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ABSTRACT

Tool tilt angle (TTA) is a critical factor that can control material flow in polymeric materials'
friction stir joining (FSJ]). This study selected a TTA range between 0° to 4° for FS] of
polypropylene (PP) polymer sheet. A modified computational fluid dynamic (CFD) tech-
nique was implemented to gain a deep understanding of the effects of TTA during FSJ of PP.
The PP joint's internal flow, defect formation, heat generation, and tensile strength were
investigated experimentally. The fracture surface of tensile samples was analyzed by
scanning electron microscopy (SEM). Heat generation, heat flux, and defect formation re-
sults from simulation were evaluated by experimental tests output. The results indicate
that the PP flow during FS]J is susceptible to TTA. Non-uniform volumetric weight transfer
was caused at higher TTA in the joint line, which leads to tilted heat flux. At higher TTA,
the generated heat increases, leading to PP exit from the joint line and internal gaps. Ac-
cording to selected parameters, the most robust joint (66 MPa) was produced at 1° TTA. The
main reason for the mechanical properties of the PP joint was a dimension of the stir zone
and internal defects. Shrinkage gaps were the root of crack initiation during the tensile
test, and some local stretching in the fracture surface of the tensile sample after the test
was detected.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Polymers and polymeric matrix composites are widely
employed in many applications in the automobile and railway
industries. Lower cost, more processability, recyclability, and
flexible maintenance caused the high application of polymeric
materials in various industries [1]. In addition, thermoplastics
with high strength-to-weight ratios are increasingly involved in
structural applications [2]. The selection of a suitable welding
process for polymers is a key factor in the manufacturing of
reliable structures. Conventional joining techniques for poly-
mers like adhesive bonding, mechanical fastening, infrared
radiation (IR), and even thermal welding processes show
various disadvantages and limitations [3]. To this end,
advanced welding techniques such as laser welding, laser-
assisted joining, and friction stir joining (FSJ) provide signifi-
cant advantages and decrease joint defects after welding
polymeric materials [4]. In the early stages, the FSJ was first
applied to join Al alloys [5]. After discovering various benefits of
this joining process, FSJ has been used to join various similar
and dissimilar materials, including metals, thermoplastics, and
composites [6]. The required heat for welding during the FSJ
process is provided by friction at contact surfaces between a
non-consumable tool and workpieces [7]. The tool with rota-
tional velocity increased the temperature of the joint line below
that of melting point and mixed workpieces together [8]. There
is no external filler material or external heat source during the
FS] process, similar to the linear friction welding process [9,10].

For this reason, FS] is called a solid-state joining process,
and the structure of the joint line has minimal changes
compared to other joining methods [11]. These properties
decrease the possible formation of internal defects in the
joint line [12]. Low heat input and flexibility make the FS]
process a suitable welding technique for polymeric materials
[13]. FSJ tool rotational velocity, traverse velocity, tilt angle,
and plunge depth are the main process parameters in this
welding process [14]. Due to the highly sensitive polymeric
material, selecting suitable process parameters is very
important. FS] has been applied to the welding of polymers
and thermoplastic materials [15].

Azarsa and Mostafapour [16] optimized the tool rotational
and traversed velocity of the FSJ tool while welding of high
density polyethylene (HDPE) sheets. They indicated that by
controlling FSJ tool velocities, the heat input in the joint line
would be controlled, and the ultimate tensile strength of the
final joint can be reached near welds 75% of HDPE. It is shown
that a tool with a threaded pin can reduce cavities and in-
clusions in the joint line after the FSJ process of polypropylene
(PP) sheets, and also it can improve the mechanical properties
of the final joint. Panneerselvam and Lenin [17] show that
during FSJ of polyamide 6 the rotation direction of the tool can
change the mechanical properties of the final joint. They stated
that the clockwise rotation direction of the FSJ tool could
improve internal flow and the mechanical properties of the
final joint [18].

Researchers developed the FS] process by using a station-
ary shoulder called a “shoe” to improve the surface quality of
polyethylene (PE) joints [19]. Also, it was possible to use an
external heating system inside the 'Shoé to increase the

mechanical properties of the final joint as much as possible.
This technique was implemented to joining of acrylonitrile
butadiene styrene (ABS) sheets [20].

