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Abstract: In this study, the effects of the traverse and rotational velocities of the noncontact shoulder
tool on the heat generation and heated flux during the friction stir joining of high-density polyamide
6 (PA6) polymer were investigated. The computational fluid dynamics (CFD) method was employed
to simulate the thermomechanical phenomena during the friction stir joining (FSJ) process of PA6. A
developed model was used to consider the void formation and thermochemical properties of PA6.
The surface and internal heat flow, material flow, and geometry of the joint were simulated, and an
experimental study evaluated the simulation results. The simulation results indicated that the stir
zone formed was smaller than regular joints with a noncontact shoulder tool. Despite the polymer’s
traditional FSJ, heat generation and material flow do not differ significantly between advancing and
retreating sides. On the other hand, the surface flow is not formed, and the surface temperature
gradient is in a narrow line behind the tool. The material velocity increased at higher rotational speed
and lower transverse velocity and in the stir zone with more giant geometry forms. The maximum
generated heat was 204 ◦C, and the maximum material velocity was predicted at 0.44 m/s in the stir
zone, achieved at 440 rpm and 40 mm/min tool velocities.

Keywords: friction stir welding; noncontact shoulder; simulation; polyamide 6

1. Introduction

Friction stir joining (FSJ) is an advanced joining process compared to other welding
methods with many advantages, including low cost, high flexibility, no need for a skilled
operator, and no contamination [1,2]. It is commonly used to join various metals in the
production of similar and dissimilar joints [3]. Generally, the FSJ tool consists of a shoulder
and a pin [4,5]. In this method, a rotational non-consumable tool penetrates the joint line
and generates heat with frictional contact with the base materials [6–8]. This heat, called
frictional heat, converts the base materials to plasticized form and mixes them. In this
process, the contact area of the tool and base materials is critical because heat generation is
related to the frictional contact area [9,10]. It is shown that the primary frictional heat is
generated by the FSJ tool shoulder [11,12].

Polyamides belong to polymers that are thermally stable and wear-resistant. Further-
more, they have good shaping properties and low density. PA 6, trade-named as nylon,
is a semicrystalline polyamide widely used by many industries, inter alia the automotive
sector [13,14].

Recently, the FSJ method was used to join nonmetallic materials, allowing this method
to cover a broader range of materials. In this regard, researchers have shown that, compared
with other joining processes, FSJ can improve mechanical properties [15,16]. The variety of
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polymers that can be subjected to FSJ is not comprehensive. Mendes et al. [17] investigated
and optimized the feasibility of acrylonitrile butadiene styrene (ABS) joining with FSJ.
Simões et al. [18] implemented the FSJ process to join polymethyl methacrylate (PMMA).
They show that the formed joint regions at the FSJ of PMMA were different from the FSJ of
metallic materials. In another study, Azarsa and Mostafapour [19] used the FSJ technique
to join high-density polyethylene (HDPE). They concluded that the joining defects decrease
at the tool’s high rotational speed and low traveling velocity, and the final joint strength
increases. Saeedy and Givi [20] examined the influence of process parameters on the quality
of HDPE joints. They stated that, after optimization of FSJ parameters, the produced joint
reached 75% strength of HDPE.

Panneerselvam and Lenin [21] examined the feasibility of joining PA6 by the FSJ
process and showed that the joining process is possible. In another research, Panneerselvam
and Lenin [22] showed that the pin thread and rotational direction of the FSJ tool could
significantly affect the final product quality. These effects were also reported in the FSJ of
polypropylene (PP) sheets. It was shown that the threaded pin can reduce cavities and
inclusions in the joint line of PP.

Due to the sensitivity of polymer structures, there are various factors in the FSJ of
these materials that are not understood for optimum joint properties [23]. For this reason,
researchers tried to use simulation methods to find the polymer’s behavior during the FSJ
process. Because of the intense plastic deformation and high strain rate of polymers in this
process, simulating these types of materials during FSJ proved extremely difficult. The
available literature on this topic is very limited [24,25].

