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Abstract The present investigation analyses the force and
torque developing during friction stir spot welding (FSSW)
of thermoplastic sheets varying the main process parameters.
In addition, measurements of the tool temperature and those of
the material close to the welding region were carried out to
better understand the variation of the forces during FSSWand
quality of the joints. Experimental tests involving an instru-
mented drilling machine were performed on polycarbonate
sheets. The study involved the variation of dwell time, tool
plunge rate and rotational speed. Mechanical characterization
and dimensional analysis of the joints were performed in order
to assess the influence of the process parameters on the joint
quality under considered processing conditions. According to
the achieved results, using low values of the plunging speed
has beneficial effects on both the process (reduction in the
force and torque) and the mechanical behaviour of the joints.
Increasing the tool rotational speed results in reduced process-
ing forces and higher material mixing and temperature. The
dwell time has a negligible effect on developing forces while it
highly influences the material temperature, dimension of the
welded region and consequently the mechanical behaviour of
the joint.

Keywords Friction stir welding . Joining . Polymers .

Thermoplastics . Polycarbonate . Forces . Temperature . Thin
sheets . Plunge

1 Introduction

Thermoplastic materials are employed as structural compo-
nents for replacing metals in a wide range of industrial fields
including building, automotive and aerospace owing to a
number of advantages including reduced cost of manufactur-
ing, weight saving, flexibility and high thermal insulation.
Besides the design flexibility, complex components usually
involve many subparts being joined together. To this end,
welding processes are generally employed; however, in order
to overcome the principal limitations of such processes either
improving the joint quality or reducing the processing time,
new joining techniques are being developed to produce metal-
polymer joints and polymer-polymer joints such as clinching
[1, 2], self-pierce riveting [3], laser welding [4], friction press
joining [5], friction riveting [6] and friction lap welding [7]. To
ensure the mechanical performances of the assembled parts,
the choice of the joining process is a key issue. Besides these
processes, semisolid joining processes such as friction stir
welding (FSW) and friction spot stir welding (FSSW) are
achieving growing interest since they produce joints with high
mechanical performances (the strength of the stirred zone is
close to that of the base materials), a reduced heat-affected
zone and reduced temperature (as compared to that of material
fusion). In addition, the simplicity of the required machines,
low energy consumption, no cover gas or external heating
sources requirement have contributed to the diffusion of these
processes and have pushed the researches to discover new
fields of application. The difference between FSWand FSSW
concerns the absence of the transverse speed; therefore, FSSW
produces spot joints rather than continuous welds. In FSSW,
frictional heat is generated by the interaction of the tool pin
with the material that becomes pasty and extrudes vertically.
The tool shoulder then exerts an upsetting action on the stirred
material to form the weld nut. Since their initial employment
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for joining materials being difficult to weld such as aluminium
alloys, FSW and FSSW have been employed not only for a
wider range of metals including titanium, magnesium, copper
and even high-strength steels but also for different materials
such as thermoplastics and composites. In addition, being
semisolid, FSW and FSSW processes are less sensitive to
either physical or chemical compatibility of the materials to
join; thus, they are suitable for joining even dissimilar
materials.

Since the initial development of such processes and em-
ployment for joining metals, a large number of studies have
been presented on FSWand FSSWand their modelling [8–11]
other than process parameters. Tool plunge rate during FSSW
was investigated in [12]. Papahn et al. [13] investigated the
effect of underwater FSW on translational force, temperature
and mechanical behaviour of the welds. Rumulu et al. [14]
analysed the influence of shoulder diameter and plunge depth
on the formability of the sheet. Nevertheless, FSWand FSSW
of thermoplastics involve different thermo-mechanical condi-
tions from those developing in metal joining, owing to differ-
ent rheological behaviour of such material [15]. Mostafapour
and Azarsa [16] performed an experimental investigation on
heat-assisted FSW of high-density polyethylene (HDPE) and
found that the joints showed an ultimate tensile strength of
95 % of base material. Friction stir processing can be also
employed for composite fabrication as reported in [17].

