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Abstract This study investigates the influence of the tool
dimensions on the mechanical behavior of friction stir spot
welds performed on polycarbonate sheets. Different tools
were used by varying the pin geometry (cylindrical and ta-
pered) and the diameters of the tool pin and that of the tool
shoulder. Morphological analysis was conducted to determine
the extension of the welded zone and main defects of the
welds. Single lap shear tests were carried out to determine
the influence of the tool dimension on the mechanical behav-
ior of the welds. The onset and evolution of failure during the
shear tests was analyzed. Five different failure modes were
identified which showed both a brittle and ductile behavior.
According to the achieved results, the strength of the welds
reduced with increasing the pin diameter and taper angle. On
the other hand, the strength increased with increasing the tool
shoulder diameter. However, the highest specific strength, cal-
culated as the ratio of the shear strength by the tool area,
reduced with increasing the shoulder diameter. Under the op-
timal processing conditions, the strength of the joints reached
up to 88 % of the shear strength of the base material.
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1 Introduction

Polymeric materials as well as reinforced polymers are in-
creasingly employed in the production of lightweight compo-
nents to reduce the vehicle weight, fuel consumption, and
consequently the overall product performances. In this con-
text, the connection of subparts represents a key issue since
here it usually develops stress concentration (owing to static or
dynamic load) as well as corrosion phenomena. Joining dif-
ferent materials involves additional limitations concerning the
suitable joining technology to use. Thus, several processes
have been developed in the recent years to overcome the main
limitations of conventional welding, mechanical joining, and
adhesive bonding technologies.

Combined thermo-mechanical processes such as friction
lap welding [1, 2], friction spot welding [3-8], and friction-
based stacking [9, 10] have been demonstrated to be suitable
for joining polymers, reinforced polymers, and hybrid struc-
tures comprising metal parts.

Besides the above-mentioned ones, friction stir-based
(FSB) processes such as friction stir welding (FSW) and fric-
tion spot stir welding (FSSW) have been successfully
employed to join different types of polymers including high-
density polyethylene (HDPE) [11-14], polycarbonate (PC)
[15-18], polyethylene (PE) [19-23], acrylonitrile butadiene
styrene (ABS) [14, 24-28], polymethylmethacrylate
(PMMA) [28, 29], polyamide (PA) [30-32], and (PP)
[33-37]. The growing interest in these processes is due to
the ability to join materials with different thermal and physical
properties, restrict the heating region, which leads to higher
efficiency and reduced heat-affected zone, produce low ther-
mal distortions, and produce joints with mechanical behavior
being comparable to other welding processes [7] often close to
the strength of the base material. In addition, FSW and FSSW
offer further advantages over competitive processes such as
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low equipment investments, requirement of lower energy, and
easy automation [25].

Although a large number of investigations have been car-
ried out on FSW and FSSW of metal parts, a fewer studies
have concerned with FSB processes of polymers. However,
since the high difference in terms of thermal, rheological, and
mechanical properties between metals and thermoplastic poly-
mers, specific studies are required to select the proper process-
ing conditions and improve the quality of welds made by FSW
and FSSW [28] on polymeric materials. So far, the scientific
literature has principally focused on three main aspects: anal-
ysis and optimization of the tool geometry, optimization of the
processing conditions, and development of new type of tools.

The characteristics dimensions of the FSW tool, namely,
the pin diameter, the tool shoulder, and the taper angle influ-
ence the heat generated and the material flow; thus, they in-
fluence the defects occurrence and weld dimension and finally
the weld strength [38] and the elongation at break. Being
based on the material stirring, the influence of the pin geom-
etry on the mechanical strength of the welds is of primary
importance and it has been deeply investigated in [23]. In
addition, the overall dimension of the tool, which includes
both the tool pin and the tool shoulder, also influences the
loads and energy involved in FSSW especially during the
plunging phase (when the material is relatively cold and the
contact forces reach the highest values) [15].

The weld strength is determined by the stirring quality, the
upsetting exerted by the tool shoulder, and the temperature
distribution in the welding region. The heat supplied during
the welding depends on the combination of the processing
conditions namely the tool rotational speed, the feed rate and
the tilt angle in FSW and the tool rotational speed, the plung-
ing speed, the pre-heating time, and the stirring time in FSSW.
A number of investigations have been performed to determine
the influence of the processing conditions on the mechanical
behavior of the welds produced by the FSB processes. The
weld strength increases by increasing the tool rotation speeds
then it reaches a maximum and then it decreases [19, 30].
Under low values of tool rotation speed, under-heating condi-
tions develop leading to poor material mixing. On the other
hand, if the excessive heat is supplied (e.g., increasing the tool
rotation speed or reducing the feed rate), the material un-
dergoes high softening resulting in the reduction of the friction
generated and the upsetting load [16]. Both of these conditions
are detrimental for the welds strength.