Simoes and Rodrigues [21] studied Poly-methyl-
methacrylate (PMMA) behavior during the FS] process with
various tool rotational and traverse velocities.

Among various process parameters during the FS] process,
the tool tilt angle (TTA) plays a critical role in producing sound
joints [22]. The controlling tool tilt angle can significantly
improve final mechanical properties [23]. The exit of materials
from the joint line, surface flash formation, and joint root de-
fects are the primary defects produced by the unappropriated
tool tilt angle during FSJ of polymeric materials [24]. Limited
literature focuses on the effects of FSJ tool tilt angle on the
properties of polymeric materials joints. Aghajani Derazkola
and Simchi [25] investigated the effects of FSJ tool tilt angle on
the mechanical properties of PMMA sheets. They stated that
the materials flow during FSJ is very sensitive to TTA, and for
the appropriate TTA selecting of appropriate tool plunge depth
is necessary. Eyvazian et al. [26] indicated that for the produc-
tion of the highest strength joint during FSJ of PMMA joint, 2°
TTAis needed. The joint root defects and weak mixing between
raw sheets are the main defects that are produced at very high
or very low TTA. Aghajani Derazkola et al. [24] showed that at
high TTA, the surface flashes intensely formed during FSJ of the
polycarbonate (PC) sheet. The surface flash decreases the joint
line area, and consequently, the mechanical properties of the
final joint decrease dramatically. TTA has been primarily
considered in metallic materials joints and could be imple-
mented differently. Zhai et al. [27] presented a new approach
for the effects of TTA during FS] of AA6061-T6 alloy. Their
research considers two types of joints, one without tilt and
another with a tilt angle. In the tilted case, they stated two
types of contact. They considered a pin, a part of the shoulder
was inside the workpiece, and the front of the shoulder that
was not in touch with the workpiece. They implemented this
assumption in real situations and modified the tool shoulder's
velocity and contact surface during the simulation [28].

Among various polymeric materials, polypropylene (PP)
has good mechanical and functional properties that caused
this polymer to be considered by various industries [29].
Limited research focused on the FSJ of PP. Bilici [30] studied the
effects of tool pin profiles on the properties of PP during the
friction stir spot joining (FSS]) process. The tool shoulder
diameter, pin angle, and pin length were selected as the var-
iable. Finally, the optimum tool geometry was found to ach-
ieve the highest tensile strength. Kiss and Czigany [31] studied
on effects of tool rotational velocity on the morphology of the
PP joint during the FS] process. They stated that after FS], the
complex supramolecular structure formed at the borderline of
the joint, and the structure of the middle part of the joint line
is similar to PP. Moochani et al. [32] used a new tool that
contains an external heater for FS] of PP. The tool was able to
put controllable hot air on the joint line. They show that with
this new mechanism during the FS] process, the final joint's
tensile strength reaches 99% of the base material. Sahu et al.
[33] used artificial intelligence to optimum tool rotational ve-
locity, tool traveling velocity, tool pin profile, and applied load
during FSJ of PP. They show that optimizing process parame-
ters can reach the joint tensile strength to the highest point.
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Due to their result, a pin profile with a square shape was the
best pin for the FSJ of PP. Nath et al. [34] studied the joining of
PP by single-side and double-side FS]. They show that the
double-side FS] process yields better mechanical properties of
the final joint comparing single-side FSJ. They also imple-
mented a self-heating tool for FSJ of PP [35]. This tool mech-
anism contained an extra nozzle for pouring hot air on the
joint line. They show that the defect-free joint can be made
with this tooling system, and internal materials flow improves
significantly. Due to the wide application of PP, using the FSJ
process for this polymer is necessary. For this reason, the ef-
fects of TTA on FS] of PP in this study were assessed. For a
better understanding of material flow and joining mechanism,
a thermo-mechanical simulation process has been used in
order to analysis of thermal history.

