and
metallic materials [1]. Parts made by combining
dissimilar materials such as metal-to-metal, poly-
mer-to-polymer, and metal-to-polymer are nowadays
in high demand. For example, such parts are used
in the automobile and aerospace industry, where
they are made of hybrid components from lightweight
dissimilar materials such as aluminum or magne-
sium alloys and fiber-reinforced polymers [3-5].

One of the aims for the use of dissimilar joints is
to enhance product design flexibility, allowing the

differing materials to be utilized in an efficient and
functional manner based on the specific properties
of each material. Examples of metal-to-metal com-
binations can be seen in applications such as steam
turbine diaphragms (2 1/4Cr-1Mo/C-Mn steel), power
generation systems (2 1/4Cr-1 Mo/AISI 316), elec-
tromagnetic devices (Cr-Ni alloy/Ep517), and heavy
equipment (SAE1136/1010 steel) [6]. Similarly, poly-
mer-to-polymer joints facilitate design flexibility by
exploiting strength properties close to the parent
material. A typical example can be seen in the join-
ing of thermoplastic matrix composites and ther-
mosetting-based composites [7]. Metal-to-polymer
joints, on the other hand, combine the strength and
ductility of the metal with the physico-chemical re-
sistance and light weight of the polymer [5]. The
metal component is utilized in sections where high
stiffness and strength can be exploited, whereas
the plastic material provides unique chemical prop-
erties, and enables further functional integration via
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the formation of complex shapes in the molding pro-
cess [8].

In structural applications, it is therefore impor-
tant to maximize effectively the joint contribution of
each material in order to ensure optimal mechani-
cal performance while still maintaining a weight- and
a cost-effective solution [8]. However, joining of dis-
similar materials is often difficult to achieve and the
behavior of such joints is rarely fully understood,
particularly when using bonding and heating tech-
niques. The most frequently used joining methods
for dissimilar materials are mechanical fastening and
adhesive bonding [9]. However, these joining pro-
cesses present several limitations, such as stress
concentration, the demand for extensive surface
preparation, extra weight, material metallurgical dif-
ferences and harmful environmental emissions.

Promising welding techniques and approaches
for joining dissimilar materials have been developed
as a way to address problems related to traditional
joining techniques. Examples of such new emerg-
ing techniques are laser welding, ultrasonic weld-
ing, friction spot welding, and friction stir welding.
The effective application of these processes neces-
sitates an understanding of the processes and the
behavior of metals and polymers in the processes,
as well as knowledge of the capability and limita-
tions of the joining processes when joining dissimi-
lar materials.

This paper presents a comprehensive overview
of joining techniques for dissimilar materials found
in metal-to-metal, polymer-to-polymer and metal-to-
polymer joints. The paper comprises four sections.
First, general concepts and the need to join dis-
similar materials are explained. Second, the vari-
ous methods of joining dissimilar materials are pre-
sented. The third part of the paper focuses on weld-
ing of dissimilar materials.  Welding receives par-
ticular attention since it is an emerging technology
with promising future prospects in the joining of dis-
similar materials. The welding of metal-to-polymer
is given greater emphasis in this section than metal-
to-metal and polymer-to-polymer welding, since
metal-to-polymer is a novel technique and there are
fewer publications in this area. The final section of
the paper presents concluding remarks about the

topic, summarizing the advantages and disadvan-
tages of the approaches and techniques discussed.

2. JOINING METHODS FOR
DISSIMILAR MATERIALS

Several joining techniques exist for hybrid joints
between metal and polymer workpieces. These
methods are divided into groups as shown in Fig. 1;
adhesive bonding, mechanical fastening, and weld-
ing [10]. The processes can be utilized individually
or combined in a single technique to ensure a suc-
cessful and durable joint between the metal and
polymer in the hybrid structure. It should, however,
be noted that these joining techniques have their
advantages and disadvantages and the most ap-
propriate method will depend on application and
service requirements.

2.1. Adhesive bonding

Adhesive bonding is a solid state joining technique
that relies on the formation of intermolecular forces
between the workpieces and the polymeric adhe-
sive itself for joint formation [11]. Adhesive bonding
involves the use of a polymeric adhesive, which un-
dergoes a chemical or physical reaction, for even-
tual joint formation.