Since FSB processes involve complex interactions among
the process parameters, tool dimensions, material characteris-
tics, and structured and robust optimization techniques based
on artificial neural network [17] on either statistical approach
[22, 39] have been involved to determine the optimal process-
ing conditions.

A number of modifications to the basic process have been
introduced to improve the weld quality achieved by FSW and
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FSSW processes. The control of the plunging force would be
beneficial to reduce the variation of the plunging force during
the welding process due to variation of the tool-material con-
tact force [27]. The adhesion between the materials can be
strengthened by introducing multi-walled carbon nanotubes
(MWCNTs) at the interface of the sheets [11, 13].

The improvement of the mechanical behavior of these
welds has been pursued also by the development of new
type of tools. FSW and FSSW produce welds with a V-
shaped profile, which results in a weak mechanical be-
havior of the weld in correspondence of the pin (back
slit effect). To this end, tools with two shoulders named
“self-retracting tool” have been introduced to eliminate
back slit effect [24]. In FSB processes, the tool shoulder
exerts an upsetting action on the material extruded ver-
tically from the pin region. However, if the tool shoul-
der rotates with the tool pin, the extruded material is
ejected from the weld. In addition, because of the great
frictional work between the tool shoulder and the under-
lying material, high increase in local temperature is ob-
served causing material softening and reduction in the
axial pressure. Furthermore, because of the low thermal
conductivity of polymers, high thermal gradients devel-
op between the stirring region and the base material
(which is slightly heated) leading to weak welds. A
possible solution is represented by the employment of
tools with rotating pins but fixed shoulders. Such tools,
which have been generally employed for the FSW pro-
cess, are often coupled with heating and temperature
control systems to keep constant the tool shoulder tem-
perature during the welding process [12]. As a result,
higher quality and more standardized welds are pro-
duced [21, 40]. The improvement in the weld quality
is due to a better stirring of the material [29] other than
lower variation of the axial force during FSW [41].

So far, any study has been conducted to evaluate the
influence of the tool dimensions during friction stir spot
welding of polymer sheets. In addition, a few details
have been reported in literature concerning the fracture
development of such welds. Thus, the current investiga-
tion aimed at understanding the influence of the tool
dimensions in friction spot stir welding of polycarbonate
sheets. An experimental campaign was carried out using
different tools varying the tool pin geometry (cylindrical
or tapered), the pin, and the shoulder diameters.
Geometrical characterization of the welds was carried
out by means of optical microscopy and the influence
of the tool geometry on the dimension of the welded
zone was investigated. Single lap shear test were carried
out to determine the mechanical behavior of the welds.
Finally, fractography analysis was performed to relate
the mechanical properties of the welds to their geomet-
rical characteristics.
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2 Materials and methods
2.1 Experimental setup

Thin sheets with 3.0 mm of thickness made of polycarbonate
(PC) were used during the experimental campaign.
Polycarbonate is an amorphous thermoplastic with a wide
range of applications in different industrial fields such as op-
tical industry, automotive, and household applications owing
to good optical transparency, high strength and toughness. The
material is characterized by glass transition temperature
To=147 °C, and it shows high elongation at break of 110 %
and tensile strength of 60 MPa [18].

Friction stir spot welds were performed by a CNC drilling
machine. The machine is controlled by an electronic IO sys-
tem connected to common PC. To address the influence of the
tool geometry, ten different tools were involved by varying:
the tool pin geometry cylindrical (a=0°) or tapered (a=30°),
the pin diameter (d=5, 10 mm), and the shoulder diameter
(D=10, 15, and 20 mm). The tool dimensions are reported
in Table 1. The tool identifier was composed of two numbers:
the first is a progressive identifier of the pin and shoulder
dimension, while the second indicates the taper angle. The
tools were made of K340 stainless steel, which is a heat treat-
able steel, turned under a CNC turning machine.

