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Abstract: The objective of the current work is to show the potential of the friction stir welding (FSW)
and its variants to join fibre-reinforced thermoplastic polymer (FRTP) composites. To accomplish
that, the FSW technique and two other important variants, the friction stir spot welding (FSSW) and
the refill friction stir spot welding (RFSSW), are presented and explained in a brief but complete
way. Since the joining of FRTP composites by FSSW has not yet been demonstrated, the literature
review will be focused on the FSW and RFESSW techniques. In each review, the welding conditions
and parameters studied by the different authors are presented and discussed, as well as the most
important conclusions taken from them. About FSW, it can be concluded that the rotational speed and
the welding speed have great influence on heat generation, mixture quality, and fibre fragmentation
degree, while the tilt angle only has residual influence on the process. The reduction of internal and
external defects can be achieved by adjusting axial force and plunge depth. Threaded or grooved
conical pins achieved better results than other geometries. Stationary shoulder tools showed better
performance than conventional tools. Regarding the RESSW, it has not yet been possible to deepen
conclusions about most of the welding parameters, but its feasibility is demonstrated.

Keywords: friction stir welding; friction stir spot welding; refill friction stir spot welding; fibre
reinforced thermoplastic polymer composites

1. Introduction

The number of applications of the fibre-reinforced polymer (FRP) composites has been
growing solidly as they are high performance materials that can be manufactured quickly
and with low production costs [1]. Fibre-reinforced thermoplastic polymer (FRTP) compos-
ites have less sensitivity to damage when loaded statically or dynamically, and have greater
potential for repair than composites of thermosetting matrix [2]. FRTP composites present
good mechanical properties, low density, good resistance to chemicals, are recyclable and,
theoretically, have infinite life in service [3]. Compared to common metallic materials, FRTP
composites present superior specific strength and specific stiffness [4]. These materials are
mostly intended for the application in the automotive, naval, aeronautic, and aerospace
industries [5], as they allow the production of lightweight structures with high mechanical
performance. Thus, their inclusion contributes to the reduction of fuel consumption and
CO; emissions [6]. The two most common reinforcements used for the production of these
composites are the glass fibre (GF) and the carbon fibre (CF) [3].

The conventional methods used to join FRTP composites are the mechanical fastening
and the adhesive bonding [7]. Because mechanical joints can be non-permanent, they are
very interesting for disassembly or maintenance purposes. However, mechanical fastening
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is normally associated with the addition of mass and may require the existence of holes in
the parts to be joined, which leads to high stress concentration and to composite damage,
due to the interruption of the reinforcement fibres [7]. In addition, the majority of the
mechanical joints are not watertight [8]. Contrary to mechanical fastening, the adhesive
bonding only induces residual stress concentration. On the other hand, the adhesive
bonding can be difficult to perform on FRTP composites [7], due to the reduced surface
tension of these materials. This joining method requires joint preparation and a cure
period. The cure period varies between a few seconds and many hours, it may require
the application of heat and/or pressure, and it is normally associated with the emission of
toxic fumes [9]. Fatigue stresses in an aqueous environment promote a faster degradation
of the adhesives [10].

Since welding appears to have great potential to join FRTP composites, several welding
technologies have been developed and tested in recent years. In addition to friction stir
welding (FSW), ultrasonic welding (USW), laser welding (LW), and induction welding
(IW) stand out. The USW allows joints with good mechanical strength if the fibres are not
cut. However, the application is limited to reduced thicknesses. LW has been extensively
investigated, as it is a fast and flexible process, and does not require direct contact between
tools and joint. On the other hand, LW depends a lot on the optical properties of the
materials and currently gives rise to the formation of porosity in the composite, caused by
gases and the shrinkage of the molten polymer, which reduces the strength of the joints.
In turn, IW requires long process times, presents difficulties related to heat distribution
uniformity, and is not recommended to join large parts [7].

FSW is a joining technique that was developed in the British engineering organization
The Welding Institute and was patented by Thomas et al. in 1991 [11,12]. This process
emerged with the goal of overcoming the difficulties of conventional welding techniques,
when applied to lightweight alloys. Since the success of welding aluminium alloys has been
demonstrated, FSW has been used in the welding of many other metals and their alloys,
such as magnesium, titanium, copper, and steel [13]. FSW can additionally be used to join
dissimilar metals [14-16]. Nevertheless, FSW is not a welding technique exclusive for the
joining of metallic materials, as its application for the joining of polymers and polymeric
matrix composites, for example, has already been demonstrated. Recently, FSW is also
being studied for the joining of polymers and FRTP composites to metals [17-20].

The feasibility of joining unreinforced polymers by FSW was demonstrated in 1997 [21,22].
This welding technique is only suitable for thermoplastics and not for thermosetting polymers.
While thermoplastics increase their fluidity when exposed to an increase of temperature, and
can be moulded at temperatures below the degradation point, the thermosets do not [23].
The literature shows that it is already possible to join several thermoplastics by FSW, such as
acrylonitrile butadiene styrene (ABS) [24-27], polyamide 6 and 66 (PA6 and PA66) [28-30],
polycarbonate (PC) [31,32], polyethylene (PE) [33-35], polylactic acid (PLA) [36], polymethyl-
methacrylate (PMMA) [37-39], polyphenylene sulfide (PPS) [40], polypropylene (PP) [41-43],
and polyvinyl chloride (PVC) [44]. Since 2011, FSW is also being studied for the joining of
FRTP composites reinforced with chopped fibres [45,46]. Most of the publications found are
related to PP reinforced with chopped GF [3,5,45-48] or chopped CF [3,5,48,49], but matrices
of PA6 [50-53], PC [54] and polyetheretherketone (PEEK) [40] have also been reported. The
studies found in the literature are still very much focused on the feasibility of the technology.
Even so, Meyer et al. [51] and Eslami et al. [52] obtained joint efficiencies of about 50% and
59%, respectively, both for the joining of PA6 reinforced with 30% of GF. These results show
that the technology has a lot of potential. Thus, it is expected that with future studies on the
optimization of the technology, it will be possible to obtain even better joint efficiencies.