Aghajani Derazkola et al. simulated FSJ of PMMA and polycarbonate (PC) using a
computational fluid dynamics (CFD) model [2,26,27]. They used CFD to find the optimum
heat generation that maximizes tensile strength during the FSJ process. Sheikh-Ahmad
et al. [28,29] simulated a similar FSJ of HDPE. Shete and Yarasu [30] used the finite element
method (FEM) to simulate a high-density polyethylene joint’s friction stir spot welding
(FSSW). According to the available literature, various polymers and FSJ processes have
not been thoroughly analyzed. Simulation of the FSJ process helps to understand the
thermomechanical phenomena that physical techniques cannot measure. For this reason,
this article aimed to investigate thermomechanical phenomena during the noncontact
shoulder FSJ of the PA6.

2. Process Modelling
2.1. Model Description

In this study, a domain was defined for the simulation of the process. The simulation
domain consisted of the welding material and various FSJ tools. The analysis of material
flow was in three dimensions (3D). During the simulation process, the forward motion of
the FSJ tool was considered preliminarily, and tool exit steps were ignored in this study.
Due to the assumptions, a steady-state coupled material flow was employed to simulate this
process. The dimensions of FSJ tools and the size of the workpiece were selected according
to the actual size. In the simulation domain, the FSJ tool moving direction was set to the
x-axis, and the z-axis was set as the normal axis. The 3D material flow was employed to
increase the accuracy of simulation results. This study defines the material velocity in the x,
y, and z directions by the g, h, and f signs. The simulation domain was modeled in ANSYS
FLUENT software, and equations were solved by the CFD package. The PA6 workpiece was
selected as a non-Newtonian single-phase fluid, and conservation equations for continuity,
momentum, and energy were used to simulate the material flow. The continuity and energy
equations are presented in Equations (1) and (2), respectively [31].

dg
dx

+
dh
dy

+
d f
dz

= 0. (1)

ρc
(

∂T
∂t

+ g
∂T
∂x

+ h
∂T
∂y

+ f
∂T
∂z

)
+

.
H = k

(
∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)
. (2)
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The momentum equations in the x-, y-, and z-directions are presented below [32,33].

∂g
∂t

+ g
∂g
∂x

+ h
∂g
∂y

+ f
∂g
∂z

= Fx −
1
ρ

∂P
∂x

+ ν

(
∂2g
∂x2 +

∂2g
∂y2 +

∂2g
∂z2

)
. (3)

∂h
∂t

+ g
∂h
∂x

+ h
∂h
∂y

+ f
∂h
∂z

= Fy −
1
ρ

∂P
∂y

+ ν

(
∂2h
∂x2 +

∂2h
∂y2 +

∂2h
∂z2

)
. (4)

∂ f
∂t

+ g
∂ f
∂x

+ h
∂ f
∂y

+ f
∂ f
∂z

= Fz −
1
ρ

∂P
∂z

+ ν

(
∂2 f
∂x2 +

∂2 f
∂y2 +

∂2 f
∂z2

)
. (5)

P, ρ, T, c, and k, represent the local pressure, PA6 density, temperature, specific heat,
thermal conductivity, and PA6 viscosity, respectively, in Equations (1)–(5). Figure 1a,b show
the specific heat and thermal conductivity of the PA6 used in this study.
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Figure 1. Temperature dependency of (a) thermal conductivity and (b) specific heat of PA6 [34–37].

2.2. Weld Metal Model

Due to the different structures of PA6 and metals, the governing equations of base
material properties in FSJ of polymeric materials are different compared to those of metallic
ones. In this case, the density of the used PA6 was defined by a specific volume ( c

v ).
The specific volume is a property that depends on applied pressure and temperature.
This property can be presented by the pressure–volume–temperature (P–V–T) diagram
of PA6. This behavior is used because the pressure and temperature in the stir zone are
local. The heat transfer coefficient of polymeric materials is low; hence, the pressure and
temperature in the stir zone are considered locally. The P–V–T diagram used for PA6 in
this study is presented in Figure 2a. The PA6 flow rate was defined as a function of the
load, temperature, and time-to-flow function. The polymers should be warmed up until
the softening temperature despite the use of metallic materials. At that temperature, they
can be stirred using the tools. In this situation, the time to start the softening is presented
as “time-to-flow”. The flow rate as a function of load and temperature is presented in
Figure 2b.
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2.3. Boundary Conditions

During simulation of the FSJ process, the total heat (
.