Olivera et al. [18] performed a preliminary study on the
feasibility of friction spot welding in poly(methyl methacry-
late) (PMMA). According to the achieved results, friction spot
welds were characterized by higher shear strength with respect
to those performed by means of microwave, thermal bonding
and ultrasonic welding. Bilici et al. [19] investigated the in-
fluence of tool rotation speed, tool plunge depth and dwell
time while joining of HDPE and determined the optimal com-
bination of welding parameters. Bilici and Yükler [20] studied
the effect of tool shape and found that a tapered cylindrical pin
ensures better joint quality of the weld and yielded the highest
weld strength over the analysed tool shapes. Memduh [21]
investigated the effect of tool rotational speed, tool plunge
rate, tool plunge depth, dwell time and waiting time on me-
chanical strength of FSSW joined made on polypropylene
sheets. The research showed that the mechanical strength of
FSSW joints was influenced by all the process parameters
except the tool plunge rate. Hoseinlaghab et al. [22] studied
the influence of the tool geometry on the creep behaviours of
friction stir welded polyethylene plates and found that reduc-
ing the tilt angle improved the creep resistance of the welds.
Pirizadeh et al. [23] developed a new tool involving two
shoulders. The authors observed that the employment of such
a tool allowed to eliminate root defect and back slit of the
welded acrylonitrile butadiene styrene (ABS) parts.
Panneerselvam and Lenin [24] studied the effect of a threaded
pin profile while joining of Nylon 6 plates. Mendes et al. [25,

26] studied the morphology and strength of ABS welds per-
formed by robotic FSW. Lambiase et al. [27] used artificial
neural networks to determine optimal processing conditions of
polycarbonate sheets using FSSW. Since the pioneer studies
of FSSW of thermoplastics, a number of studies have been
carried out on the feasibility of FSSW for joining dissimilar
materials. Junior et al. [28] demonstrated the potential of fric-
tion spot welding for thermoplastic nanocomposite sheets by
performing an experimental investigation on poly(methyl
methacrylate) and poly(methyl methacrylate)-SiO2 nanocom-
posite. The authors also used friction spot joining to weld
PMMA with PMMA/silica and PMMA/silica-g-PMMA
nanocomposites functionalized via ATRP [29]. Goushegir
et al. [30] analysed the mechanical strength andmicrostructure
of friction spot joints of aluminium AA2024/carbon-fibre-re-
inforced poly(phenylenesulfide). Dashatan et al. [31] demon-
strated the feasibility of hybrid joints made of PMMA to ABS
thermoplastics using FSSW. The results indicated that the me-
chanical strength of welds was highly influenced by tool ro-
tational speed, dwell time and tool plunge rate, the latter being
the most effective parameter. In literature, there are no studies
about the effects of the processing conditions on forces during
friction spot stir welding of thermoplastic polymers except
that of Bilici and Yükler [20]. However, the authors only
analysed the influence of the tool geometry on the plunging
force. Assessing the influence of the process parameters on
developing forces and temperatures would be important for
the determination of the machine requirements (motors, frame
stiffness), especially for portable joining machines; however,
any investigation has been yet carried out for friction stir
welding of polymer materials. The knowledge of temperature
arising during the process could allow improving the mechan-
ical behaviour of the joints either reducing the overall process
time. The adoption of an intelligent-instrumented machine
could allow the selection of proper processing conditions,
e.g. consolidation time and waiting time automatically in or-
der to achieve a given mechanical strength of the joint within
the minimum processing time.