In recent years, the use of adhesive metal join-
ing has grown substantially due to the development
of high-strength and tough adhesives that can with-
stand both static and alternating loads [12]. The
drive towards considerable weight reduction in aero-
nautics, aerospace, and automotive applications has
contributed to the rapid development of this joining
method, which offers unique weight reduction along
with homogeneous stress distribution during load-
ing [12]. However, adhesive bond joints can prove to
be problematic, as the bonded joints cannot be dis-
assembled without damage. Moreover, the joints are
prone to environmental degradation from factors
such as moisture, humidity, and temperature [13].
The most important factor limiting the use of adhe-
sive bonding is, however, uncertainty in forecasting
the long-term durability of this kind of joint and diffi-
culties in carrying out reliable non-destructive test-

Fig. 1. Joining methods for dissimilar materials, adapted from [10].
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Fig. 2. Schematic presentation of metal-to-polymer
riveted joint, adapted from [22].

ing. A further limitation is the fact that bonded joints
often fail instantaneously instead of progressively
when applied in engineering structures [12].

The workpiece surface properties in an adhesive
bond play a vital role in the bonding process, and
bond strength and joint durability can be significantly
improved by surface treating the workpieces prior
to the bonding. During surface pretreatment, the
surface energy of the workpieces increases, but the
contact angle of water decreases and the surface
tension increases. Typical surface pretreatment
techniques include solvent cleaning, alteration of
surface chemistry, and abrasion and other topo-
graphical changes. Environmental factors have a
strong influence on the durability and ultimate me-
chanical performance of an adhesive bond joint. The
most important environmental factors are climatic
factors, such as temperature and humidity.

2.2. Mechanical fastening

Mechanical fastening incorporates the use of addi-
tional clamping components without fusing the joint
surfaces. It relies on the use of clamping or mem-
bers such as screws and rivets for eventual joint
formation. Features of mechanical fastening include
[14]:
Na heating cycle during which the rivets utilized for

clamping are heated prior to the fastening so that
upon cooling, the rivets shrink enabling the com-
ponent to be clamped tightly [15] However the
heating is used only for some type of riveting;
Nspecial mechanical operations required by the

method, such as drilling of holes, making screw
threads etc., prior to the joining process [16,17];

Different kinds of mechanical fastening still re-
main the most used method in joining components
due to the simplicity of the process [18]. Originally,
mechanical fastening was used to join metallic
materials (metal-to-metal) but it can now be em-

ployed in the joining of plastics (polymer-to-poly-
mer) and also metal-to-plastic [18]. However, it
comes with limitations, such as increased compo-
nent weight and evolution of stresses around fas-
tener holes, which induce strength degradation and
eventually create corrosion related problems [19].
Different types of mechanical joining techniques exist
for metal-to-plastic joints but the emphasis is cur-
rently on riveting, as it establishes a reliable joint
[20].

Joint configuration often depends solely on ser-
vice conditions; an example is whether leak tight-
ness is required. In some cases, the joint may be
designed to tolerate mismatch in the coefficient of
thermal expansion during assembly. Joints can also
be made to allow complete freedom of movement in
the plane perpendicular to the clamping member.
Settineri et al. [21] investigated self-piercing rivet-
ing for metal-to-polymer joints. Fig. 2 shows a typi-
cal self-piercing riveting procedure. Experimental
results showed that in rivet joining between a me-
tallic and polymeric material, the process depends
on the geometric parameters of the rivet, such as
sheet thickness and tool design, and the riveting
force.

Due to the fact that the bottom material sheet
undergoes the highest deformation, it is important
to place the metallic sheet as the bottom sheet and
the polymeric material as the upper sheet [23].
Metal-to-polymer hybrid joints present unique prop-
erties and efficiency in terms of design and manu-
facturing flexibilities, along with overall weight re-
duction.