2. Modelling details
2.1. Assumptions

Technical point of view, the FS] process has three different
stages. The first stage is when the welding machine starts
until the penetration of workpieces. In the second stage, the
main stage of welding, the rotational FSJ tool starts to move
forward and forms the joint line. The last stage is when the
welding procedure is finished, and the rotational FSJ tool exits
the joint line. For simplicity and to decrease the simulation
time, the first and last stages of the FS] process are ignored.
During the moving of stage two, the FSJ tool had constant
forward. For this reason, a steady-state coupled material flow
and heat model was implemented to simulate the process.
The CFD method was employed to analyze thermo-
mechanical phenomena during FSJ. A model was set up with
exact dimensions for the workpiece and tool used during the
experimental procedure to understand process parameter
effects better. All parameters implemented with same
dimension unites. The conservation equations for mo-
mentum, energy, and continuity were solved to analyze
polymer flow during the joining process. The mass conser-
vation is presented by Eq. (1), and momentum conservation in
X, y, and z directions is presented by Eq. (2), and energy con-
servation is presented by Eq. (3) [36]:

om;

—=0; i=12 1
o0 i=123 &

aX}'

= 2am o — M2
v ot L ox; v E)xj+ 0x; + 0x;

v ot aXi

Pec a(CPT) +6(CPMTT):| — —&CpME—Fi <k§
v ox;

6x1 aXi ) + DTotaI (3)

In Egs. (1)—(3), the m; is representing the flow of material in
the x, y, and z direction and P is pressure. P is the relative
pressure that drives flow in the x, y, and z directions [37]. The
pe» Cp, v and k are density, specific heat, pressure depend vol-
ume of PP (with cubic meter unit), and thermal conductivity of
polymer base metal depending on temperature. The % is
defined as pressure-volumetric depend density with kg/m?
unit. The used specific heat and thermal conductivity of PP in

this study at various temperatures are depicted in Fig. 1a and
b, respectively. The date in Fig. 1 obtained from testing raw PP
in laboratory. In Eq. (5), the term Droq represents the total
heat input produced by friction and plastic deformation.

2.2. Thermal model

In section 3.1. The term Drqq in Eq. (3) was introduced as a
heat source [36]. During the FSJ process, the internal heat
source is the sum of frictional heat and plastic deformation of
base material that generates during the forward moving of the
rotational tool [38]. The frictional heat presented by Dgiction and
heat generated by plastic deformation heat is presented by
Dplastic- In this case, the Drqq is defined as [38]:

DTuml = Dfriction + Dplastic (4)

The generated heat by friction (Dfriction) cOnsists of genera-
tion heat at interface of shoulder-workpiece (D), pin body-
workpiece (D), and pin beneath-workpiece (Dy,) [39]:

Dﬁ'iction = Dsw + wa + th (5)
The Dy, Dyw, and Dy, for 0° tilt angle are defined by [40]:

27 Rs

2mwr? — Mr sin 6
Dy = / / hw[n(l—é)wauﬁz]X(T)drfw (6)
0 Ry
il 2mor — Msin 6
Diy = / / huo [n(1—8) +v3oug] x (%)r(zmzda
0 Ry
7)
i 2mwr® — Mr sin 6
TWre — MY Sin
Du= [ [ hu[n(1-)0+duf.] x (T)drda ®
0 Ry

The Rg, R, and R, present the tool shoulder radius, pin body
radius, and pin beneath radius, respectively. The h,, is con-
ducted heat into the weld material, 5 is plastic deformation
efficacy (0.5 selected in this study), 6 is fractional slip (0.4
selected in this study), ¢ is polymer flow stress that will define
in next section. In Egs. (8)—(10), the usis friction coefficient (0.4
selected in this study), M is the welding velocity, F is axial force
(50 N selected in this study), and » is shown rotational velocity
of the FSJ tool. From the process point of view, the axial force
is the amount of force transferred by the FS] machine on the
tool and stir zone. The axial force in 0° tilt case is equal to F,. In
the tilted case, the tool force is not applied to the workpiece's
according to the workpiece normal vector. A schematic view
of forces and loads on the tool is depicted in Fig. 2. The axial
force (F) is divided into two normal (F,) and shear (F,) forces.
The values for Fz and Fx are cosines and sines of tilted angle
multiple with axial force. In the tilted case, the reference point
(RP) is considered to insert all parts of tool inside the work-
piece. There is not any non-contact surface in the tilted case of
this study. Plus, at this point, when the RP touches the top
surface of PP, a part of tool body inserts into the PP that called
excess area (EA). In such case, the EA is produced an amount
of frictional heat (Dga) that is very close to tool pin body fric-
tional heat generation.
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Fig. 1 — (a) Specific heat and (b) thermal conductivity of PP.