Before each welding experiment, the tool was cooled down
at room temperature (such a temperature was measured by
means of by a pyrometer type 1060—-2 connected to
Thermophil INFRA type 4472 thermometer) and cleaned
from material which remained attached to the pin. The
FSSW tests were performed under displacement control.
Each test started by putting in rotation the tool at a prescribed
speed n, and it was slightly plunged within the material (with a
depth of 0.1 mm) for a prescribed time 7),; then, the tool
continued to plunge the material with a constant speed v, as
long as a given plunging depth (s) was reached. Thus, the
plunging motion was stopped (begin of the stirring time) while
the tool rotation continued. As the prescribed dwell time 7
was elapsed, the tool rotation was also stopped to enable the
material cooling for the prescribed waiting time 7yy; then, the
tool was retracted from the weld.

The processing parameters such as the plunging speed (v-
=8 mm/min), the pre-heating time (7,,=7 s), the dwell time
(Tp=21s), the waiting time (7T-=21 s), and the tool rotational
speed (n=1260 rpm) were kept constant at optimal values
found in [42].

2.2 Characterization of FSSW welds

Single lap shear tests were performed in order to assess the
mechanical behavior of the welds. A schematic of the speci-
men is reported in Fig. 1. The shear tests were carried out
using a universal MTS 322.31 testing machine with 25 kN
full-scale load at a constant cross-head speed of 0.5 mm/
min. Five replicates were performed for each testing condi-
tion. The shear strength F,, calculated as the maximum load
during the test, and the specific strength S, calculated as the
ratio of the shear strength by the tool shoulder area:
F r

Yoy a

and the absorbed energy E were recorded during each single
lap shear test.

Further tests were performed on sectioned specimens.
During these tests, pictures of the cross section were taken to
investigate the deformation of the welds and the crack propa-
gation path. To this end, a 16-bit DSLR camera model D5200
by Nikon with a resolution of 6000 x 4000 was used in com-
bination with macro lens (x10). An external trigger with a
timer was used to acquire one picture per second.

Optical microscopy analysis was carried out to characterize
the welds dimension and to better investigate the type of frac-
ture. To this end, the welds were sectioned using a precision
cutting rotary blade and subsequently polished up to 1200
paper grit and polishing compounds for polymeric materials.
Then, fractography analysis was performed by means of a
digital microscope model KH-8700 by Hirox.

3 Results and discussion

3.1 Morphological analysis and critical dimensions
of the welds

A typical cross section of a friction stir spot weld is reported in
Fig. 2. The macrograph shows the keyhole left by the tool pin
after the process, which is common to this type of weld. The
FSS weld is characterized by a compact region (CR) without
porosities close to the side surface of the keyhole owing to the
high temperature produced during the stirring phase and com-
pressive stress developing during the consolidation phases.
When polymers are welded by friction spot stir welding, high

Table 1 Main dimensions of

adopted tools Tool ID -0 20 30 40 50 1-30 230 3-30 430 5-30
Pin diameter, d [mm)] 5 10 5 10 5 5 10 5 10 5
Shoulder diameter, D [mm] 20 20 15 15 10 20 20 15 15 10
Taper angle, o [deg] 0 0 0 0 0 30 30 30 30 30
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Fig. 1 a Schematic of shear test specimen and b mechanical
characteristics of FSS welds during shear tests

temperature gradients are produced between the stirred zone
and the substrate (whose temperature increase is negligible)
since the low thermal conductivity of such materials. Thus, a
high number of porosities may develop at the interface leading
to a poor adhesion. As a result, a porous zone (PZ) may de-
velop between the CR and the base material (BM). The po-
rosities may act as stress raiser during loading conditions and
thus they may determine a drastic reduction in the mechanical
performances of the weld. From the macrograph, it is also
evident that the welded region is more extended than the po-
rous zone, since the presence of a transparent (welded) ring
surrounding the PZ.

The development of the above-mentioned defects depends
on the selection of the process conditions. Actually, in friction
stir welding of polymers, high levels of heat (resulting from

Welded Region

Fig. 2 Cross section of a FSSW showing the characteristics regions
(d=5 mm, D=10 mm and a=30°)
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high tool rotation speed and low transverse speed) allowed to
reduce or even avoid the development of such defects [27].
Decreasing the tool rotation speed induces the formation of
many cavities since the heat generated is insufficient to estab-
lish the bonding of material plastically deformed by the tool.
On the other hand, the presence of porosities is mainly related
to the air entrapped in the weld owing to insufficient material
flow. In FSSW of polymers, the occurrence of porosities can
be also induced by the thermal shrinkage, trapped air, or even
structural changes of the polymer [7].