However, both mechanical fastening and adhe-
sive bonding necessitate an overlapping joint con-
figuration to achieve the required joint strength, which
however increases the weight, thickness, and stress
concentration of the structure [24,25]. This limita-
tion in joint design restricts the use of these joining
techniques. It is therefore important to develop a
joining technique for dissimilar materials that has
greater design flexibility and fabrication rates than
adhesive joining and mechanical fastening [26].

2.3. Welding

Conventional welding processes such as shielded
metal arc welding, gas tungsten arc welding, gas
metal arc welding, and submerged arc welding have
been used to weld dissimilar materials in metal-to-
metal joints. Nevertheless, the high energy inputs
of these fusion welding processes result in material
metallurgical mismatch [6], thus hinder their use in
dissimilar metal-to-metal joints as well as polymer-
to-polymer and metal-to-polymer joints.
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Welding of dissimilar materials with new emerg-
ing techniques such as laser welding, ultrasonic
welding, friction spot welding, and friction stir weld-
ing is somewhat more feasible, because polymeric
materials such as elastomers, thermoplastics, and
thermosets, [9,11] as shown in Fig. 3, comprise
structural macromolecules that are held together
by the Van der Waals force, whereas metals con-
sist of densely packed crystal structures with high
cohesive energy [10,27,28]. The melting tempera-
ture of metallic materials is extremely high com-
pared to the polymer melting temperature. Hence,
polymers tend to degrade before metals melt [9].

However, although thermoset and thermoplastic
polymeric materials can be both adhesively bonded
and mechanically fastened, welding can only be
employed on thermoplastics [9,10]. This limitation
exists because the processing of thermosets and
chemically cross-linked elastomers is characterized
by an irreversible crosslinking reaction which results
in degradation; hence, they cannot be reshaped by
means of heating [9-11]. On the other hand, ther-
moplastics and thermoplastic elastomers can be
melted and softened by heat due to the weakening
of the secondary Van der Waals and hydrogen bond-
ing forces among interlocking polymer chains [9].
This makes it possible for thermoplastics and ther-
moplastic elastomers to be remolded upon applica-
tion of heat, and they can, consequently, be fusion
welded [9].

3. EMERGING TECHNIQUES FOR
JOINING DISSIMILAR MATERIALS

Efficient and effective ways of joining dissimilar
materials by welding techniques such as ultrasonic
welding, laser welding, and friction spot welding have
increased productivity in industries such as the au-
tomobile industry and have also helped to solve prob-
lems related to traditional joining techniques. This
section elaborates on the principles and prospects
of such emergent techniques in welding of dissimi-

Fig. 3. Classification of polymeric materials, adapted from [10].

Fig. 4. Schematic comparison between ultrasonic
plastic and metal welding, adapted from [30].

lar materials such as metal-to-metal, polymer-to-
polymer and metal-to-polymer.

3.1. Ultrasonic welding

Ultrasonic welding is a solid state joining technique
that initiates coalescence via the simultaneous ap-
plication of localized high-frequency vibration energy
with a moderate clamping force [29]. This welding
technique is characterized by low energy input and
requires the clamping and positioning of the
workpieces between the welding tool (sonotrode)
and an anvil by static force. The workpieces in ul-
trasonic spot joining can be two thin sheets and
thick-thin sheets combinations in a simple lap joint
[30] or a butt joint depending on the direction of
supply of the energy of elastic oscillations to the
welding zone [31]. Ultrasonic vibration can be ap-
plied to welding both metals and plastics, but the
welding process differs, and the actual weld achieved
depends on how the ultrasonic energy (vibration) is
delivered to the weld [30].

In ultrasonic metal welding, the direction of ul-
trasonic oscillation is parallel to the weld area. When
ultrasonic metal welding is realized, the frictional
action of the workpiece surfaces initiates a solid
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Fig. 5. Typical specimen geometry for CFRP/ Al joint, adapted from [30].

state bond without any melting action of the
workpieces; the reverse is the case in plastic weld-
ing. For ultrasonic plastic welding, the direction of
ultrasonic oscillation is perpendicular to the weld
area, as shown in Fig. 4 [30].Ultrasonic plastic weld-
ing brings about melting and fusion of the workpiece
material at much lower temperatures than arc or
laser welding processes.