Within FSW of polymeric base materials, it is worth mentioning friction stir spot
welding (FSSW) and refill friction stir spot welding (RFSSW) [55], which are variants of the
conventional FSW technique that can be distinguished by the absence of linear movement
of the tool. Although they only allow punctual joining, which results in stress concentration
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and does not guarantee watertight welds, they must be considered as promising welding
techniques as well.

FSSW of unreinforced polymers was demonstrated in 2008 when Arici and Mert [56]
reported the success of lap joining PP plates. Since then, FSSW has been studied to join
ABS [57,58], PC [59-61], PE [62-64], and PMMA [65]. Regarding FSSW of FRTP composites,
no publications were found.

The feasibility of the joining of unreinforced polymers by RFSSW was demonstrated
by Oliveira et al. [66] in 2010, who successfully welded PMMA plates. The dissimilar
joining of unreinforced polymers and FRTP composites by RFSSW was reported in 2014 by
Gongalves et al. [67,68]. One year later, by successfully joining CF reinforced PA66 laminate
plates, Gongalves et al. [69] demonstrated the joining of FRTP composites by RESSW. It is
important to highlight the fact that this was the first publication found that referred to the
joining of FRTP composites reinforced with continuous fibres in the literature.

The objective of the current work is to show the potential of the FSW and its variants
to join FRTP composites. To accomplish that, the FSW technique and two other important
variants, the FSSW and the RFSSW, are presented and explained in a brief but complete
way. Despite not having found any publication referring the joining of FRTP composites
by FSSW, it is to be expected that in the near future this topic will be deeply investigated.
Therefore, the FSSW technique will be shortly presented. Another reason that justifies
the need to present the FSSW technique is that it helps to understand and distinguish the
RFSSW technique.

The FSW review is focused on polymers reinforced with chopped fibres, as no publica-
tions on continuous reinforcements were found. Still, Yousefpour et al. [7] defends that the
FSW of FRTP composites of continuous reinforcements requires further investigation. The
great potential for joining FRTP composites of discontinuous reinforcements was already
proven, as will be presented.

Regarding the joining of the FRTP composite materials by RESSW, a couple of publica-
tions were found [69,70]. These will be presented and discussed. Although the information
is still limited, with only two publications found, it was decided to include it on this review,
as it is the only technique reported among FSW and FSW variants that addresses the joining
of FRTP composites reinforced with continuous fibres. Since these are the first publications
on the subject, they are focused on the feasibility of the technology. Although all parameters
are clearly presented, there is not enough information to draw good conclusions about
the influence of some of them. However, the results obtained show that the technique
was applied with success and that it has a lot of potential. Therefore, it was considered as
important for this review.

The next three chapters seek to present and explain in a brief but complete way the
FSW, FSSW, and RFESSW techniques. The welding procedures and the different parameters
involved are explained. In the two following chapters, studies related to the joining of
FRTP composites by FSW and RFSSW will be presented. In these two chapters, the welding
conditions and parameters used in each study will be presented and discussed, as well as
the main conclusions pointed by the different authors. In this way, it is expected that the
in-depth study of FSW and its variants will allow a better understanding of the current
potential and limitations of these processes to join FRTP composites. It is important to
highlight that this is not the first review approaching the joining of FRTP composites
by FSW. The publications of Eslami et al. [71], Huang et al. [72], Kumar et al. [73], and
Iftikhar et al. [74] complement the current work and, therefore, are recommended. On the
other hand, based on the literature found, the current work is the first only focused on
this subject.

2. Friction Stir Welding (FSW)

FSW involves the conversion of mechanical energy into thermal energy [3]. The
conventional welding tool is composed of two fundamental non-consumable elements,
which are the shoulder and the pin [75]. The pin is also known as probe. In FSW with
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conventional tool, the shoulder and the pin rotate together, being both responsible for
generating enough frictional heat to soften the materials. The pin is also responsible for
mixing the softened material, while the shoulder avoids its projection out of the welding
zone [76]. Figure 1 illustrates the FSW process with a conventional tool and some of the
main welding parameters.
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Figure 1. Schematic illustration of FSW with conventional tool and its main welding parameters:
(a) overview of the process and (b) detail on parameters related to tool penetration.

FSW is a simple process that follows a set of four well-defined stages, which are
schematically shown in Figure 2. The first stage consists of the progressive penetration
of the rotating tool into the material, until it reaches the desired depth. This first stage is
known as the plunging stage. Then, there is a waiting step in which the tool remains in
rotation without advancing, so that the material reaches the ideal operation temperature.
This step is called the dwell stage and its duration is defined as the dwell time. In the third
stage, called the welding stage, the translation movement of the tool occurs, giving rise
to the joining of the plates after cooling the material. When the tool reaches the end of
the defined path, the rotation and the translation movement stop. The last step is called
the end of welding and tool retracting stage [76,77]. After completing all the steps of
the FSW process, the material must remain clamped to the structure for a few minutes
to decrease the possibilities of distortions during cooling [33]. Some authors defend the
need of a fifth step, the cooling stage, since the cooling conditions may affect the quality
of the weld produced [78]. The welded joint usually presents a keyhole at the end of the
welding path and material protrusion at the beginning [75]. Generally, the peak forces of
the FSW process occur during the plunging stage, as the materials have not yet reached the

operating temperatures [79-81].
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Figure 2. FSW main steps: (a) plunging stage, (b) dwell stage, (c) welding stage, and (d) end of

—

welding and tool retracting stage.