H in Equation (2)) is generated by
frictional sliding contact (Hh) at the FSJ tool and PA6 interface and plastic deformation (Hh)
of PA6 [32,38,39].

.
H = Hh + Hp. (6)

The generated heat by sliding friction at the interface of PA6 and the FSJ tool is
presented below [40,41].

Hh =
[
(1 − δ)χτ + δµ f Fz

]
(ωr − g sin θ). (7)

In Equation (7), r is the radial distance from the tool axis, and θ is the angle with the
negative x-axis in the counterclockwise direction. τ is present as the shear stress of PA6. δ is
the fractional slip between the FSJ tool and the PA6, χ is the mechanical efficiency, µf is the
friction coefficient, ω is the rotational velocity, and Fz is the axial force. The heat generation
by plastic deformation (HP) is presented below [32].

Hp = ψ

(
∂P
∂x

+
∂P
∂y

+
∂P
∂z

) 2
((

∂g
∂x

)2
+
(

∂h
∂y

)2
+
(

∂ f
∂z

)2
)

+
(

∂g
∂y + ∂h

∂x

)2
+
(

∂g
∂z + ∂ f

∂x

)2
+
(

∂ f
∂y + ∂h

∂z

)2

. (8)

In Equation (8), ψ is a constant that specifies the internal mixing of PA6 in the stir zone.

2.4. Heat Transfer Model

Due to different contact conditions between the fixture and air (environment) with
PA6, various heat transfer models were selected, i.e., the heat transfer equation between
PA6 and the backing plate and the heat transfer equation between the surface of the joint
line and the environment. The bottom of the PA6 was in direct contact with the backing
plate (fixture). As a result, conductive heat transfer of PA6 with the fixture at the bottom
surface was taken into account [42].

k
∂T
∂Z

∣∣∣∣
Bottom

= hb(T − Ta). (9)

At the bottom surface, the local temperature governed the heat transfer coefficient
according to the following equation [43]:
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hb = hb0(T − Ta)
0.25. (10)

The joint line and the top surface of the PA6 were in direct contact with air. For this
reason, convective and radiation heat transfer models were assumed for those areas.

− k
∂T
∂Z

∣∣∣∣
Top

= Bε
(

T4 − T4
a

)
+ ht(T − Ta). (11)

An M10 right-hand screw with a length of 4.8 mm without shoulder contact was de-
signed to study the noncontact shoulder FSJ process of PA6. For meshing the domain in this
simulation, tetrahedral/hybrid elements with a T-grid shape were chosen. The governing
equations were solved using ANSYS FLUENT software (ANSYS, Inc., Canonsburg, PA,
USA). The simulation was validated against the experimental results.

Due to the 0.1 mm distance between the tool shoulder and top of the raw sheets, the
exiting materials from the joint line were limited. For this reason, the possibility of any
upward flow and material exit from the joint line was neglected. Consequently, the overall
errors of the simulation (compared to experimental results) were lower than 6%. Figure 3
presents the meshed domain and pin profile used in this study.
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3. Model Validation

In order to evaluate the results obtained from the simulation, the simulation was
validated by experimental tests. In this regard, the obtained data from Inaniwa et al. [44]
were used to assess simulation results. They selected polyamide 6 to examine the effect of
the rotational tool speed and traveling velocity on the final properties of joints. The contact
area between the tool and PA6 was the same as the assumption in the simulation part. The
physical and thermal properties of PA6 used by Inaniwa et al. [44] are presented in Table 1.

The dimensions of the raw sheet were 100 × 40 × 5 mm with a butt joint configuration.
The FSJ shoulder diameter was 20 mm, while an M10 right-hand screw of 4.8 mm length
was used as the FSJ pin. The tool had a counterclockwise rotation direction without a tilt
angle. During the joining process, the FSJ tool shoulder had a 0.1 mm gap with the surface
of the PA6. The FSJ tool had a rotational velocity range between 380 rpm and 500 rpm and
a traverse velocity range between 40 mm/min and 50 mm/min. The tool velocity range is
presented in Table 2. The k-type thermocouple was located at 1.0 mm from the bottom of
the FSJ pin to monitor thermal history during the welding process. A schematic view of the
tool and the thermocouple positioning are depicted in Figure 4a,b, respectively.
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Table 1. Properties of PA6 [44].