Accordingly, the Dgy, Dy, and Dy, for tilted sample with the
tilt angle (¢) are defined by:

27 Rs
/ hu {n(l — 0)¢ + 6usF,\/sin { + cos :}
0 Ry

- .
X <M> drdd Normal Force

60
R I )
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(10)
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0o o
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T) r(z)dzdd

(12)

The amount of heat produced by plastic deformation can
be defined by the following [41]:

om\?2  /omy,\? [oms\? om, om;\°
H —we|2| (™ 9 s oMy 9T
' (0{ <<axl) * <8x2 + 0X3 * 0x, * 0x;

L (Oma ams\® L (oms om,)?
0X3 0x1 0X, 0x3
(13)

in Eq. (13), ¢ is a constant that specifies the internal mixing of
polymer in the stir zone.

2.3. Material model

During simulation of the process, the density of the used
polymer was defined by pressure depend volume (%&). This
term is used in Eq. (3) and detailed there. The specific volume
(v) of the PP is a comparable property that depends on applied
pressure and temperature during processing of polymeric
materials. The specific volume is defined by a pressure-
volume-temperature (P-V-T) diagram. This material model
was used in this study because the pressure and temperature
in stir zone are local. For this reason, the specific volume of PP
in stir zone changes during the heating up, stirring action, and
cooling of joint line. The P-V-T diagram for the PP that used in
this study is presented in Fig. 3.

The polymer viscosity as a function of flow stress and
effective strain rate can be defined by [42]:

@=¢j €xp < - %) sinh (J;\_T{ ) (14)

In Eq. (14), the g, AU, V*, and R, are activation strain,
activation energy, activation volume, and gas constant,
respectively. The T, presented as [42]:

T=T+ (Tgary — Towet) (15)

In this equation the T is actual temperature. T 4y and Tg, et
are the glass transition temperature at the dry state and glass
transition temperature after FS]. The T, gry and Ty wer achieved
by differential scanning calorimetry (DSC) test before and
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Fig. 2 — Schematic view of an applied force by FS] tool.

after FS] process. As mentioned, the ¢; is effective stain that
defined by [42]:

t(a.T)

&= / &j(o, T)dts(a,T) (16)
0

In Eq. (16), the &;(¢, T) and dtf (s, T) are presents the polymer
flow rate as function of load and temperature and time-to-
flow. Despite the metallic materials, the polymers should be
warmed up until the softening temperature. At that temper-
ature, they can be stirred by the tool. In this situation the time
to start the softening presented as”time-to-flow:

4
ol : : T(°C)
: | ---=e]9)

Viscosity (g/cm.sec)

10" 10° 10° 10*

Shear rate (1/S)

Fig. 3 — (a) Viscosity and

2.4. Void formation

One of the central issues in FSJ of polymers is bubbles in SZ. It
is approved that the bubbles are trapped air from the envi-
ronment into SZ and shrinkage bubbles of polymeric mate-
rials after plasticization and re-solidification after FS]. The
shrinkage equations have been added to the CFD model for
void formation analysis. The shrinkage of PP after passing
the FSJ tool through SZ can be predicted by temperature-
dependent pressure (P;) after FSJ and polymer flow pressure
at ambient temperature (Po) [42]:

P (MPa)

0

116 174 232 290
Temperature (OC)

(b)

(b) Specific volume of PP.
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Outlet F/ow

Fig. 4 — FS]J area after mesh.

Shit)=1— 21 (17)
Po
2.5. Heat transfer model

In this study, the initial and ambient temperatures were
selected at 300 K. The heat transfer models at different in-
terfaces were selected. A part of PP that was in touch with the
welding fixture had a conductive heat transfer model by [43]:

oT

Rz

=hy(T—Ta) (18)

Bottom
The heat transfer coefficient at the bottom face depended
on the local temperature through the following Equation [44]:

At the sides and top surface, convective and radiation heat
transfers were assumed [45]:

L _Be(T T + hy(T-Ty) (20
0Z |74y

The picture from meshed FSJ area is presented in Fig. 4.