FSW does not require the addition of material, protective atmosphere, or joint prepara-
tion [12]. Since during the process there are no emissions of toxic fumes or UV radiation, it
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can be said that this welding technique is safer and environmentally friendlier than many
others [46]. Because the main source of heat of the FSW process is the friction between the
base material and the rotating tool, this welding process can be classified as an economic
and energy-efficient process compared to others that traditionally consume higher energy
levels [82]. Even for large thickness, welding can be carried out with a single pass of the
tool and the welds do not require any posttreatment. Serial production can be carried
out using robots [45]. Despite being common to find voids and cavities within the weld
seam, as a consequence of improper mixing and entrapped air, for example, these voids
are not interconnected, meaning that the joint is normally watertight [45]. FSW allows
the production of 3D complex structures [25] and can be applied to any joint configura-
tion, although the most common is to weld in butt or lap joint configurations [26]. When
FSW is performed in lap joint configuration, it is also known as friction stir lap welding
(FSLW) [27].

Generally, the main source of heat during the FSW process is friction. The consequent
plastic deformation of the material also contributes to the increase of the total amount
of heat generated, but with much less impact than the heat produced by friction [75].
Some FSW techniques require the addition of external heat, which can be done by heating
the materials and /or the welding tools. Other FSW techniques use tools with stationary
shoulders, where the pin is the only element generating frictional heat. A review work
performed by Pereira et al. [83] regarding the effect of the FSW techniques and parameters
on polymer joint efficiency demonstrated that for welding unreinforced polymers, the
stationary shoulder tools with the addition of external heat produce stronger joints, with
better surface appearance and fewer defects. The comparison between conventional and
stationary-shoulder tools has already been evaluated for FRTP composites. On the other
hand, the influence of the addition of external heat on FSW performance for these materials
has not yet been reported in the literature.

FSW Main Welding Parameters

Despite the simplicity of operation, the number of parameters involved that affect the
quality of the welds makes the study of the FSW complex. For this reason, it is important
to explain what each parameter corresponds to, in order to understand its influence on the
process. The main welding parameters involved in the FSW are the rotational speed (w),
welding speed (v), tilt angle («), plunge depth (p), and axial force (F,).

The rotational speed (w) quantifies the amount of rotation of the welding tool and
it is measured in rotations per minute [rpm]. The welding speed (v), also known as feed
rate, traverse speed, and joining speed, corresponds to the velocity of the linear movement
of the welding tool along the joint and it is normally measured in millimetres per minute
[mm/min]. The tilt angle («), or attack angle, corresponds to the inclination of the tool
in relation to the normal vector on the material surface, and it is measured on degrees
[°]. The plunge depth (p), or penetration depth, quantifies the penetration of the tool
on the material and is measured in millimetres [mm]. Finally, the axial force (F;) is the
welding parameter that is used to measure the force exerted by the tool on the material
during the welding process and is quantified in Newtons [N]. According to Mendes et al.
(2014) [26], the axial pressure (P;) is a parameter that has more representativity than axial
force. However, the choice of evaluating force instead of pressure is related to the fact that
the FSW equipment is usually parameterized by force.

Regarding the plunge depth parameter, two different procedures are used to measure
the penetration of the tool into the material, which results in different values being deter-
mined. Therefore, it is important to distinguish the plunge depth of the shoulder (ps) and
the plunge depth of the pin (p,). The first is the maximum depth reached by the shoulder
relative to the surface of the material, while the second is the maximum depth reached
by the pin relative to the surface of the material. Figure 1b shows the two measurement
procedures, thus allowing to clarify why the values obtained are different, although both
are measuring the penetration of the tool.
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The dimension and geometry of the tool components also influence the quality of the
welds. Therefore, they must be considered important parameters as well. Because most
of the shoulders are circular, especially in the FSW with rotary shoulder tools, where the
shoulder contributes to the total amount of frictional heat generated, the influence of the
shoulder diameter (ds) must be considered. However, in the case of FSW with stationary
shoulder tools it is also common to use rectangular shoulders. Therefore, depending on
the case, instead of the diameter of the shoulder, the length and width of this component
should be considered. Furthermore, the pin length (I,) and the pin diameter (d,) are the
other two important welding parameters. The pin length must be chosen depending on the
thickness of the materials [7]. In terms of pin geometry (G,), the geometries are normally
cylindrical, tapered, or prismatic. The side surfaces of the pins can be straight, or contain
irregularities, such as threads or grooves. These features are shown in Figure 3.

T[S 1S 10 0 BN |
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Figure 3. Main pin geometries used in FSW: (a) straight cylindrical, (b) cylindrical threaded, (c) cylin-

drical grooved, (d) straight conical or tapered, (e) straight hexagonal, (f) straight square, and
(g) straight triangular.

With the development of the technology, new FSW variants have emerged. Some of
them require the addition of external heat to the welding process, as mentioned before.
Therefore, it became necessary to consider the tool temperature (T;) and the material
temperature (T;,) as important parameters for the characterization of the FSW process.

The dwell time (tp), also known as holding time, is another parameter that must be
considered, but that it is often undervalued. It refers to the time between the moment that
the tool reaches the desired plunge depth and the beginning of the translation movement.
The dwell time controls the preheating of the materials before the actual welding. Poor
calibration of this parameter severely affects the quality of the beginning of the weld seam.
Short dwell times lead to the formation of weak joints due to the lack of heat generated.
On the other hand, in the case of polymer-based materials, excessively long dwell times
promote material degradation [33].

Through the macro and micro analysis of the cross section of the welds, it is noticed
that the right and left sides consistently present different characteristics. The side of the
material where the direction of the rotational speed is the same as the traverse movement
of the tool is called the advancing side (AS). The side of the weld on which the direction of
the rotational speed is opposite to the traverse movement of the tool is called the retreating
side (RS) [84], as can be observed in Figure 1a. When welding polymeric base materials,
most of the welding defects, such as voids and cracks, preferably occur on the RS [50,51].
The dissimilar distribution of the heat generated, which is higher in the AS, makes the
transportation of the material from the AS to the RS more difficult, preventing a good
adhesion of the molten material to the base material on the RS [51]. As a result, most of the
welds tend to fail on the RS.