Properties Unit Value

Young’s modulus GPa 2.63
Tensile strength MPa 67.1

Thermal conductivity W/m·k 0.21
Glass transition temperature ◦C 50

Melting temperature ◦C 225
Crystallinity % 20–25

Melt viscosity Pa·s 2 × 10 (230 ◦C)

Table 2. Process parameters [44].

Sample Traverse Speed (mm/min) Rotational Speed (rpm)

1 40 440
2 50 380
3 50 440
4 50 500
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4. Results and Discussion
4.1. Heat Generation

Heat generation during the FSJ process depends on many mechanical factors [45]. The
tool angular and traveling velocities are two main factors that can change the total amount
of heat generated during the FSJ process [46]. Data from Lnaniwa et al. [44] were used
for evaluating the simulation results. The maximum recorded temperature of sample 1 is
presented in Figure 5a.

In this study, the maximum heat generated by the tool from simulation results and
at different velocities is depicted in Figure 5b. The simulation results revealed that the
maximum temperature at samples 1, 2, 3, and 4 was 204 ◦C, 185 ◦C, 193 ◦C, and 200 ◦C,
respectively. In comparison, the maximum recorded temperature was 206.1 ◦C in experi-
mental sample 1. The comparison of the results indicated a good agreement between the
recorded temperature and the simulation output. The difference between the actual result
and the simulation output for the maximum temperature in sample 1 was 2 ◦C. Similar
to the heat generation during FSJ, in this study, the results revealed that the amount of
heat generation increased with increasing rotational speed and decreased with increasing
FSJ tool traverse velocity. Due to the obtained results, the maximum heat generation from
380 rpm to 500 rpm was increased by 15 ◦C.
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Figure 5. (a) Experimental results of sample 1 [44]; (b) comparison between maximum heat generation
from simulation results and experimental data.

Simulation results from the internal temperature gradient of samples 1, 2, 3, and 4
are depicted in Figure 6a–d, respectively. The simulation results depict a cross-section
view of the joint line. The maximum heat and internal temperature gradient are shown in
Figure 6. In regular FSJ of polymers, the tool shoulder directly contacts the raw materials [47].
The shoulder has more of a contact area with the polymer; for this reason, during rotational
movement of the FSJ tool, the stirring action in the upper area of SZ is more intense than in
other areas. This phenomenon caused the formation of the pelvic shape SZ. In this specific FSJ
process, the tool shoulder does not have any contact with PA6. For this reason, the temperature
gradient internally and externally is different compared to regular FSJ samples.
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The simulation result for the internal temperature gradient indicated that, due to
the noncontact shoulder and PA6, the heat diffused around the pin and the temperature
gradient was columnar. For this reason, the temperature gradient in the noncontact case
was different from the regular FSJ joint of polymeric materials. The tool shoulder did not
play any role in heat generation or material flow during this process.
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In such a case, the material was stirred by the tool’s pin, and the temperature gradient
was limited around the pin. Due to the used threaded pin, the heat generation at the crest of
the thread was more intense than in other areas. Due to the low heat friction coefficient of
PA6, the internal temperature gradient was not too high. Alternatively, the results revealed
that the temperature gradient on the advancing side (AS) was much smaller than that on
the retreating side (RS). This phenomenon was due to the rotational direction of the tool.
The clockwise direction of the tool caused the PA6 to stretch from AS to RS. In this case, the
compressed PA6 in RS concentrated the hot material. There was more hot material in RS
compared to the AS case temperature gradient inequality. With increasing tool rotational
velocity, the generated heat increased. The results revealed that the heat diffused area
increased at higher heat generation.