Balle et al. [30] investigated the ultrasonic metal
welding of aluminum sheets to carbon fiber-rein-
forced thermoplastic composites. Their experiment
studied the weldability of aluminum alloy 5754 and
carbon fiber-reinforced polymer (CFRP) with thick-
nesses of 1 mm and 2 mm respectively as shown
in Fig. 5.

It was observed that a safe and sound weld oc-
curred at amplitudes around 40 �m due to displace-
ment of the CFRP matrix, thus leading to a better
contact between the metal sheet and the fiber. It
was also observed that intermolecular reactions in
the weld zone formed when oxide layers on the metal
sheet peeled off during the welding process, whereas
the polymer matrix displaced out of the welding zone
in order to allow the ductile aluminum to adapt the
carbon fibers. This however enabled mechanical in-
terlocking between the joining partners and conse-
quently increased the joint strength. It was finally
observed that the carbon-fibers surrounded the alu-
minum alloy as a result of the plastic deformation of
the aluminum sheet, thus creating a successful weld
between the metal and the polymer [30].

3.2. Laser welding

Laser welding is a welding technique which offers
unique manufacturing opportunities. It complements

the fabrication and processing of joints which previ-
ously had been difficult or impossible to achieve by
other welding methods [32]. Recent investigations
in laser welding of dissimilar metals include laser
welding of Ti6Al4V and lead metal; and laser weld-
ing of TiNi shape memory alloy and stainless steel
using cobalt (Co) filler metal. In the laser welding of
Ti6Al4V and lead metal, it was observed that the
strength of the joint obtained between the two dis-
similar metals was at least equal to or higher than
the strength of the lead base metal [33]. In laser
welding of TiNi shape memory alloy and stainless
steel using Co filler metal, it was noticed that the
performance of the weld joint strength between the
two dissimilar metals would be excellent if a suit-
able thickness of Co filler metal was chosen [34].
Thus, laser welding of dissimilar metals can some-
times guarantee higher joint strength than even the
strength of one parent metal.

Polymeric materials can be welded with differ-
ent types of laser sources but the welding process
depends on the laser wavelength. The introduction
of the high-power fiber laser, which has a wavelength
around 2 �m, facilitates the welding of polymers even
though the absorption rates of the polymers may
be different. However, welding polymeric materials
with laser sources that have visible and near-infra-
red wavelength around 1 �m requires the use of an
additive to increase the absorption of the laser ra-
diation [35]. If not laser-sensitized, the laser beam
incident on the polymer surface will be mostly trans-
mitted and the heat required for fusion cannot be
achieved due to an absence of absorption. Further-
more, without the use of additives, polymeric mate-
rials can only be processed in far-ultraviolet light
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with excimer lasers and in far-infrared light with CO
2

lasers. As mentioned earlier, their chemical struc-
ture means that only thermoplastics and thermo-
plastic elastomers, either amorphous or semi-crys-
talline, can be fusion welded [36]. Thermosets are
not laser weldable due to crosslinking, which hin-
ders melting and remolding. The laser welding of
polymers can be divided into two different processes,
namely, butt welding and laser transmission weld-
ing [37].

In butt welding of two polymers, the connected
surfaces are heated up close to melting with the
laser beam, and the parts are then pressed together
for eventual joint formation. It should be noted that
for butt welding to be achieved, both plastic materi-
als must be able to absorb the laser beam [37].
In laser transmission welding of polymers, one of
the polymers, typically the top polymer, needs to
be transparent to the laser beam while the other
polymer absorbs the laser beam. The bottom, la-
ser-absorbent polymer heats up and consequently
melts. The heat transfers by conduction from the
bottom polymer to the top transparent polymer,
which melts, and the two parts are subsequently
pressed together for eventual joint formation [37].

Laser direct joining methods between metals and
polymers, typically known as the Laser-Assisted
Metal and Plastic joining method, have been pro-
posed as shown in Fig. 6 [38].