3. Experimental tests

The PP sheets are provided from the local market and selected
as weldments. The raw sheets have 4 mm thick and cut
60 x 100 mm for the welding procedure. A modified milling
machine has done the FSJ. The FSJ tool had a frustum pin. The
shoulder diameter, pin diameter, and pin length were 16 mm,
8 mm, and 3 mm, respectively. Fig. 5 is depicted the tool used

_ 7 \025
Mo =hoo(T = Ta) (19) in this study. A fixture was set up on the welding machine to
position the raw sheets and fix them during the FS] process. In
FSW Tool 100
Q("C/min)
:\; 80
£
£ e}
8
s dor
=
s
Z wnf
0 -

()

154 176

Temperature (°C)

(b)

Fig. 5 — (a) Used FSJ tool and thermocouples places, (b) Crystallinity of PP.
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Table 1 — FS] process parameters.

sample  Tool Welding  Tool plunge Tool tilt
rotation velocity (mm/ depth (mm) angle
(rpm) min) (degree)

0 730 20 0.15 0

1 730 20 0.15 1

2 730 20 0.15 2

3 730 20 0.15 3

4 730 20 0.15 4

these experiments, the tool had 930 rpm rotational and
30 mm/min traveling speeds and 0.15 mm plunge depth.
During this study, the tool tilt angle was selected as the vari-
able. Tool revolution pitch is defined to unify the tool speed
during the process. The welding process parameters are listed
in Table 1.

For the recording of thermal history during the FS] process,
the maximum heat in the joint line was recorded by thermo-
couples. For this reason, two thermocouples (J-type) were
placed inside the polypropylene sheets. A schematic view for
the thermocouple placements is presented in Fig. 5a. For
better analysis of internal material flow on optical micro-
scopy, carbon tape was put at the interface of PP interfaces.
Internal and surface materials flow from welded samples was

150
148 |  =[J=-Simulation
146 |
144 |
142 |
40|,
138 |
136 | &
134 |
132 ]
130 |
128 |
126

Produced heat by Shoulder (°C)

(a) Tool tilt angle (degree)

26

=[]~ Simulation

Produced heat by pin beneath (°C)

21 Il 1 1 1 1

(C) Tool tilt angle (degree)

evaluated by optical microscopy. A tensile test was done on
the welded samples according to ASTM D638 standard. After
the test, the fracture surface of tensile samples was evaluated
by scanning electron microscopy (SEM). The DSC analysis was
done on the PP for analysis of the PP at various temperatures.
The crystallinity of PP obtained from DSC is used in simulation
results. The DSC analysis graphs are presented in Fig. Sb.

4, Results and discussions
4.1. Heat generation

This section investigates the analysis of simulation results
about heat generation by each FS] tool part. From an experi-
mental point of view, analyzing heat generation by a different
part of FSJ is very hard and, in some cases, impossible. For this
reason, the simulation results give a good knowledge about
the analysis of heat generation y different parts of the FSJ tool.
The simulation results from maximum heat generation by FS]
tool shoulder, tool pin body, tool pin beneath, and EA is pre-
sented in Fig. 6a, b, 6¢, and 6d, respectively. All results show
that with increasing TTA, the generated heat at the interface
of PP and tool parts increases. From generate heat section, it
can be concluded that the tool shoulder generates the

39 | =[J=Simulation

37 S B

SRR i My

Produced heat by pin body (°C)

32+
31
30 1 1 1 ] 1
0 1 2 3 4
(b) Tool tilt angle (degree)

y EA (°C)

Produced heat by EA

( d) Tool tilt angle (degree)

Fig. 6 — Simulation results of heat generation by (a) tool shoulder, (b) tool pin body, (c) tool pin beneath, and (d) EA.
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Fig. 7 — Top view of SZ from simulation result of joint that jointed by (a) 0°, (b) 2°, and (c) 4°. Side view of SZ from simulation
result of joint that jointed by (d) 0°, (e) 2°, and (f) 4°, (g) Comparison between simulation results and maximum heat that

recorded by thermocouples.

majority of the heat, and the minority of heat is generated in
the EA area.