Therefore, the proper selection of the tool and plunging
depth is aimed at reducing the presence of the above-
mentioned defects but also increasing all the critical weld di-
mensions, which influence the fracture, namely, the welded
area A,.qq, the interface area between the stirred zone and the
upper sheet 4,, and the interface area of the stirred zone with
the lower sheet 4, reported in Fig. 3. A reduced welded area
Awelq facilitates the development of shear fracture in the weld
region; on the other hand, the welds showing low values of
Ayp or Ay, will fail by separation of the stirred zone from the
upper and lower sheet, respectively.

3.2 Effect of the plunging depth

Preliminary experiments were carried out by varying the
plunging depth (s) in order to improve the mechanical strength
of the weld. The tests were performed using the tool with
d=5 mm, D=20 mm, and a=0°. The plunging determines
the geometrical characteristics of the welds and consequently
their mechanical performances. Increasing the plunging depth
s is expected to increase the welded area Ay.q Since more heat
is produced near the sheets interface, increase 4, and reduce
Aup, as depicted in Fig. 4.

Thus, different values of plunging depths were tested in-
cluding a slightly negative value (s=-0.08 mm). Figure 5
depicts the cross sections of welds performed with different
values of the plunging depth. As can be inferred, when the tool
shoulder plunges the upper sheet (s>0) the profile of the
stirred zone is very similar regardless the plunging depth.
However, as above-mentioned, the welded zone moves to-
wards the lower sheet with the increase in s resulting in the
variation of the critical areas A, 410, and Ayeig.

The variation of these critical areas is reported in Fig. 6.
Here, the values of the welds performed with s =—0.08 are not
reported since, as also shown in Fig. 5, the stirred zone was not
recognizable. From Fig. 6, it is evident that, 4, reduces for
5 <0.56 mm moderately, then for s =0.66 mm it reduces more
evidently. This is due to the shape of the stirred zone. On the
other hand, 4, and 4.4 increase almost linearly with s for
5§<0.56 mm; then, for s=0.66 mm, they benefit of a steep
increase since a large part of the stirred zone is within the
lower sheet, as shown in Fig. 5.
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Fig. 3 Critical regions of FSSW
of polymers

Figure 7 compares the load-displacement curves of welds
performed using different values of 5. As can be inferred, the
optimal value of the plunging depth was s=0.47 mm. For
5<0.47 mm, the welds failed by separation of the stirred zone
(SZ) from the lower sheet; thus, L, (and consequently A4;,)
was the critical parameter. On the other hand, for s=0.47,
5s=0.56, and s=0.66 mm the welds failed by separation of
the stirred zone from the upper sheet. When s>0.47 mm,
the increase in the plunging depth determined an excessive
reduction of L, (and 4,;,), resulting in a reduction of the weld
strength.

The mechanical characteristics of FSS welds varying the
plunging depth s were also summarized in Table 2.

The determination of the optimal tool plunge depth de-
pends on several factors including the sheet thickness and
material as well as the disposition of the sheets, when joints
are performed on different materials or sheets of different

Fig. 4 Effect of plunging depth
on geometry of the weld

thickness. Furthermore, since the welds failure may happen
at the sheets interface with the welding zone, the presence of
porosities and cavities and the extension of the stirred zone
may also influence the optimal tool plunge depth. Thus, also
the tool geometry and the processing conditions including the
pressure exerted during the consolidation phase may influence
the optimal tool plunge depth. However, the value of the
plunging depth s=0.47 mm was kept constant over the per-
formed experiments.

3.3 Failure modes

The mechanical performances of the FSSW welds depend on
several factors including the characteristic dimensions of the
weld, the presence, distribution, and dimension of voids and
porosities, and the shape of the welded zone, which may fa-
cilitate the development of stress concentration. During the

L, Stirred Zone Lo»
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Fig. 5 Effect of plunging depth (s) on welds cross sections

single lap shear tests different failure modes were identified,
namely brittle fracture in the upper (M1) or lower sheet (M2),
separation of the stirred zone from the lower sheet (M3), sep-
aration of the stirred zone from the upper sheet (M4), and
shear fracture in the welded region (M5).