Figure 7a,b show the simulation results of surface temperature gradient in sample
1 and sample 2, respectively. During the simulation, these samples were used to study
the surface temperature gradient in the cases of maximum heat generation (sample 1) and
minimum heat generation (sample 2).
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Figure 7. Simulation results from surface temperature gradient of (a) sample 1 and (b) sample 2
during FSJ of PA6.

The simulation results showed that the temperature gradient on the surface of PA6 was
not comprehensive. As mentioned before, due to the low heat coefficient of PA6, the surface
temperature gradient was not similar to the FSJ of metallic materials. The hot region on the
surface was narrow. The maximum heat was concentrated in the back of the pin and had a
deflection in the RS. With increasing tool rotational velocity and decreasing tool traveling
velocity, the total heat generation in SZ increased. Higher heat generation increased the
temperature gradient on the surface of the tool. The role of the contact area between the
tool shoulder and the surface of the polymer during FSJ is critical. The results indicated
that the surface temperature gradient of these samples was different from the normal FSJ
process. At the noncontact shoulder joint, the temperature gradient deflected from the joint
line and was not imprisoned in the weld line. In other words, the results indicated that the
temperature gradient on the surface had a deflected angle (α) into the joint line. During
the noncontact shoulder FSJ process, the tool moves forward along the joint line, and the
generated heat diffuses onto the surface. The tool shoulder mainly controls the surface
flow and heat generation in regular FSJ. For this reason, the surface temperature gradient
in regular FSJ does not have a deflection angle [32].
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As discussed before, due to the rotational direction of the tool, heat distribution on
the retreating side was more significant than on the advancing side. This behavior was
recorded in all samples. In the noncontact shoulder case, the generated heat inside the
joint line diffused onto the surface. According to the simulation results, the deformation
angle increased as the FSJ tool rotational speed increased and the tool traveling velocity
decreased. The deflection angle was seemingly related to the total heat generation during
the FSJ process. The deflection temperature gradient built up in the RS of the surface, and
the higher amount of heat diffused in the RS was seemingly caused by the compression of
hot polymer.

4.2. Strain Rate

The strain rate of materials can represent the FSJ tool’s stirring action [48]. The strain
rate represents how fast the material strain occurs in the stir zone. The strain rate depends
on tool rotational velocity and heat generation during the FSJ process. On the other hand,
total strain represents the total amount of mixing in stir zone. The strain rate can affect
the final joint properties by affecting on mixing of PA6 in the stir zone. In the noncontact
shoulder FSJ process, the strain rate of PA6 in SZ was simulated, and the results are
presented below. The simulation results of strain rates at SZ of samples 1, 2, 3, and 4 are
depicted in Figure 8a–d, respectively. Similar to the heat generation study, the strain rate in
this joint was focused on the pin of the FSJ tool. Due to the geometry of the pin, the strain
rate in SZ was not uniform. The results show that the strain rate at the edges of the screw
was higher than in other areas.
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It was demonstrated that the tool shoulder generated the most heat during conven-
tional FSJ of polymeric materials. This behavior was related to the greater contact area
between the tool shoulder and workpiece compared to other parts of the tool. More heat
generation by the shoulder caused a higher strain rate. In noncontact shoulder FSJ, the role
of the shoulder in heat generation and strain rate is removed. In such a case, the pin profile
determines the strain rate. For this reason, in this joint, the strain rate was concentrated
around the tool pin. The central part of mixing PA6 in the stir zone was the tool’s pin. The
analysis of the stir zone revealed that the strain of PA6 in the tip of the pin screw was faster
than that in other areas of the pin. The results revealed that, with increasing tool rotational
speed, the strain rate of PA6 in SZ increased, and, with increasing tool traveling velocity,
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the strain rate decreased. The results revealed that the maximum strain rate of samples 1,
2, 3, and 4 was predicted to be 1.26 s−1, 1.22 s−1, 1.24 s−1, and 1.25 s−1, respectively. The
maximum strain rate was at the exterior edge of the screw. The results showed, that with
increasing tool rotational velocity from 380 rpm to 500 rpm, the strain rate increased by
0.03 s−1. On the other hand, upon increasing the tool traveling speed from 40 mm/min to
50 mm/min, the strain rate decreased by 0.02 s−1.