The physical phenomena occurring in the weld-
ing process are summarized as [41]:
NThe metal-to-polymer joint interface is heated up

by the incident laser beam, and melting tempera-
ture is attained in the plastic material in a narrow
region adjacent to the interface;
NThe resulting high temperature initiates the for-

mation of bubbles in the melted plastic close to
the interface;
NBubbles spread and diffuse into the molten phase

and consequently increase seam dimension;
N3]?5:?8�C6DF=ED�:?�E96�>]=E6?RD]=:5�:?E6C7246�36�

tween the plastic and the metal.
The bonding mechanism is due to the combined

influences of chemical bonding between the metal

Fig. 6. Schematic presentation of a laser-assisted
metal-to-plastic joining process, adapted from [38].

oxide film and the carbon atoms of polymers, and
the physical bonding phenomenon resulting from the
Van der Waals force and mechanical bonding [41].

The physical phenomenon occurring during the
welding process necessitates the need for overlap-
ping joint configuration in this joining technique, as
described above [40]. Due to the low thermal con-
ductivity of plastics, this means that heat remains
concentrated in the material interaction zone. Fur-
thermore, the behavior of the heat will depend on
the optical properties of the plastics, which are a
function of its molecular composition, such as the
colour of the plastic and the wavelength of the inci-
dent beam. In the case of optically transparent plas-
E:4D��=2D6C�>6E2=Rplastic joining occurs only if the
laser beam absorption is localized at the interface
[40]. On the other hand, for optically opaque plas-
tics, the laser beam must be focused on the exter-
nal surface of the steel component. Heat is trans-
ferred via conduction from the heated steel compo-
nent to the plastic component, which heats up and
consequently melts.

Katayama et al. [39] investigated the laser di-
rect joining of metal and plastic. In their research, a
807 nm wavelength laser beam from a diode laser
was incident onto a 2 mm thick polyethylene tereph-
thalate (PET) plastic sheet of 30 mm width over-
lapped on a 3 mm thick stainless steel plate Type
304. A shielding assisted gas, typically nitrogen,
was employed with flow speed 35.1 L/min for cool-
ing and to clean the plastic surface, as shown in
Fig. 6. The diode laser beam was adjusted to ob-
tain a line beam of length 1.2 mm and width 9.4
mm, generating a power density of 30 W/mm2 with
a laser power of 170 W. The laser beam traveling
speed was maintained at 3 mm/s and the shielding
gas nozzle was 0.5 mm long and 19 mm wide. The
transparency of the plastic (PET) to the diode laser
beam was about 90%. As the laser beam transmits
through the transparent PET to the steel surface,
the steel surface is heated up by the laser energy,
which brings about melting and consequently de-
composes the PET. As a result of the initiated high-
temperature plastic melt, contact between the metal
and plastic is established due to the generation of
high pressure resulting from rapid bubble expansion.

Scanning electron and transmission electron
(SEM/TEM) microanalysis were carried out on the
joint interfaces, as shown in Fig. 7. The SEM im-
ages revealed the presence of bubbles close to the
joint between Type 304 and the PET. The TEM im-
ages showed that the metal and plastic were bonded
together on the atomic and molecular levels, as
shown in Fig. 7B.
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Fig. 7. Schematic presentation of direct metal-to-plastic joining with diode laser showing the process and
bonding mechanisms, adapted from [39].

Fig. 8. SEM image (A) and TEM image (B) showing intimate contact of the PET plastic and steel 304,
adapted from [39].

Table 1. Influence of laser power on joint appearance, porosity formation, and bond width at fixed travel
speed 32 mm/min, adapted from [42].

In another study, Tillmann et al. [42] investigated
process optimization in the laser welding of metal
to polymer. The investigation showed that when the
laser power was varied between 40 W and 80 W,
with other welding parameters kept constant, there
was a corresponding increase in the fracture loads
of the joints up to a specific level, which was fol-

lowed by a decrease beyond this point, shown in
Fig. 8.

It was observed that an increase in laser power
brings about a corresponding increase in bond width,
which influences positively on the fracture load, il-
lustrated in Table 1.