Brittle fracture was found in the welds made by tools P1-0
and P2-0. These tools are characterized by the larger shoulder
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Fig. 6 Effect of plunging depth on the critical areas Ay, 410, and Ayeiq
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Fig. 7 Influence of the plunging depth (s) on the mechanical behavior of
the welds during single lap shear tests

diameter (D =20 mm). The fracture developed almost instantly
from the onset of the load peak leading to a low absorbed energy
but also the highest shear strength. These welds showed a good
adhesion between the stirred zone and the substrate. Here, the
material reaches a critical stress value that is lower than the yield
strength of the base material owing to the presence of the po-
rosities and the residual stress developing during the

Table2  Mechanical characteristics of FSS welds varying the plunging
depth

s [mm] Shear strength, Absorbed energy, Specific strength
F, [kN] E[J] [MPa]

—0.08 1.50 1.70 478

0.16 2.27 6.20 7.23

0.47 3.24 8.39 10.32

0.56 2.89 7.14 9.20

0.66 1.40 1.60 4.46
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consolidation phase (cooling) and the high temperature gradi-
ents. The brittle behavior of such rupture is evident from the
fracture surfaces in the upper and lower sheets (Fig. 8a, b).

Figure 9 a, b shows a FSS weld failed by separation of the
stirred zone from the lower sheet. This type of weld is char-
acterized by a poor adhesion of the SZ with the substrate
owing to the small value of 4,. The porosities within the PZ
reduce the effective contact surface and further act as stress
raised during shear tests. In such welds, the fracture starts from
the point P and proceeds along the interface of stirred zone and
lower sheet until the complete separation of these regions, as
shown in Fig. 10b.

Figure 9 c, d shows a specimen failed by separation of the
stirred zone from the upper sheet. These welds are character-
ized by good adhesion of the SZ with the lower sheet while
poor adhesion of the SZ with the upper sheet owing to a small
value of 4,;,. In these welds, the fracture starts from the point
P, propagates along the stirred zone-upper sheet interface, and
terminates in the upper sheet.

The welds made by tools P4 and P5 (with both a=0° and
a=30°) failed by shear fracture in the welded zone, as shown
in Fig. 9 e, f. These welds are characterized by a thin welded
area Ay,.1q because of the small area under the tool shoulder A,.

Brittle fracture in the upper sheet

Lower Sheet™ «

5 mm

Fig. 8 Macrographs of brittle fracture modes developing in FSSW welds

Separation of Stirred Zone (SZ) from the substrate

Lower Sheet

Upper Sheet

Lower Sheet

Fig. 9 Macrographs of ductile fracture modes developing in FSSW
welds

In these welds, the fracture starts from the point P and propa-
gates along the weld line.

The fracture development of ductile fracture modes M3,
M4, and MS5 is also depicted in Fig. 11.

3.4 Mechanical behavior of the FSSW welds

Figure 12 compares the shear strength of welds made by tools
having cylindrical (v=0°) and tapered (ov=30°) pins. The
influence of « on the shear strength of the welds made by
the tools P1, P2, and P3 is negligible. On the other hand, the
shear strength decreases with « in the welds made by the tools
P4 and P5. Indeed, these welds are characterized by a small
area under the tool shoulder A, which is given by Eq. 2:

A = ( @) ~ <g 4 h,-sina) 2) 2)

where /4, is the tool pin height (h,=4.3 mm). Thus, the em-
ployment of the tapered pins further reduces the dimension of
the area 4 and consequently the welded area 4,14, leading to
a reduction of the shear strength. These results are in slight
contrast with the experimental findings reported in [23].
Figure 13a, b summarizes the influence of the tool pin
diameter (d) and the shoulder diameter (D) on the shear
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Fig. 10 Fracture Paths:
separation of SZ from a upper
sheet, M4 and b lower sheet, M3

Upper Sheet i N = X ' 5 . Lower Sheet

Lower Sheet

strength F,. of the welds. F,. increases with the tool shoulder  taper angle . Indeed, increasing D comes with the increase of
diameter D, regardless the value of the pin diameter either the =~ Ay.q other than higher supplied heating (since greater

Fig. 11 Fracture development in P1-01=0° s=0.16 mm
a lower sheet, b upper sheet, and ¢ ‘ i t
weld zone

Separation of the stirred zone
from the lower sheet (M3)

1Y

O Fracture

Separation of the stirred zone
from the upper sheet (M4)

o

Shear Fracture in the weld zone (M5)

(1)
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Fig. 12 Effect of the tool geometry on the shear strength of the welds

tangential speed is reached). The welds characterized by the
smallest 4ye1q (those produced with tools P4-0, P4-30, P5-0,
and P5-30), failed by shear fracture. However, when the tools
with the largest shoulder (D =20 mm) were adopted, different
fracture modes were observed using the same tool leading to a
higher uncertainty on the mechanical behavior of the weld.
Such uncertainty, which concerned both shear strength and
the absorbed energy, is also confirmed by the increase in the
standard deviation values.