This trend is seen in all TTA. In the case of 0° tilt angle, EA
does not produce any heat, so the majority of heat is produced
by the tool shoulder. Because the normal force on the inter-
face of the tool body and EA is meagre, the frictional heat
generation in this area is minimal. Parallel contact between
the tool body and EA indicates that heat generation in this
area is related to the hook shear stress during the rotational
movement of the tool. It means the plastic deformation heat
in the EA area is more than frictional heat generation during
FS]. The results indicate that the heat generation by shoulder,
pin body, pin beneath, and EA in 0° TTA is 70%, 20%, and 10%
of total heat. The result indicates that the tool shoulder, pin
body, pin beneath, and EA produced 64%, 16%, 12%, and 6% of
total heat.

The simulation results of heat flow in the stir zone (SZ) give
good information about the combination of generated heat
made by a different part of the tool. The top view of SZ of cases
that FSJed by 0°, 2°, and 4° TTA is presented in Fig. 7a, b, and
7c¢, respectively. Due to obtained results, the heat concentra-
tion in all samples was the backside of the shoulder and pin
body. With increasing TTA, the hot area at the backside of SZ
increases. In 0° TTA, the hot rings in SZ are almost concentric,
with the highest temperature circle in the centre. With
increasing TTA, the heat production leads to the formation of
the eccentric hot circular regime inclined to the tool's rear
edge. The side view of samples that FSJed by 0°, 2°, and 4° TTA
is presented in Fig. 7d, e, and 7f, respectively. The results
clearly approved that with increasing TTA, the heat concen-
tration at the backside of the pin increases. The simulation

results and maximum temperature recorded by thermocou-
ples are presented in Fig. 7g. The maximum simulation results
were lower than the experimental data. In general, the
simulation results had good agreement with the experimental
results. The simulation results indicate that the maximum
temperature in the PP joint that FSJed by 0°, 1°, 2°, 3°, and 4°
TTA, are 184 °C, 204 °C, 215 °C, 223 °C, and 231 °C. The
maximum heat recorded during FS]J of PP with 0°, 1°, 2°, 3°, and
4° TTA, is 192 °C, 209 °C, 224 °C, 230 °C, and 235 °C,
respectively.

Heat generation directly affects the formation, size, and
dimension of SZ. The cross-section view of the FSJed sample
with 2° TTA is presented in Fig. 8a for general analysis. The
joint line consists of an SZ and a heat-affected zone (HAZ)
formed in the vicinity of the SZ. The produced heat in SZ
diffused into the surroundings and made the HAZ area. Due to
the low heat transfer coefficient of PP, the HAZ in this joint
was narrow. For better analysis of the relation between TTA
heat and SZ dimensions, the SZ of the selected sample was
manually measured (Fig. 8b). Then, the geometry of the
experimental result was compared by the size of SZ that ob-
tained by thermal results from the simulation (Fig. 8c). In this
step the simulation results and experiments had a good
agreement. The CFD simulation shows an increasing trend in
generated heat at joints of more than 2°. In the real joints, high
EA in TTA of more than 2o decreases the size of SZ. The
experimental results show that at high TTA, the material
exploded from the joint line, and the final size of SZ in 3° to 4°
decreases. The high EA obstacle to extruding materials from
the front of the tool to the SZ and the final size of SZ in these
TTA decreases. High TTA forms defected SZ in joint line, and
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material exit behaviour is impossible to simulate in fluid dy-
namic simulation. For this reason, the prediction of SZ by
simulation is not matching with actual joints. The measured
stir zone area in 0°, 1°, 2°, 3° and 4° TTA was 13 mm?, 17 mm?,
16 mm?, 11 mm? and 8 mm?, respectively.
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4.2. Heat flux and surface material flow

The surface heat flow can show the surface heat flux of PP
during thermo-mechanical phenomena. The surface heat flux
is related to the chemical properties of PP, but the mechanical
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Fig. 9 — Simulation results of surface heat flux at joint that FSJed with (a) 0°, (b) 2°, and (c) 4° TTA.
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Fig. 10 — Experimental results of HAZ thickness at joint that FSJed with (a) 0°, (b) 2°, and (c) 4° TTA.

action of the tool can change it during the FSJ process. The
simulation results of surface heat flux in joints with 0°, 2°, and
4° TTA are depicted in Fig. 9a, b, and 9c, respectively. The
simulation results show that the heat flux has a deviation (y)
from the moving direction of the tool. The heat flux is
concentrated in the backside of the tool and is due to the low
heat transfer coefficient of PP. the results revealed that with
increasing TTA, the deviation (y) increases. It is known that
the volume of PP in plasticized and molten forms is more than
in a solid state of PP. During the FS], the PP heated up, and its
volume increased, and after cooling down the joint line, the PP
started to shrink [46].