As mentioned before, FSW was initially developed for welding metallic materials
such as aluminium and its alloys, which are normally difficult to weld by conventional
welding methods [11,12]. Normally, in the FSW process, the metallic materials do not
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achieve the melting temperature. Therefore, the welding process occurs with the metals
in the solid state. This means that the formation of cracks and voids can be avoided, the
thermal distortion of the metal after welding is significantly reduced, and the dimensional
stability is improved. On the other hand, there is no consensus on the part of the authors
regarding the state of the material during the FSW process for polymeric base materials.
Inaniwa et al. [44] monitored the pin temperature while welding PE, PA6, and PVC, and
concluded that the welding process occurred with the material in the solid state, because
the temperature measured was always below the melting temperature of these polymers.
However, Strand [9] argued that FSW for polymers is not a process that occurs exclusively
in the solid state. According to this author, FSW for polymeric materials is a welding process
in which there are portions of solid material suspended in a molten polymeric matrix. Most
of the latest publications refer that FSW of polymeric materials occurs exclusively in liquid
state. Rezgui et al. [85] and Eslami et al. [86] confirmed this thesis after verifying that most
of the temperatures measured during the welding process of PE were above the melting
point. In the case of composite welding, Ishraq et al. [54] argued that the process must
generate enough temperature to reach the melting of the composite to produce welds
with good mechanical properties. On the other hand, excessive temperatures should be
avoided as they can lead to the burning and deterioration of the composite materials,
resulting in loss of mechanical strength [50,54]. Thus, it is important to control the welding
temperature, since it is proved that the joint strength is reduced when the decomposition
point is exceeded [20].

The study of the FSSW and the RFSSW involves most of the main FSW parameters,
such as rotational speed, plunge depth, dwell time, and axial force/pressure. However, the
dwell time definition for the FSSW and RFSSW is different because there is no translation
movement. Therefore, the dwell time ends up corresponding to the welding time. In
the RFSSW, the term joining time is normally used instead of dwell time. The absence of
translation movement of the welding tool in FSSW and RFSSW means that the welding
speed is not a parameter to be considered in these welding techniques.

3. Friction Stir Spot Welding (FSSW)

FSSW, also known as friction spot joining (FS]), is a variant of FSW that is distinguished,
mainly by the absence of translation movement [56] and, therefore, is associated with spot
welding [60]. Developed by Mazda Motor Corporation and Kawasaki Heavy Industry,
FSSW started to be implemented in the automotive industry to replace the traditional
resistance welding of aluminium sheets [87], allowing a 40% reduction in equipment
investment and a 99% reduction of energy costs [63]. The FSSW is mostly used in lap
joint configurations.

FSSW can be divided into three main stages, which are normally called plunging
stage, stirring stage, and retraction stage [88], as illustrated in Figure 4. FSSW process
starts at the plunging stage, with the penetration of the rotating tool in the material until
it reaches the desired plunge depth [56]. The plunge rate must be controlled as the speed
of this step influences the success of the entire process [87]. Upon reaching the desired
depth, the first stage ends and the stirring stage begins. [64]. During the stirring stage,
due to the frictional heat generation created by the high speed of the tool, the material
to be joined softens. The rotational movement of the tool is also responsible for mixing
the softened material [64]. Normally the stirring stage ends with the stop of the rotation
motion, with the tool still in the weld. After a delay time exerting pressure on the material,
the retraction stage occurs with the removal of the tool [87]. Removing the tool gives
rise to the characteristic hole in the centre of the joint, due to the cooling of the material
around the pin [64]. Although this is the most commonly reported procedure, especially in
publications on FSSW of polymer-based materials, tool removal can be performed without
stopping its rotation. Some authors refer to the existence of an initial preheating phase.
However, the experimental results on unreinforced polymers showed that this step has
virtually no influence on the welding quality [59,60].
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Figure 4. FSSW main steps: (a) plunging stage, (b) stirring stage, and (c) retraction stage.

From the analysis of the cross section of the weld region, it is possible to identify two
geometric characteristics of the weld that make it possible to draw several conclusions
about the quality of the FSSW: the thickness of the weld nugget (x) and the thickness of
the upper sheet under the shoulder indentation (y) [64], both represented in Figure 5. The
thickness of the weld nugget (x) is directly related to the area of the weld cross section
(As). Therefore, the increase in one means the increase in the other. A larger welded area
corresponds to a greater amount of joined material and therefore usually means a stronger
joint [64]. The thickness of the upper sheet under the shoulder indentation (y), as the name
implies, corresponds to the height of the upper plate after the FSSW process. This measure
is important because the penetration of the shoulder into the upper plate leads to a decrease
in its thickness. So, the reduction of this dimension could lead to a reduction of weld
strength [64].

Upper sheet

Lower sheet

Figure 5. Schematic illustration of the cross section of a friction stir spot weld.

4. Refill Friction Stir Spot Welding (RFSSW)

RESSW, also known as friction spot welding (FSpW), is a variant of the FSSW that
differs essentially by the absence of the characteristic hole at the end of the welding process.
This technique was developed and patented in the Helmholtz Zentrum Geesthacht research
centre in Germany by Schilling and Santos [89]. Like FSSW, the RESSW is limited to overlap
joint configurations and spot welding [90]. The tool used in RFSSW is composed of three
main elements: the clamping ring, the sleeve, and the pin. The sleeve and the pin can rotate
and move axially independently to each other, while the clamping ring is stationary [91].
The two variants of this welding process are the RFSSW with pin plunge and the RESSW
with sleeve plunge. The RESSW with pin plunge is theoretically simpler and requires less
machine effort. On the other hand, the RFSSW with sleeve penetration produces a larger
welded area, which normally results in stronger welds [66]. The literature shows that the
RFSSW for welding reinforced and unreinforced polymers and for the production of hybrid
structures composed of FRTP composites and metals is mainly performed in sleeve plunge
configuration, which is the processes schematically represented in Figure 6.