The present study is aimed at analysing the influence of the
main FSSW process parameters on the developing forces
(plunging force and torque), tool and weld temperature other
than the mechanical behaviour and geometry of the joints.
Polycarbonate (PC) was used owing to its wide application
as well as high mechanical strength and toughness. To this
end, an instrumented drilling machine was employed to mea-
sure the forces developing during the joining operations. In
addition, temperature measurements on the tool and the mate-
rial near the welding area were performed. The study involved
the variation of the dwell time, tool plunge rate and rotational
speed. The variation of the characteristic regions of the
welds (e.g. keyhole dimension, welded region and ther-
mal affected zone) as a function of process parameters
was also analysed.
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2 Materials and methods

2.1 Experimental set-up

FSSW was performed to produce butt joints on polycarbonate
specimens (100×20×3 mm). Polycarbonate is an amorphous
thermoplastic polymer having high tensile strength and tough-
ness. According to mechanical characterization performed in a
previous work [1], the adopted sheets were characterized by a
tensile strength of 60 MPa and an elongation at break of 110 %.
The sheets were welded using an instrumented servo-drilling
press shown in Fig. 1. The plunge motion is produced by means
of a DC motor, while the tool rotational motion is produced by
means of an asynchronous motor driven by an inverter. Plunge
force Fz and torque Mz were measured by means of a two-
component piezo-electric cell. The temperature of the tool and
that of the material close to the welding region were measured to
investigate the influence of the processing parameters on the
developing temperatures. Particularly, the tool temperature was
measured at 13 mm from the tool tip, as depicted in Fig. 1e by
means of a pyrometer type 1060-2 connected to Thermophil
INFRA type 4472 thermometer. The sheet temperature wasmea-
sured by means of a K-type thermocouple (having a response
time of 0.5 s). The thermocouple was placed between a wooden
support and the lower surface of the bottom sheet in correspon-
dence to the welding region, as depicted in Fig. 1e. Force and
temperature signals were filtered by using a low-pass filter and
were acquired by adopting a sample rate of 75 Hz.

A flat-end tool tip made of a low-carbon steel AISI 1010
was utilized in all the experimental tests. The tool had a shoul-
der with diameter of 11 mm, a pin with diameter of 5 mm and
a pin length of 4.3 mm as depicted in Fig. 1d. FSSW can be
ideally subdivided in four phases: preheating, plunging,

consolidation and waiting prior to the tool retraction. The
main FSSW phases are schematized in Fig. 2. The tool rotates
at a prescribed speed (n) and is forced against the upper sheet
to pre-heat the material for a set pre-heating time TP with an
interference depth of 0.1 mm. After the pre-heating time, the
tool is forced against the underlying material at a constant
plunging rate vf and is stopped as the tool stroke reaches
4.9 mm. Then, the tool rotation proceeds to further time inter-
val and stir the material within the welding region. This phase
(consolidation) lasts for a prescribed time (TD). Finally, the
tool rotation terminates to cool down the pasty material.

According to the results achieved in previous works [32, 31],
the mechanical strength of friction spot stir joints on polycarbon-
ate sheets is mainly affected by the tool plunge rate, the tool
rotation speed and the dwell time. On the other hand, the waiting
time showed a threshold value abovewhich thematerial was torn
out from the joint since it was still pasty while higher values of
waiting time had negligible influence on the joint strength. Sim-
ilarly, the pre-heating time had negligible influence on the joint
strength stem from the low thermal conductivity of the polymeric
material. Thus, experimental tests were performed by varying the
tool plunge rate, rotation speed and dwell time, one factor at a
time over four levels and holding constant the other factors at an
intermediate level. The investigated welding parameters and
ranges are summarized in Table 1.

3 Results and discussion

3.1 Analysis of forces and temperature trends

Figure 3 depicts the variation of the acquired signals, i.e.
plunging force (Fz) torque (Mz), temperature of the material,

a b

d e

c

Fig. 1 a Picture of the
experimental equipment, b layout
of clamping system, c specimen
setup, d schematic representation
of instrumented servo-drilling
press and e geometry of the tool
tip used in the experiments
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measured at the bottom surface of the lower sheet (TM) and
the temperature of the tool (TT).