159Techniques for joining dissimilar materials: metals and polymers

The measured average porosities were at maxi-
mum value when laser power was at its highest, 80
W. On the other hand, as the laser power decreased
slightly, typically to 70 W and 60 W, there was a
corresponding decrease in porosity and joints
reached the highest fracture load. At still lower la-
ser powers, 50 W and 40 W, it was obvious that the
laser power was not great enough to completely
melt the polymer part and partial wetting of the steel
part was observed.

Based on observation of the joining process, it
seems that the number and sizes of the pores play
a vital role in the joining process. When the num-
ber/size of pores increases, a negative effect is domi-
nant and the strength of the joint decreases. On the
other hand, as the number and size of pores de-
creases, the positive effect is dominant and the joint
strength increases, especially at laser power 70 W
and 60 W. In addition to the influence of laser power
on the joint strength, another important factor was
observed to be the travel speed during the welding.
It was noted that at the beginning of the joining pro-
cess, the increase in laser travel speed lead to an
increase in the fracture load that then decreased
gradually, as shown in Fig. 9. 60 W and 70 W laser
power broadly follow the same curve but 75 W and

Table 2. Weld appearance in FSW of polyethylene sheets with varying process parameters, adapted from
[54].

80 W are very different. Measurements for 75 W
and 80 W only start at around 38 mm/min whereas
those for lower W values start around 12 mm/min.
The lower W values might show the effect of heat
input, which has a very narrow window before which
the welding does not occur and after which chemi-
cal changes weaken either the welding bonds or
the polymer. The higher W values might describe a
combination of welding from heat input plus some
other chemical change.

3.3. Friction spot joining

Friction stir spot joining is a variant of linear friction
stir welding (FSW) developed by a Japanese corpo-
ration [43] to replace resistance spot welding of alu-
minum sheets [44-46]. This welding technique is
similar to FSW except that there is no linear move-
ment of the tool during friction spot joining (FSJ)
[48]. During FSJ, the friction between the pin and
the workpiece generates most of the heat energy
for joining. This welding process incorporates three
distinct phases: plunging, stirring, and retracting
[47]. During the welding, a high-speed rotating tool
with a probe pin is plunged at a specific rate into
the overlapping weld spot until contact between the
shoulder of the tool and upper workpiece is achieved,
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which thereby causes material flow as a result of
plastic deformation around the pin [44,47-49].

Utilization of the friction spot welding process to
produce quality welds with good mechanical prop-
erties and keyhole-free surfaces has been feasible
in welding dissimilar metals such as aluminum al-
loy and magnesium alloy [50]. A number of studies
have shown that the formation of intermetallic com-
pounds after welding Al and Mg alloys include Al

3
Mg

2

[51].
The conventional FSW technique for metals suf-

fers from problems when applied to the welding of
plastics [52]. These problems are related to the poor
thermal conductivity and diffusion resulting from the
macromolecular structure of thermoplastics [53].
Hence, it is difficult to obtain a sound and quality
weld in friction stir welding of plastics [54]. To ad-
dress these problems, rather than a rotating shoul-
der used in conventional FSW of metals, a special
tool fixed with a shoe is necessary to successfully
weld thermoplastics [52]. The most important pa-
rameter in the FSW of plastics is the machine
spindle speed [52], which significantly influences
the overall weld quality, as shown in Table 2.

As a variant of the friction spot joining of metals,
friction spot joining of metals to polymers incorpo-

rates two distinct processes; the sleeve plunge and
the pin plunge. The sleeve plunge and pin plunge
variants can be applied separately as a single pro-
cess [55]. In sleeve plunging, the workpieces are
initially overlapped and clamped between a backing
plate and a clamping ring with the metal part placed
on top of the polymer workpiece. The sleeve and
pin rotational motion is then initiated, with both
pieces rotating in the same direction. At some point,
the sleeve touches down on the upper workpiece
metal, bringing about frictional heating [55]. Simul-
taneously, the sleeve is inserted into the metal
workpiece, thus plasticizing the metal, and the pin
is retracted, which consequently results in the for-
mation of an annular space or reservoir, as shown
in Fig. 10A [55]. The plasticized metal is then
squeezed into the created reservoir as a result of
the sleeve plunging effect. Upon completion of the
joining process, the sleeve is retracted from the
metallic workpiece surface and the pin extrudes the
entrapped plasticized material back into the weld.
The keyhole is consequently refilled, as shown in
Fig. 10B [55].