The increase in the tool pin diameter comes with a reduc-
tion in the shear strength. A larger pin diameter involves

higher heating supplied to the weld (since the greater radial
velocity); nevertheless, it also results in a larger keyhole and
consequently a reduction in the welded area. The reduction of
the shear strength with the pin diameter indicates that the
effect of the reduction in the welded area is predominant over
the increase in the produced heating.

In order to encompass with different fracture modes and
compare the mechanical strength of the welds having different
dimensions, the specific strength, calculated by Eq. 2, was
used. To this end, the geometrical characterization of the
welds was done by analyzing the main dimension of the spec-
imen cross sections reported in Fig. 14.

From Fig. 15, it is evident that, the welds made by tools P5-
0 and P5-30 (d=5 mm and D= 10 mm) are characterized by
the highest specific strength. These welds showed a specific
shear strength of 25 and 20 N/mm?, respectively, while the
welds made by larger tools were characterized by specific
shear strength ranging between 7 and 10 N/mm?. In addition,
since the taper angle involves a lower welded area, the weld
made by the cylindrical pin P5-0 was characterized by higher
specific strength as compared to that made by the conical pin
P5-30.

For the welds made by tools P5-0 and P5-30, it was possi-
ble to calculate the shear stress since they failed by pure shear-
ing mode. In these welds, the shear strength, calculated by the
ratio of F,/Aye14, reached 31 and 28 MPa, respectively. Using
von Mises criterion, the shear yield strength 7, of a material is
given by the yield strength of the material measured by tensile

. ; 4.0 4.0
F}g. 13 Effect ofthetoglpm - @---d=5mm o @--- d=5mm
diameter and shoulder diameter = =
on the shear strength of the welds < 30 ©=-O--- d=10 mm X 309 |---O---d=10mm M3-M4
(a, b) and on the energy absorbed Ty Ty \
during the shear test (¢, d) < M5 M3-M4 £ M3
2 20 220 M5 T T MB
o L , ) . \j ’
® M5 @ -
T 1.0 g 1.0 O
< < M5
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a=0° a=30°
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d=5 mm

10 mm

d=

d=5 mm

10 mm

d=

Fig. 14 Cross section of welds performed with different tools

test o, divided by the square root of 3: T.=0J\3=60/
1.732=34.6 MPa. Thus, the shear strength of the welds are
88 and 80 % of the shear yield strength of the base material.

4 Conclusions

The present work investigated the main fracture mechanisms
developing while testing friction spot stir welds of polymeric
materials. The characteristic dimensions of the weld affecting
the mechanical behavior of the welds have been identified.
The influence of the tool geometry on the morphological
and mechanical behavior of the welds was clarified.
Sectioned samples were also prepared to understand how the
fracture developed and propagated in the welds. The main
results are reported as follows:

* Although the high toughness of the polycarbonate mate-
rial, both brittle and ductile fracture modes were found on
FSS welds during single lap shear tests.

Fig. 15 Effect of process
parameters on the specific
strength of the welds

Specific Strength [N/mm?]
o

10

1Y
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Tool Shoulder Diameter, D [mm]

The analysis of the morphology of the weld and the iden-
tification of the critical weld areas allowed understanding
the influence of the tool geometry on the fracture modes.
The influence of the plunging depth on the fracture mode
and shear strength was clarified. Low values of plunging
depth facilitated the separation of the stirred zone from the
lower sheet since the small interface area. The increase in
the plunging depth results in the increase of this area with
increase of the shear strength. Excessive increase of the
plunging depth may result in decreasing the weld strength
since separation of the stirred zone from the upper sheet is
more likely to occur.

The shear strength of the welds increases with the shoulder
diameter (D) and reduces with the pin diameter (d). The
taper angle of the tool pin influences the shear strength
only for tools with small values of D-d.

In the welds made by the larger tool shoulder
(D =20 mm), different fracture modes may develop (while
using the same tool) leading to a high uncertainty of the
mechanical behavior of such welds.
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