The RFSSW with sleeve plunge starts with plates properly fixed and the tool in contact
with the material. Then, the pin and sleeve start the rotation movement in the same
direction. The second step involves the insertion of the sleeve and the retraction of the
pin. The rotational movement of the part inserted into the material leads to an increase in
temperature promoted by friction. After a few seconds of rotation, a pool of plasticized
material is formed, similar to what happens at FSSW. Then the pin and the sleeve return to
their initial positions. The cavity left momentarily by the sleeve is naturally filled when
the pin returns to its initial position, thus forming a flat weld. Then, the rotation of the
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components is stopped and the tool must remain on top of the weld exerting pressure on it
for a period known as holding pressure time, in order to minimize the amount of defects
formed during the cooling stage [92].

Sleeve
Clamping
ring

(d)

Figure 6. RESSW with sleeve plunge configuration main steps: (a) initiation stage, (b) sleeve penetra-

tion stage, (c) weld seam compression stage and (d) tool retracting stage.

5. FSW of FRTP Composites

The inclusion of reinforcement fibres in a polymer means that many of its original
properties change. This explains why FSW of unreinforced polymers is different from FSW
of FRTP composites, even for polymers reinforced with discontinuous fibres. Czigany and
Kiss confirmed this theory after finding that the optimal welding parameters for joining
unreinforced PP sheets [41,93] were different from those found for welding PP reinforced
with 30 wt% of chopped GF [45]. Although prior knowledge on unreinforced polymers is a
good starting point for the study of composite welding, direct conclusions should not be
drawn from one to the other.

The greatest difficulties that the conventional welding methods traditionally used to
join FRTP composites face are normally related to poor fibre distribution. Conventional
methods present an inability to maintain the continuity of the fibres along the transition
between base material and weld seam [45], where the reinforcement fibres are easily
oriented parallel to the weld seam [51], as shown schematically in Figure 7a. According to
Czigany and Kiss [45], the interruption of the reinforcement distribution means that the
joint strength is generally limited by the strength of the matrix. On the other hand, because
FSW involves the mixture of the material from the different parts, the fibre distribution is
significantly improved, which allows a more homogeneous fibre interlacing along the joint,
as illustrated in Figure 7b. This improvement of the fibres interlacing mechanism allows
the production of welds with greater strength than the matrix [45], thus overcoming the
limitations of other welding methods. Despite the fact that FSW allows a better distribution
and orientation of the fibres than conventional welding methods, there is a lack of studies
in the literature that address how the different welding parameters affect these aspects. The
use of tracer materials is very interesting for a better understanding of the material flow, as
it is already proven in the FSW of polymers [94] and metals [95-97]. Therefore, the use of
tracer materials is highly recommended for the study of material flow in future works on
FRTP composites.

One of the current disadvantages of the FSW process is the fibre breakage caused by the
shearing forces of the welding tool [45]. This phenomenon in discontinuous reinforcements
is much less harmful than in continuous, but it must be considered in both cases. New
welding tool designs and correct optimization of the parameters could be the keys to solve
the fibre breakage problematic, as well as to reduce or eliminate other welding defects.
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Figure 7. Schematic illustration of the fibre distribution on the cross section of joints produced by:
(a) conventional welding methods and (b) FSW (based on Czigany and Kiss [45]).

The influence of each FSW parameter on the joining of FRTP composites reinforced
with discontinuous fibres discussed in the literature will be presented below, one parameter
at a time. The main welding parameters compared in each publication and the optimum
parameters found are shown in the Table 1.

5.1. Rotational Speed and Welding Speed

The analysis of variance (ANOVA) performed by Ahmadi et al. [49] showed that weld-
ing speed had the greatest impact on the performance of their welds with a contribution
of about 79% and that rotational speed was the second with an influence of about 12%.
In contrast, Ahmadi et al. [47], Kumar et al. [50], Eslami et al. [52], and Ishraq et al. [54]
observed that the rotational speed had a bigger contribution with an influence between 47%
and 57%, while the welding speed showed an influence between 12% and 33%. Anyway,
the ANOVA performed by the different authors shows that rotational speed and welding
speed are the two parameters with most influence on the welding process, with a combined
influence between 65% and 91% when compared to other welding parameters such as
tilt angle [47,49,50], axial force [52], and tool geometry [54]. During FSW, they must be
calibrated to ensure sufficient heat generation to soften the composite matrix [45] and to
properly transport the softened material from the AS to the RS of the welds [47,50].

Excessively high rotational speeds, as well as low welding speeds, lead to the overheat-
ing of the materials and to excessive turbulent mixtures [3,47]. The excessive turbulence
caused by high rotational speeds is favourable to the formation of tunnel defects, as ob-
served by Payganeh et al. [46] and Kordestani et al. [5]. According to Kumar et al. [50],
high rotational speeds also contribute to the increase of plasticized materials being expelled
out from the weld seam and to the burning of the polymeric matrix.

In opposite direction, excessively low rotational speeds, as well as high welding speeds,
lead to improper stirring of the softened material, poor vertical material flow, and insuffi-
cient heat generation, promoting the formation of wormhole defects and other common
void defects, most likely in the RS, as observed by Payganeh et al. [46], Kordestani et al. [5]
and Kumar et al. [50]. Ishraq et al. [54] noted that the reduction of the rotation resulted in
worsening of the surface finish, with the increase of the surface roughness.