Tool plunging is set in such a way that plunging
takes place only in the metallic workpiece. This is
done to avoid damage to the fiber reinforcement of

Fig. 9. Relationship between laser power, fracture load, and bond width, replotted from [42].

Fig. 10. Relationship between travel speed, fracture load, and laser power, replotted from [42].
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the polymeric workpiece, which can reduce joint
strength. The plasticized metallic workpiece is fur-
ther deformed by the sleeve plunging, resulting in
the formation of a metallic nub on the surface of the
polymeric workpiece, as shown in Fig. 10C [55].
Frictional heat generated and stored in the metallic
workpiece is then transferred by conduction to the
polymeric workpiece, which results in the formation
of a thin layer of molten/softened polymer beneath
the spot surface [55]. Eventually, the sleeve tool
joining head is retracted, and the spot weld is con-
solidated under pressure, as shown in Fig. 10C.

Amancio-Filho et al. [55] investigated the feasi-
bility of friction spot joining in magnesium/fiber-rein-
forced polymer composite hybrid structures. In their
study, a hybrid joint was made between a 2 mm
sheet magnesium alloy (AZ31B) and two 8 mm ther-
moplastic composites (glass fiber and fiber-rein-
forced polyphenylenesulfide). Prior to the joining
process, the AZ31 specimen was ground with a
P1200 SiC paper to remove the Mg (OH)

2
 layer. Both

workpieces were cleaned with acetone to remove
surface contaminants.

During the joining process, it was observed that
unlike the friction spot joining of metals, the energy

Fig. 11. Schematic presentations of sleeve plunge
variants: (A) sleeve plunging and plasticizing of the
metallic material; (B) spot refilling; (C) joint consoli-
dation, adapted from [55].

Fig. 12. (A) Surface appearance of PPS/Mg AZ31 single lap joint; (B) optical micrograph of PPS/AZ31 joint;
(C) surface appearance of PPS/-CF/Mg AZ31 single lap joint; and (D) cross-section of optical micrograph of
PPS-CF/AZ31, adapted from [55].

input in friction spot joining of metal to polymer is a
function of the welding parameters. Surface obser-
vation and microstructural investigation of the welded
joints showed two concentric ring impressions left
behind by the tool in the spot area, shown in Figs.
11A and 11C. The internal ring consisted of stirred
material, whereas the external ring was the result
of the impression left by the clamping ring. The
cross-section view of the welded joint showed a plas-
tically deformed metal volume nub inserted into the
polymeric workpiece, Fig. 11B. It was concluded
that the geometrical features observed enhance the
holding force by mechanical interlocking in the di-
rection of shear.

Fracture surface analysis of the PPS/- CF/AZ31
;]:?E�:?��:8��
���C6G62=65�2�>:I65�4]96D:G6R2596�
sive type of fracture at the joint interface. In a com-
posite workpiece, a cohesive failure was observed,
as can be seen by the partial polymer matrix and
fiber attachment on the magnesium plate, shown in
Fig. 12A. An adhesive mode of fracture was observed
:?�E96�A]=J>6CR>6E2=�:?E6C7246��D66?�2D�3=24<�C6�
gions on the magnesium plate in Fig. 12B. The oc-
currence of a partial adhesive failure is evidence of
the role of adhesion in joint formation with FSJ.

Amancio-Filho et al. [55] concluded that hybrid
>6E2=RA]=J>6C�;]:?ED�]3E2:?65�3J�7C:4E:]?�DA]E�;]:?�
ing achieve greater joint strength than adhesive join-
ing even without surface preparation, as it can be
seen in Fig. 13. Furthermore, the joint strength of
the metal-to-polymer hybrid joints could be increased
by up to 50% by the increasing the surface rough-
ness of the metallic workpiece from 0.75 �m to
3.45 �m.