At the beginning of the process (pre-heating and plunging
phases), the temperature measured by the thermocouple re-
mains unchanged, due to the long distance of the heated sur-
face (in contact with the tool-tip extremity) from the measure-
ment position and to the low thermal conductivity of polycar-
bonate. As the tool tip enters in contact with the bottom sheet
(at the end of the plunging phase), the temperature measured
begins to rise since the lower distance between the heated
region and the thermocouple position. As the plunging motion
stops (beginning of the consolidation phase), the tool rotation
proceeds and the temperature further increases since the punch
continues to rotate, producing further frictional heat. When the
punch rotation stops (beginning of the waiting time), the tem-
perature of the material near the welding region drops down
and the pasty material begins to become harder. The selection
of proper waiting time should ensure the correct solidification
of stirred material in order to avoid the damage of the welding
region and the material being torn out from the joining area, as
shown in Fig. 4.

A different trend is shown by the temperature measured on
the tool (Fig. 3). Indeed, during the plunging phase, the tool
temperature rises gently since the thermal inertia of the tool
material and the distance between the tool tip and the temper-
ature measuring region. The tool temperature grows up owing

to a longer interaction time. When the tool shoulder enters in
contact with the material, a steeper rise in tool temperature
occurs since the larger contact area resulting in higher friction-
al heat. During the consolidation phase, the temperature fur-
ther increases owing to a prolonged tool-material interaction,
and the temperature reaches a peak value. However, at the
beginning of the waiting phase, any further heat is produced
since the rotation is stopped and negligible variation of tem-
perature is appreciated since the high thermal inertia of the
tool.

The trends of the plunging force and torque are reported in
Fig. 3a. As can be inferred, the plunging force Fz shows a
peak as the tool tip enters into contact with the (cold) upper
sheet and then decreases due to the subsequent material soft-
ening; then, a second peak Fmax1 occurs at the beginning of
the plunging phase when the plunging motion restarts since
only a restricted layer of the material underlying the tool pin is
heated. However, as the material becomes softer, the plunging
force decreases and stabilizes around a steady state value
FSS1. The force increases steeply as soon as the tool shoulder
enters into contact with the underlying material and a second
peak Fmax2 is shown. Thus, the tool further advances of
0.6 mm to enlarge the welded region but the plunging force
decreases since the material softening. At the beginning of the
consolidation phase, because any further axial displacement is
produced, the plunging force drops and holds almost constant

a b

d e

c

Fig. 2 Typical phases of friction
stir spot welding process: pre-
heating, joining, consolidation
and tool retraction

Table 1 Welding parameters and
ranges of variation Symbol (n) Welding parameter Low level [−1] High level [+1]

vf (1) Tool plunge rate [mm/min] 8 34

n (2) Tool rotation speed [rpm] 900 2150

TD (3) Dwell time [s] 0 21

Tw Waiting time [s] 7

7TP Pre-heating time [s]
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(FSS2) during this phase. This force is required to stir and com-
press the material within the welding region. As the tool rotation
stops, the plunging force drops almost to zero and it becomes
negative as the tool is retracted owing to frictional forces exerted
by the stirred material on the tool tip. It was observed that under
any processing condition, except when the maximum plunging
speed vf=34 mm/min, FSS1 was lower than Fmax1. Actually,
under the highest plunging speed (vf=34 mm/min), the softening
effect during the plunging phasewas negligible leading to a slight
reduction from Fmax1 and FSS1. Comparing the two above-

mentioned peaks, it was observed that the second peak Fmax2
was always higher thanFmax1 since the larger contact surface of
the tool shoulder as compared to the tool pin.