Czigany and Kiss [45] and Meyer et al. [51] stated that the shearing forces resulting
from the rotational movement of the tool cause the fragmentation of the reinforcement
fibres. According to Czigany and Kiss [45], higher rotational speeds lead to a higher degree
of fibres breakage. Although their study does not consider the influence of the welding
speed, it is expected that its reduction also favours the increase of the fragmentation of the
reinforcement, since the fibres will be exposed for a longer period to the shearing forces of
the welding tool. Furthermore, Czigany and Kiss [45] observed that the joint strength of the
welds was influenced by the degree of fragmentation of the fibres, while Meyer et al. [51]
did not notice a direct correlation between fibre shortening and weld strength. This can
be explained since after the FSW the fibres of the composites of Czigany and Kiss [45]
were below the critical length, and the fibres of the composite of Meyer et al. [51] were not.
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Consequently, they stated that an increase in the fibres length must be considered before
welding FRTP composites by FSW, since there is a critical fibre length to respect in order to
take full advantage of the reinforcement strength [45,51].

Table 1. Welding parameters compared and optimal parameters found in the literature.

Authors [Ref.]

Material, Reinforcement, Thickness Welding Parameters 1 Optimal Parameters

w: 1200, 1500, 1800, 2100,

Czigany and Kiss [45] PP; 30 wt% chopped GF; 10 mm 2400, 2700, 3000. w: 2100.
Payganeh et al. [46] PP; 30 wt% chopped GF; 5 mm w: 40(11': 50(?01',623;01; ilr?(;(i;ol;irlyzé .16, 20; georari:efr?;o:; :a})%rzélzér%iorized.
Ahmadi et al. [3] PP; 20 wt% chopped CF; 4 mm “’I;illi)(g)gi)ﬁ:gy“zil; @ Sﬁ?ﬁgﬁ{cﬁL‘é;}éﬁiﬁfei‘ﬁ’e‘i“y:
Ahmadi et al. [49] PP; 20 wt% chopped CF; 4 mm w: 800, 1002’: 3‘?’)’;} 16, 20, 25; w: 1250; v: 25; &: 1.

Kordestani et al. [5]

PP; 30 wt% chopped GF; 5 mm

w: 1250, 1600, 2000, 2500;

v:8,12,16,20; a: 3,4, 5, 6. w: 2000; v: 8 a: 5.

Kordestani et al. [5]

PP; 30 wt% chopped CF; 5 mm

w: 1250, 1600, 2000, 2500;

v:8,12,16,20; a: 3,4, 5, 6. w: 2500; v: 8; a: 6.

. ) . o . w: 2000; v: 8; «: 5; w: 2000; v: §; «: 5; pin geometry:
Kordestani et al. [48] PP; 30 wt% chopped GF; 5 mm pin geometry 2. threaded tapered with a chamfer.
. . o . w: 2000; v: 8; a: 5; w: 2000; v: 8; : 5; pin geometry:
Kordestani et al. [45] PP; 30 wt% chopped CF; 5 mm pin geometry 2. threaded tapered with a chamfer.
Kumar et al. [50] PA6; 30 wt% chopped GF; 5 mm w: 400, 502f %O(i; z: 12,18, 24; w: 600; v: 12; «: 2.
o . w: 2000; v: 10, 25,40; &: 1, 2; w: 2000; v: 25; a: 2;
Meyer et al. [51] PA6; 30 wt% chopped GF; 5.3 mm F.: 1500, 2000. E.. 2000.
Ishr tal. [54] PC; 5,10, 15 and 20% w: 630, 800, 1000, 1250; w: 1250; v: 12; pin geometry:
shragetat 1 of chopped GF; 4 mm v: 12, 16, 20, 25; pin geometry 2. threaded tapered with a chamfer.
. - . o . w: 2000, 2800; v: 20, 40; . P
Eslami et al. [52] PA6; 30 wt% of chopped GF; 4 mm F.: 800, 1000. w: 2800; v: 40; F,: 1000.
PAG6; 0, 15 and 30% w:300, 500, 700; . o
Kumar et al. [53] of chopped GE; 5 mm 2: 10,20, 30; w: 500; v: 10.

1 rotational speed-w (rpm), welding speed—v (mm/min), tilt angle-« (°), and axial force-F, (N). 2 pin geometries
compared are listed in Table 2.

5.2. Tilt Angle

The tilt angle is a welding parameter that is normally only considered for the FSW
with rotary shoulder tools, such as in the case of FSW with conventional tools. Nevertheless,
it has been proven that the tilt angle influences the vertical and horizontal material flows
during the welding process [5,46], therefore affecting the quality of the welds.

Generally, a zero-tilt angle does not ensure sufficient downward force to properly
plasticize the materials [47] and favours the formation of tunnel defects, as observed by
Payganeh et al. [46] and Kordestani et al. [5]. By increasing the tilt angle, the authors found
that the tunnel defects could be eliminated. Kordestani et al. [5] noted that the increase of
the tilt angle improves the vertical movement of the material, favouring the filling of holes
and porosities. Kumar et al. [50] stated that this increase favours the improvement of axial
pressure and heat generation, leading to an increase of tensile strength and elongation at
break. On the other hand, increasing the tilt angle has the disadvantage of making it easier
for the molten material to escape from the weld seam, creating flash defects, as observed
by Ahmadi et al. [47]. The increase of the tilt angle can lead to an excessive reduction of
weld thickness as it directly increases the plunge depth of the shoulder.

Both Payganeh et al. [46] and Ahmadi et al. [47,49] claimed that FSW with conventional
tools of FRTP composites was optimized with tilt angles of 1°, while Kumar et al. [50]
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concluded that a tilt angle of 2° was preferable. For higher values, these authors reported
the loss of weld strength. On the other hand, Kordestani et al. [5] observed that increasing
the tilt angle up to 6° allowed successive higher values of tensile strength.

Despite affecting the performance of welds, the tilt angle has a residual influence when
compared to other parameters. Ahmadi et al. [47,49] and Kumar et al. [50] determined that
the tilt angle has a percentage of contribution of between 5% and 8%, when compared to
rotational speed and welding speed.