During the tool's moving, the plasticized PP extruded from
the retreating side (RS) to the advancing side (AS). Within this
action, the concentration of PP in AS increases and leads to
more heat concentration in AS. The high concentrate PP in AS
pulls the material from RS, and this force bends the plasticized
PP in AS. This phenomenon leads to the surface and joint line
deviation (y) heat flux. With increasing TTA, the y increases
due to higher heat generation in higher TTA. On the other
hand, the simulation results revealed that narrow HAZ
formed in the vicinity of the joint line (similar to the cross-
section view), and with increasing heat input at high TTA,
the thickness of HAZ on the surface of the joint line increases.
The surface material flow of joints that FSJed with 0°, 2°, and 4°
TTA are presented in Fig. 10a,b, and c, respectively. The main

reason for this analysis is to determine how the TTA affects
the HAZ area. The thickness of the HAZ area in lower TTA is
formed thinner. Higher heat generation leads to more heat
diffusion around the joint line and thicker HAZ formation. The
HAZ thickness in 0°, 1°, 2°, 3°, and 4° TTA is measured at
0.2 mm, 0.3 mm, 0.4 mm, 0.55 mm, and 0.7 mm, respectively.

4.3. Internal heat flux

The simulation output from internal heat flux of 0°, 2°, and 4°
TTA are depicted in Fig. 11a, b and c, respectively. The longi-
tudinal section of heat flux was selected to analyze the results.
As can be seen, the heat flux increases with increasing TTA.
This phenomenon shows that increasing TTA, increases the
preheating zone thickness in front of the tool. Consequently,
the PP from the front into the stir zone extrudes easily. The
surface flow of PP in joint lines welded at 0°, 2°, and 4° TTA are
presented in Fig. 11d, e, and f, respectively.

Due to the properties of PP, the joint line cannot be
appropriately formed at 0° TTA. The stirring action of the tool
with 0° TTA seems unable to mix PP from the advancing side
to the retreating side. For this reason, an incomplete stirring
region is formed in 0° TTA, which is a significant defect in the
joint line and makes an incomplete stir zone. On the other
hand, the high TTA makes incomplete stirring and root-
unfilling defects. At the higher TTA, two main issues happen
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Fig. 13 — (a) UTS of final joint that produced by various TTA. SEM images of fracture surface of 1o TTA that shows (a) local
stretching, (b) smooth fracture path and (d) internal microscale gaps on the fracture surface.

for the PP that leads to the formation of joint defects. At high
TTA, the heat generation is high; in this case, the PP expands
and runs out from the joint line. This effect leads to the ma-
terial exit from the joint line, and the joint root cannot be fil-
led, resulting in the incomplete stirring defect form. The
mentioned effects are the main reason the FSJ joint line
cannot be formed at high TTA.

The applied force at different TTA affects the PP
compression behind the tool. The compression of PP in the
joint line forms the flow rings at the surface. The results show
that the distance of surface flow rings in joints welded within
0°, 1°, 2°, 3°, and 4° TTA is ~0.6 mm, ~0.5 mm, ~0.4 mm,
~0.4 mm, and ~0.3 mm, respectively. It shows that the joint
line forms more compact at higher TTA, but the properties of
PP prevent filling the joint line at higher TTA. Another defect
that is formed during the FS] of PP is internal gaps. The in-
ternal gaps are caused by trapping air bobbles during welding
or losing the molecular weight of polymers after FSJ [42].