The variation of the torque during FSSW is reported in
Fig. 3a. As can be observed, during pre-heating, the torque
is almost zero owing to the small contact area of the tool tip
and altogether with to the low contact pressure. On the other
hand, during the plunging phase, the torque increases since the
higher contact pressure (on the tool-tip flat face) and to the
increase of the contact surface with the softened plastic mate-
rial surrounding the tool-tip cylindrical surface. Consequently,
as the tool shoulder enters into contact with the material, the
torque shows a steeper increase since the contact surface be-
comes even larger. During the consolidation phase, the torque
remains almost constant since the stirring action and drops to
zero when the tool rotation is stopped (waiting time).

3.2 Effect of process parameters

In the following section, the effects of process parameters on
plunging force, torque and temperatures (material and tool)
are investigated.

3.2.1 Influence of the tool plunge rate

Figure 5 shows the effect of the plunging rate on the acquired
signals (i.e. force, torque and temperatures) as well as the
load-displacement curve during single lap shear tests. Accord-
ing to Fig. 5a–b, the increase in the plunging rate (vf) leads to a
reduction in the temperature of the material and that of the
tool. Indeed, increasing the plunging rate from 8 to 34 mm/
min results in a reduction of the maximum material tempera-
ture and that of the tool of 10 and 20 °C, respectively. Such a
reduction is due to a shorter tool-workpiece interaction time
(which reduces from 36 to 8.5 s) that leads to lower frictional
heat dissipation.

The increase of the plunging speed influences the plunging
force significantly. Indeed, the higher vf, the higher the value
of the first peak Fmax1 since the tool penetrates within a less
softened material during the plunging phase. In addition, as
the tool proceeds, the reduction in the plunging force owing to
the material softening is attenuated for high values of vf. As
above-mentioned, at the maximum plunging speed, vf=
34 mm/min, the steady state FSS1 is only slightly lower than
the peak Fmax1. The increase in the plunging rate also results
in an increase in the second peak Fmax2 since the lower
material softening, while it has negligible influence on the
steady state value FSS2 measured during the consolidation
phase. Similarly, the variation of the plunging rate influences
the torque only in the plunging phase (since the lower material
softening) and the peak value Mmax, while it is negligible
during consolidation phase (steady state value MSS).

Fig. 3 Variation of a plunging force and torque and b material and tool
temperatures during FSSW

Fig. 4 Tear out effect owing to early tool retraction either excessively
softened material
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The mechanical behaviour of welds performed by FSSW
depends on the joints dimension and the material mixing qual-
ity. Figure 6 depicts the main regions that characterize the FSS
welds. The welds are characterized by a keyhole (of diameter
d), which is due to the penetration of the tool pin within the
sheets, a welded region (of diameter D), which fastens the
sheets, and a heat-affected zone (HAZ) surrounding the
welded region, which is characterized by a material that was
heated during the process but is not welded. As can be seen in
Fig. 5e, the increase in the plunging rate has detrimental ef-
fects on the mechanical behaviour of the welds. Indeed, the
lower frictional heat resulting from the reduced interactions
time limits the dimension of the weld and consequently the
shear strength and the toughness of the joint.

3.2.2 Influence of the tool rotational speed

The influence of the tool rotational speed (n) on the processing
variables and mechanical behaviour of welds is depicted in
Fig. 7. As can be inferred, the increase of n leads to a rise of
the material and tool temperatures owing to higher frictional
heat dissipation. The higher temperature produces higher ma-
terial softening and, consequently, a reduction in all the char-
acteristic values of the plunging force (Fmax1, FSS1, Fmax2
and FSS2) and torque (Mmax and MSS).

Because of the increase in material temperature and reduc-
tion in the plunging force with increasing the tool rotational
speed, the mechanical behaviour of welded samples shows a
peak at an intermediate level of n=1500 rpm. Indeed, at lower
speeds, i.e. n=900 rpm and n=1260 rpm, poor material
mixing is produced owing to low material softening; on the
other hand, at higher speeds (i.e. n=2150 rpm), excessive
material softening and ejection from the keyhole are pro-
duced, leading to a steep reduction in the plunging force
FSS2 during the consolidation phase, which determines a re-
duction in the weld strength. Although increasing the tool
rotational speed involves an enlargement of the welded region
D, as depicted in Figs. 7f and 8, when increasing n from 1500
to 2150 rpm also results in an increase in the keyhole dimen-
sion owing to increasing inertia forces and lower material
strength. Such a behaviour also contributes to reduce the joint
strength when increasing the tool rotation speed over
1500 rpm.