The most recent FSW tools developed to weld polymeric-based material, such as
FRTP composites, are designed with stationary shoulder, forcing the use of a zero-tilt
angle. Therefore, the benefits of tilt angles higher than zero reported previously must
be achieved through other approaches. For example, to improve the vertical flow of the
softened material, threaded pin geometries could be used; a better filling of holes and
porosities could be achieved by increasing the axial force; and the heat generation can be
improved by using heated tools.

5.3. Axial Force/Pressure and Plunge Depth

Despite the fact that the study of the influence of axial force was only mentioned
by Meyer et al. [51] and Eslami et al. [52], these studies revealed the importance of its
optimization. Meyer et al. [51] compared two axial force values and two different shoulder
diameters. Both the increase in axial force and the decrease in shoulder diameter revealed
to favour the increase of joint strength. According to the authors, this occurred because both
led to the increase of axial pressure. The increase in axial pressure led to the reduction of
shrinkage holes and pores concentrated on the RS and to the elimination of tunnel defects
observed with lower axial forces and higher shoulder diameters. On the other hand, the
use of excessive axial pressure or plunge depth values must be avoided, since it promotes
the increase of flash defects [3] and can lead to the reduction of weld thickness [86].

5.4. Pin Dimension and Geometry

The pin dimension and geometry is another very important parameter on FSW. Chang-
ing the geometry or the size of the pin has a huge impact on the amount of heat generated
by the tool and on the quality of the material mixture [48]. It also has a great impact on
the surface finish and tensile strength of the welds [46]. The study of the influence of
this parameter was considered by different authors. Table 2 resumes the different pin
geometries compared and identifies which achieved better results in each publication.

As Table 2 shows, although these authors compared tools of different geometries
and dimensions, their observations converged, which allowed the deduction of good
conclusions regarding the optimization of this parameter.

Based on the work of these authors, it is clear that a circular pin geometry, either conical
(tapered) [46,48,54] or cylindrical conical [3,47], is always recommended for welding FRTP
composites by FSW, regardless of the composite matrix or reinforcement used. Prismatic
geometries, such as the triangular pin geometry tested by Payganeh et al. [46], do not
generate enough heat since they have few points of contact.

Regarding the type of lateral surface of the pins, the choice is also convergent since
the publications refer to the imperative use of grooved [46] or threaded [3,47,48,54] pins,
instead of simple lateral surfaces. The researchers pointed out that the use of threaded or
grooved pins is imperative because they guarantee a larger contact area, the improvement
of heat generation, and a better material mixing of the material, resulting in stronger
welds [46,48].
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Table 2. Pin geometries compared and best pin geometry referred to in each different publication.

Authors [Ref.] Pin Geometries Compared Best Pin Geometry

tapered grooved
triangular threaded
triangular straight
cylindrical grooved

Payganeh et al. [46] tapered grooved

cylindrical threaded
conical threaded
cylindrical conical simple
cylindrical conical threaded

Ahmadi et al. [3,47] cylindrical conical threaded

cylindrical simple
cylindrical threaded
conical simple
conical threaded

Ishraq et al. [54] conical threaded

square
. threaded tapered threaded tapered with a
Kordestani et al. [48] threaded tapered with a chamfer chamfer

four-flute threaded

As stated before, the shearing forces of the welding tool are responsible for the frag-
mentation of the reinforcement fibres. To study the influence of the pin geometry on the
fibre breakage, Czigany and Kiss [45] butt welded PP plates reinforced with 30 wt% of
chopped GF with average length of 338 um, with two milling cutters of four and eight-tooth
as welding tools. According to previous studies developed by them, FSW of unreinforced
PP achieved better results with the eight-tooth milling cutter tool [41,93]. However, for
welding reinforced PP, this tool led to a very high fibre fragmentation. Although the degree
of fragmentation measured for the four-tooth tool was also high, the average length of
the fibres measured was 194 um for this tool, which was about twice the length measured
when the eight-tooth tool was used (103 pum).

In short, all these authors [3,46-48,54] proved that the conical geometries with grooved
or threaded lateral surfaces, such as the illustrated in Figure 8, produced stronger welds,
without visible defects, a clean appearance, and uniform width. In contrast, the other
pin geometries produced welds of lower strength and rough surfaces, as a result of the
formation of superficial and internal defects, such as tunnel defects. Although Czigany and
Kiss [45] presented a study on the influence of the pin geometry on fibre breakage, further
investigation on the effect of different conical threaded or grooved tools on the degree of
fragmentation of the reinforcement fibres is required and recommended.

(b)

Figure 8. Schematic illustration of the pin geometries most recommended to join FRTP composites

by FSW: (a) conical threaded pin and (b) conical grooved pin.
5.5. Shoulder Design

The conventional FSW process is carried out with rotary shoulder welding tools, so a
part of the heat generated by friction occurs between the surface of the material and the
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bottom of the shoulder, increasing the total heat generated. Ahmadi et al. [3,47] stated
that due to this increase in the amount of heat, the material flow should occur more easily.
However, polymeric base materials such as FRTP composites are typically poor thermal
conductors. Therefore, the heat generated by the shoulder rotation gets concentrated on the
surface of the material, and the contribution to rise the welding temperature around the pin
or to improve the material mixing is residual or null. Higher rotations lead to the increase of
the heat concentrated on the material surface. As a result, when using rotary shoulder tools,
the increase of rotational speed promotes the burning of the composite surface, material
sticking to the welding tool, the formation of flash defects, the deterioration of the welding
appearance, and the decrease of the joining strength, as observed by Ahmadi et al. [3,47]
and Eslami et al. [52].

During preliminary experiments on unreinforced polymers, Czigany and Kiss [45]
confirmed that the rotating movement of the shoulder results in poor surface finish. To
prevent this from happening while welding reinforced polymers, they opted to use a
stationary shoulder made of PTFE, which resulted in smooth welds.