When PP lusts molecular weight during the FS] process, the
shrinkage properties of PP cause some micro hollow voids
forms inside the joint line. During the simulation process, the
boundary of PP sheets was without any reaction between
surrounded air, and the simulation results predict the internal
defect possibilities by shrinkage of PP after FS]. An example of
internal defects area by simulation in 2° TTA has depicted in
Fig. 12a The red spots are shrinkage places in the stir zone. For
better simulation output analysis, the FSJed sample's experi-
mental results with 2° TTA are presented in Fig. 12b. The
cross-section image is analysed by image processing software.
The average diameter of internal gaps is measured and pre-
sented in Fig. 12c. This procedure is repeated for all samples,
and a comparison between simulation outputs and experi-
mental results is depicted in Fig. 12d. The simulation results
have a difference from experimental data because the drop-
ped air gap does not consider in simulation. The general
trends show that the size of internal gaps increases at higher
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TTA. The generated heat in the joint line plasticizes the PP,
and after passing the FSJ tool, the plasticizes PP will be re-
solid. This thermal cycle changes the PP properties and, due
to obtained results, higher heat generation (at higher TTA)
increases the size of internal defects. The minimum defects
size was formed in 0° TTA (~0.033 mm?), and maximum de-
fects were formed in 4° TTA (~0.042 mm?).

4.4. Mechanical properties

The mechanical properties of the final joint are related to the
internal and external defects, the PP structure after welding,
and the size of the stir zone. The tensile strength of FSJed
samples was evaluated, and the ultimate tensile strength
(UTS) of joints results are presented in Fig. 13a. The results
show that the UTS of welded sample increased from 0° TTA to
1° TTA and after a slight decrease from 2° TTA dropped
sharply. The low UTS of FSJed samples in 3° and 4° TTA is
related to the incomplete joint line. The SZ of these samples
was very small, with many defects, and for this reason, they
were not able to tolerate tensile test stress. Consequently, the
incomplete joint line decreases the UTS of PP after FS]. The
results indicated that the UTS of joints that FSJed with 0°, 1°,
2°,3°, and 4° TTA were 48 MPa, 66 MPa, 62 MPa, 39 MPa, and
33 MPa, respectively.

The highest UTS achieved in the 1o TTA sample, and the
lowest UTS recorded in 4° TTA. The SEM image from the
fracture surface of 1° TTA joint (as the most robust sample)
after the tensile test is presented in Fig. 13b, c, and d,
respectively. The SEM results indicate a non-uniform fracture
surface, which is expectable due to the complexity of the PP
structure. The fracture of the PP sample was a brittle type, but
in some areas, local stretching was detected (Fig. 13b). On the
exterior sides of the tensile sample smooth crack path and
final rapture were detected (Fig. 13c). This shows that the
cracks initiation happened inside of the sample and growth
path of crack was from inner sides of tensile sample into
exterior sides. A close investigation of the fracture surface
indicated gap holes. As discussed before, these gaps result
from PP shrinkage and trapped air. Because the size of gaps in
Fig. 13d is on a micro-scale, it would be concluded that these
are the results of PP shrinkage. As can be seen, these gaps are
the root of crack initiations.

5. Conclusion

The effects of TTA on heat generation, surface flow, internal
flow, joint defects, and mechanical properties of FSJed PP were
investigated. The FS] of PP simulated by CFD technique and
the simulation results compared with experimental outputs.
The output of this study can be listed below.

1. The tool shoulder produces the maximum heat during the
FS] process, and the EA heat is generally produced by
plastic deformation with tilted tool cases. The minimum
heat was 192 °C, produced in 0° TTA, and the maximum
heat was generated at 4° TTA sample 235 °C.

2. The high heat generation in TTA of more than 2° TTA de-
creases the dimension of the stir zone, PP exit from the

joint line, and incomplete joint line. Joint lines with 1° TTA
and 2° TTA formed defect free, and the biggest stir zone
was formed with 17 mm? in 1° TTA.

3. The surface heat flux was not uniform due to the concen-
tration of volumetric weight on the advancing side of the
joint line. The high TTA leads to bigger HAZ and intense
flow ring formation in the joint line, but material exit leads
to root un-filling and incomplete stirring zone in the joint
line at high TTA.

4. The internal gap made by shrinkage of PP and trapped air
increased internal defect in the joint that FSJed at high
TTA. These defects decreased the mechanical properties of
the final joint. The most rebuts joint was produced in 1°
TTA with 66 MPa ultimate tensile strength.
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