3.2.3 Influence of the dwell time

During FSSW, the processing temperature shows a dramatic
increase during the end of plunging phase and the consolida-
tion owing to the larger tool-material contact surface (tools
shoulder). As a result, when longer dwell times (TD) (duration
of consolidation phase) are adopted, higher material

a b

c d

e f

Fig. 5 Influence of plunging
speed vf on a material
temperature, b tool temperature,
c plunging force, d torque,
e mechanical behaviour of the
welds and f characteristic
dimensions of the joints
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temperatures are produced as shown in Fig. 9a, b. Longer
dwell times are used to increase the tool-material interaction
and frictional heat production. Such a purpose can be also
pursued by decreasing the plunging speed, even though the
latter solution is less effective. Indeed, during the consolida-
tion phase, the heat produced is higher than that produced
during the plunging since the higher tool-material contact sur-
face. Therefore, even a low increase in the dwell time pro-
duces a significant rise in the maximum material temperature.
The influence of dwell time on maximum material tempera-
ture saturates for large values of TD, as shown in Fig. 9a.
However, under such conditions, prolonged consolidation

phases result in a larger welded area (rather than increase in
material temperature) as can be observed in Fig. 9f and on the
macrographs depicted in Fig. 10. According to Fig. 9a, when
the consolidation phase is avoided (TD=0 s), a weld is pro-
duced even though a maximum material temperature (mea-
sured by the thermocouple) of almost 30 °C. Indeed, under
such a condition, since the small interaction time, the heat
produced at the tool-tip/material interface produces a steep
gradient of temperature within a restricted region surrounding
the tool tip. In this case, the temperature measured by the
thermocouple is not representative of that arising within the
welding.

Fig. 6 Macrograph of typical
regions of weld produced by
FSSW as a function of the
plunging speed, vf

Fig. 7 Influence of tool rotation
speed n on a material
temperature, b tool temperature, c
plunging force, d torque, e
mechanical behaviour of the
welds and f characteristic
dimensions of the joints
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From Fig. 9c, d, it is noticeable that increasing the
dwell time results in slight variation in the average plung-
ing force and torque during the consolidation phase. In
addition, increasing the dwell time leads to a rise in the
material temperature and a significant enlargement of the
welded region (Figs. 9f and 10) with beneficial effects on
the mechanical behaviour of the produced welds as report-
ed in Fig. 9e. Thus, increasing the dwell time represents a
viable solution to increase the mechanical characteristics of
the welds without weighting on the machine frame or
requiring larger actuators.

3.3 Analysis of characteristic values

Figure 11 summarizes the influence of the process parameters
on the characteristic values of the force, torque and tempera-
tures. As can be seen, decreasing the tool plunge rate produces
an almost linear reduction in the maximum plunging force
Fmax2 and torque Mmax. A reduction of the plunging rate
from the maximum vf=34 mm/min to minimum value vf=
8 mm/min determines a drop in the plunging force from 440
to 187 N, a decrement in the torque from 60 to 32 N cm.
Lowering the tool plunge rate from the maximum to the

Fig. 8 Macrograph of typical
regions of weld produced by
FSSW varying the tool rotation
speed, n

Fig. 9 Influence of dwell time TD
on a material temperature, b tool
temperature, c plunging force, d
torque, emechanical behaviour of
the welds and f characteristic
dimensions of the joints
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minimum value produces an increase in temperatures (mate-
rial/tool) from 85/54 to 95/74 °C while it influences the hold-
ing force FSS2 and torque MSS negligibly. Adopting low
plunging speeds, other than reducing the force and the torque,
is also beneficial for increasing the mechanical behaviour of
the welds from 690 to 920 N.