Recently, Eslami et al. [52] tested new stationary welding tools to overcome the difficul-
ties found while welding with a conventional tool. The stationary tool produced smoother
welds, without flash defects. To compensate the lack of heat generated due to the absence
of friction of the stationary shoulder, the authors equipped a copper sleeve around the pin
to generate frictional heat, creating a preheating effect of the material in advance.

Based on these results, Czigany and Kiss [45] and Eslami et al. [52] claimed that to
improve the superficial finish of the welds and reduce the number of external and internal
defects, which must directly improve the strength of the welds, stationary shoulder tools
must be used.

6. RFSSW of FRTP Composites

The joining of FRTP composites by RFSSW was only reported twice. However,
these two publications found are of extreme importance, as they are the only papers
referring to the joining of FRTP composites reinforced with continuous fibres. While
Gongalves et al. [69] joined PA 66 reinforced with 49 vol% of CF in twill configuration,
Huang et al. [70] worked with polyetherimide (PEI) reinforced with 45% of CF in twill
configuration. In both cases the RESSW was performed with sleeve plunge configuration.
According to Gongalves et al. [69], the fibres are broken by the stirring and penetration
movements of the sleeve. The stirred zone is therefore composed of a polymeric matrix
and broken fibres oriented in the direction of the rotation of the sleeve.

As mentioned in the Introduction, due to the reduced number of publications it has
not been possible so far to address the influence of most of the welding parameters involved
in the RFSSW process. Thus, it was only possible to find information about the influence
of the rotational speed and of the holding pressure time. These two parameters are very
important for process optimization.

The effect of rotational speed on RFSSW was evaluated by Huang et al. [70]. They
observed that at low rotational speeds the thermoplastic matrix cannot be properly softened
due to insufficient heat generated. As a result, uncomplete filling defects are formed at
the weld surfaces. Additionally, cavities and void defects and thickness reduction of the
upper plate were observed. By increasing the rotational speed, the dimensions of these
defects progressively decrease, while the joining area increases. The increase of rotational
speed improves the mechanical interlocking mechanism by improving the carbon fibre
distribution of the smashed fibres at the interface. The authors observed that by further
increasing rotational speed, flat and sound weld surfaces were obtained. On the other hand,
void defects could not be completely avoided due to entrapped air.

Gongalves et al. [69] studied the influence of using a holding pressure time instead
of the immediate removal of the welding tool at the end of the welding procedure. The
results demonstrate that the existence of a holding pressure time of just 20 s results in
significant improvements regarding the reduction of the formation of voids caused by
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differential contraction and material shrinkage during cooling. Thus, the surface finish is
significantly improved.

As it is possible to understand, the variation of these parameters has a great influence
on the quality of the welds produced by RFSSW. However, the study of the referred
parameters still needs further investigation. In addition, it is essential to study the other
parameters involved, such as axial force, plunge depth, and dwell time.

7. Conclusions

The joining of FRTP composites by FSW and its variants is a topic on which there is
still a lot to explore. Regarding the FSW technique, the literature is still reduced and only
addresses the weldability of FRTP composites reinforced with chopped fibres. On the other
hand, it is already possible to understand the influence of most of the parameters on the
quality of the welds produced. With the current work, it is possible to draw the following
main conclusions:

e  The optimization of rotational speed and welding speed is of utmost importance, as it
has a great influence on heat generation and on the quality of the mixture, and has a
great impact on the degree of fragmentation of the reinforcing fibres;

e  The fibres used in composites should not be close to the critical length, in order to
combat the loss of strength induced by the fibre fragmentation, caused by the shearing
forces of the welding tool;

e  The tilt angle only has a residual influence on the process, but it must be considered
for the FSW with conventional rotary shoulder tools;

e  The calibration of the axial force/pressure and plunge depth is important to avoid the
formation of welding defects caused by lack of compactness of the softened material;
Threaded or grooved conical pins achieved better results than other geometries;
Stationary-based tools showed better performance when compared to conventional
tools, as the rotating shoulders degrade the composite surfaces and favour the breakage
of the surface fibres.

The joining of FRTP composites by RESSW is only mentioned twice in the literature.
However, these are the only two publications concerning the joining of composites rein-
forced with continuous fibres. These studies are focused on the feasibility of the RESSW
on these composites, so the investigation of the influence of the different parameters is
quite small. Still, some conclusions regarding the influence of rotational speed and holding
time pressure were pointed out. Having demonstrated its viability, this technology needs
further research aimed at understanding the influence of different parameters.

Suggestions for Future Works

Although the FSW technology demonstrates great potential for joining FRTP com-
posites, it needs further investigation in several fields. In particular, it is suggested that
in future works there is a greater concern with the study of the different parameters, es-
pecially in relation to the axial force and plunge depth. Additionally, the investigation of
the influence of threaded and grooved conical pins on the degree of fragmentation of the
reinforcement fibres is suggested. There is a lack of studies in the literature that address
how the different welding parameters affect the distribution and orientation of the fibres
and of modelling and numerical simulation of the material flow around the welding tool.
Therefore, the study of these topics is suggested too. The study of material flow using
a tracer material is also encouraged. Since the addition of external heat proved to be of
utmost importance in the welding of unreinforced polymers, there is a clear need to realize
its potential for the joining of polymeric matrix composite materials. Since the rotational
speed must be reduced in order to decrease the degree of fragmentation of the fibres, the
addition of external heat may be able to compensate for the reduction of heat generated by
friction. The feasibility of the joining of FRTP composites reinforced with continuous fibres
is yet to be reported.
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The feasibility of the joining of FRTP composites has not yet been studied by FSSW,
and in relation to RESSW it presents only two publications. It is therefore suggested to
investigate the feasibility of joining FRTP composites by FSSW and to intensify the study of
the joining of these materials by RESSW.
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