4. CONCLUSIONS

This paper discussed joining methods for metal-to-
metal, polymer-to-polymer and metal-to-polymer
hybrid components. Different joining techniques were
presented and their advantages and disadvantages
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Fig. 13. (A) PPS-CF/AZ31 lap joint view; (B) Micro-
structure of the joint, adapted from [55].

examined, along with adaptations of the processes.
Mechanical joining guarantees a reliable joint and
high joint resistance when joining metal and poly-
mer, typically with rivet joining. However, the pro-
cess has limitations due to poor flexibility in terms
of joint design, since the joint shape and position is
usually fixed mechanically, and the production rate
is therefore relatively slow. Adhesive joining tech-
niques are undoubtedly the most used process for
joining plastic to metal. Adhesive joining is a rela-
tively simple technique and high design flexibility
can be achieved. However, this joining process suf-
fers several disadvantages, such as relatively low
mechanical resistance, a limited working tempera-
EFC6�C2?86�R�2D�E96�A]=J>6C:4�2596D:G6�56A]=J>6C�
izes at high service temperatures, low resistance in
a chemically reactive environment, difficulty in fore-
casting long-term durability, and extensive speci-
men surface preparation requirements.

Of the welding approaches thus far researched,
ultrasonic metal-to-polymer welding seems to be a
most promising method for hybrid structures when
joining metals to polymers, and it has been suc-
cessfully employed to join metal and fiber-reinforced
polymers. This welding method is a solid state join-
ing technique and no microstructural changes oc-

cur in the metal. There is uniform mixing between
the metallic and polymeric part, which promotes
intermolecular contact and mechanical interlocking
in the weld zone. High joint strength can be achieved
with relatively low energy input and very short weld-
ing times.

Friction spot joining presents similar results to
ultrasonic metal welding. The joining is achieved in
the solid state and also with uniform mixing of the
metal and plastic workpieces at the joint interface.
However, this joining method has only been suc-
cessfully applied to low melting point metals such
as magnesium and aluminum. One limitation of the
technique is that it is mostly suitable for low melt-
ing point materials and is not applicable to very thick
metals (currently, the tested thicknesses have been
H:E9:?�E96�C2?86�
R��>>���)96�>2:?�25G2?E286D�]7
the friction spot joining process are the availability
of commercial welding equipment, short joining
cycles, its operational simplicity, and the good
mechanical performance of the joints. The feasibil-
ity of friction stir welding with metal-to-polymer joints
is not fully understood, mainly because of differ-
ences between friction stir welding for metals and
friction stir welding of plastics. The low thermal con-
ductivity of polymers along with their complex mo-
lecular structure requires changes in welding tools
and tool design. More studies still need to be con-
ducted in order to understand how the welding
method can be controlled.

Laser welding of metals to polymers can be used
to achieve stable metallic, chemical, and covalent
bonds between metal and polymer hybrid compo-
nents. It should, however, be noted that bonding
]44FCD�:?�E96�>]=E6?RD]=:5�:?E6CA92D6�36EH66?�E96
plastic and metal as the metal does not melt in this
joining process. Rapidly expanding due to high pres-
sure, bubbles are formed in the welding process
that enable physical and chemical bonding between
the metal and plastic components. High joint strength
can be achieved in laser direct metal-to-polymer
joining, and this method is applicable to several
metals, such as steel titanium, aluminum, and iron.
The advantages of this process are very fast weld-
ing times, small heat input, and the high adaptabil-
ity of the process. The limitations of the process
are the many parameters, such as travel speed
welding power, that influence the quality and reli-
ability of the eventual joint. The joining method also
has limited design flexibility and is suitable mainly
for lap joints because of the need for effective ab-
sorption of the laser beam.
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In conclusion, with the exceptions of mechani-
cal fastening and adhesive bonding, all the welding
processes, especially those for metal-polymer hy-
brid components, are still in the developmental
stages and more studies need to be done to effec-
tively understand the feasibility and durability of the
processes. However, it can be concluded that the
new emerging joining techniques for metal-to-poly-
mer hybrid joints are promising and offer alternative
methods to traditional techniques for making dis-
similar metal-to-polymer joints.
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