According to Fig. 11, increasing n produces an expo-
nential reduction in the plunging force and torque
whose characteristic value Fzmax2 (Mmax) drops from
550 N (66 N cm) to 120 N (18 N cm). As shown in
Fig. 7, the optimal value of n to which corresponds the
highest value of the shear strength of the joint is n=

Fig. 10 Macrograph of typical
regions of weld produced by
FSSW varying the dwell time, TD

Fig. 11 Influence of process conditions on characteristic values of force, torque and temperatures

Int J Adv Manuf Technol (2016) 83:1395–1407 1403



1500 rpm. Under such condition, the values of Fzmax2
and Mmax are 327 N and 38 N cm, respectively.

The TD has the highest influence on the material tempera-
ture, as can be inferred by comparing Fig. 11a–c. The material
temperature, which highly influences the mechanical behav-
iour of the welds, shows a steep increase for low value of TD,
e.g. the maximum temperature Tmax produced with TD=0 s is
36 °Cwhile it rises up to 90 °C by increasing the dwell time by
7 s. The increase of Tmax with TD saturates for values higher
than 21 s and longer dwell time mainly results in enlarging the
welding region. Since the dwell time represents the duration of
the consolidation phase, it has no effect on the plunging phase.
Nevertheless, according to Fig. 11f, i, varying the dwell time
does not influence the FSS2 and MSS significantly.

3.4 Analysis of energy input

To better understand the effect of the analysed process param-
eters on the mechanical behaviour of the welded joints, an
analysis concerning the input energy was carried out. Actual-
ly, during FSWand FSSW, the mechanical behaviour of welds
depends on the quality of the stirring action as well as the
dimension of the joint. Since in the performed experiments,
the tool was not varied, the dimension of the welded region
mainly depends on the process parameters and ultimately on
the heat supplied. A series of analytical and numerical models
were developed to evaluate the heat produced during FSW.
Hamilton et al. [33] developed a thermal model for the eval-
uation of torque and input power for aluminium alloys.
Prasanna et al. [34] and Luo et al. [35] calculated the contrib-
utes of the tool pin flat surface, tool shoulder and tool cylin-
drical surface to perform a numerical simulation of the tem-
perature field during friction stir welding. However, the
abovementioned models required the calibration of the coef-
ficient of friction and its variation with temperature and pres-
sure. During FSW process, the mechanical energy is convert-
ed into heat, which is used to weld the material, while only a
small amount (lower than 10 %) is transferred to the tool [36].
Thus, the power introduced by the tool (P) can be obtained as
the product of the torque by the angular rotation ϖ [37], and
the input energy, Q, can be calculated by Eq. 1:

Q ¼
Z

MZω dt ¼ ω
Z

MZdt ð1Þ

where the integral is extended to the duration of the FSW
process. Equation 1 was used to calculate the input energy
under analysed process parameters. As can be observed, in
Fig. 12, both the weld dimension and the weld strength
are highly correlated with the input energy, the R2

values being relatively close to the unity, proving that
the input energy is strictly related to the mechanical
behaviour of welded joints.

Therefore, the input energy was analysed (highlighting the
contribute of the plunging phase) to better comprehend the
influence of the process parameters on the joint quality.
Figure 13 depicts the variation of the input energy with FSSW
process parameters. According to Fig. 13a, increasing the tool
rotation speed leads to higher supplied energy mainly during
the plunging phase. On the other hand, the energy supplied
during consolidation phase is influenced negligibly by varia-
tion of tool rotation speed since the increase of n comes with a
higher material heating which results in torque reduction. As
above-mentioned, excessive increase of nmay result in exces-
sive material ejection from the weld leading to a weakening of
the weld. Therefore, increasing the tool rotational speed above
1500 rpm has both detrimental effects on the weld quality
other than requiring more energy, thus reducing the efficiency
of the process. On the other hand, the increase in the energy
supplied by extending the consolidation either plunging
phases (reducing the tool plunge rate) allows to improve the
weld quality without any detrimental effect. Nevertheless, it
appears by comparing Fig. 13b–c that increasing the dwell
time would be preferable since higher power can be trans-
ferred to the material (stem from larger contact surface tool
shoulder and higher distance from the tool axis) with evident
advantages in terms of weld quality and productivity. As an
example, increasing the dwell time by 21 s (from case 1 to

Fig. 12 Correlation of welding energy with a diameter of the weld and b
shear strength
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case 2) would increase the transferred energy by 650 J while
increasing the plunging duration by 26 s (from case 4 to case
3) involves an increase in the transferred energy by less than a
half (300 J).

According to the achieved results, a procedure for the op-
timal selection of the process parameters aimed at maximizing
the mechanical behaviour of the joints and reducing the pro-
cessing time in FSSW can be drawn as follows:

1. Selection of the tool rotation speed, n: the optimal value of
n allows increasing the material mixing action and tem-
perature without causing material being ejected from the
weld and waste of energy.

2. Selection of tool plunge rate, vf: high values of tool plunge
rate should be utilized in order to increase the process
productivity. The contraction of the plunging phase can
be exploited to extend the consolidation phase, which
allows a faster heating transfer to the sheet material. Nev-
ertheless, such a choice is constrained by the equipment
limitations since the increase in the plunging rate comes
with an increase in the plunging force.

3. Selection of the dwell time, TD: the consolidation phase
should be chosen in order to achieve the given mechanical
strength of the joint.

In addition, since the high correlation between the input
energy calculated by Eq. 1 and the mechanical behaviour of
the welds, the product of the torque by the rotational speed
could be utilized on an “Intelligent Sensored Machine” to
perform an online correction of process parameters.

4 Conclusions

An instrumented drilling machine was developed to study the
variation of the plunging force, torque and temperature in
friction spot stir welding of polycarbonate sheets. The influ-
ence of tool rotational speed, plunging rate and dwell time was
analysed. The main results are reported as follows:

& The increase in the plunging rate results in reduced tool-
material interaction time and consequently lower process
temperature. As a result, since the lower material soften-
ing, both the processing force and the torque are increased
while the mechanical strength of the welds is decreased
since the lower extension of the welding region.

& The increase in the tool rotation speed produces higher
frictional heat and consequently higher material tempera-
ture and material softening. Consequently, the increase in
tool rotational speed also comes with a reduction of the
plunging force and torque since reduced material flow. As
a result, the mechanical strength of the welds show a max-
imum at intermediate values of n resulting from a compro-
mise of material temperature and applied plunging force
during the consolidation phase. In addition, excessive tool
rotation speed values cause material ejection which re-
duced the dimension of the weld area.

& Increasing the dwell time allows increasing the maximum
temperature and extension of the welded area without
influencing the plunging force and torque significantly.
As a result, the strength of the welds increases almost
linearly with the dwell time while the toughness increases
more than linearly. Since the significant rise in material
temperature when long consolidation phases are adopted,
the waiting time should be also increased to in order to
avoid extracting the tool from a pasty weld region, which

Fig. 13 Influence of process parameters on welding energy during
FSSW highlighting the contribute of the plunging phase
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could result in weld damage. To this end, controlling the
material temperature, rather than fixing the duration of the
single processing phases using an instrumented machine
could be beneficial to improve the weld quality.

& The analysis of the input energy allowed to understand
more in depth the influence of the process parameters
and their mutual relevance. In addition, the dimension
and mechanical strength of the welds show a high corre-
lation with the external energy. Thus, monitoring the
torque and tool rotation speed during the FSSW could be
beneficial to correct the process parameters either to pre-
dict the strength of the joint without performing destruc-
tive tests.
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