4.3. Materials Velocity

The strain rate and heat generation contribute to the velocity of the material in SZ [49].
The velocity is related to raw material viscosity, tool shape, and process parameters. The
material’s velocity is, in fact, the rotational movement of the welding material caused by
the tool [50]. The simulation results of material velocity at SZ of samples 1, 2, 3, and 4 are
depicted in Figure 9a–d, respectively.
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Figure 9. Simulation results of material velocity in (a) sample 1, (b) sample 2, (c) sample 3, and
(d) sample 4.

Due to the lack of contact between the shoulder and PA6, the tool’s pin started to move
materials on the joint line. The screw pin had the screw diameter as an exterior area and
root diameter as an interior area during FSJ. As discussed before, the higher heat generation
and strain rate at the exterior area (crest) of the pin screw caused the highest material
velocity in the exterior area of the pin. As seen in the simulation result, the material velocity
in samples 1, 2, 3, and 4 was predicted at 0.44 m/s, 0.38 m/s, 0.40 m/s, and 0.42 m/s,
respectively. The maximum velocity was at the exterior edge of the screw, while the velocity
of the materials at the interior area of the screw of samples 1, 2, 3, and 4 was 0.40 m/s,
0.35 m/s, 0.37 m/s, and 0.39 m/s. In this joint, the tool rotational velocity and traverse
speed could determine the velocity of materials in SZ. The simulation results showed that,
with an increase in tool rotational speed from 380 rpm to 500 rpm, the velocity of the
materials increased by 0.04 m/s. The velocity of the material decreased by 0.02 m/s with
increasing tool travel velocity from 40 mm/min to 50 mm/min.

4.4. Internal Material Flow

The material flow around the tool is affected by the generated heat and material
velocity. The material flow path of samples can determine the shape of the stir zone and
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the properties of the final joint. The cross-section view of samples 1 and 2 was selected for
comparison with the actual result.

The simulation results of material flow of sample 1 and sample 2 are presented in
Figure 10a,b. The results consist of flow direction around of tool. The red dashed line marks
the stirring zone. The first conclusion from the results is that the stirring action of the tool
increased with increasing tool rotational velocity and, consequently, more extensive SZ
formed in the joint line. The results indicate that, unlike in a regular FSJ joint, the SZ in the
noncontact shoulder FSJ joint had a rectangle shape. Because the shoulder did not have
any contact with PA6, thermomechanical effects of the shoulder did not exist. This was the
main reason for the formation of a rectangular SZ shape in this joint. Higher tool rotational
speed and lower tool traveling speed increased the size of the stir zone. The similarities of
the simulation results and actual samples measured and collected results are shown. The
actual joints of samples 1 and 2 provided by Inaniwa et al. [44] are depicted in Figure 10c,d,
respectively. The results are provided with a scale bar, allowing the area of FSJed samples
to be measured. The geometrical measurement of FSJed samples is collected in Figure 10e.
As expected, with increasing heat generation (at higher tool rotational velocity and lower
tool traveling velocity), the size of SZ increased and vice versa.
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The simulation findings revealed that the size of the SZ of samples 1, 2, 3, and 4 was
18.2 mm2, 17.4 mm2, 16.8 mm2, and 16.5 mm2. Due to simulation output, with increasing
tool rotational speed, the area of the stir zone increased by 0.9 mm2. On the other hand,
with increasing tool traveling speed, the area of the stir zone decreased by 1.4 mm2. The
visual measurement from the actual joint revealed that the area of SZ at samples 1 and 2
was approximately 17.8 mm2 and 17 mm2, respectively. The comparison with actual results
from the literature indicated good agreement with the simulation results.
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5. Conclusions

This study successfully performed a CFD simulation of PA6 joining during noncontact
shoulder FSJ. The effects of FSJ tool rotational and traverse velocity on the heat generation
and material flow simulation results were validated with experimental results. The simula-
tion output had good agreement with the experimental results. The main results of this
research are presented below.

1. Due to the lack of a contact surface between the tool shoulder and workpiece, the
SZ’s joint morphology and heat generation were concentrated around the pin area.
The results showed that the heat generation increased with increasing tool rotational
velocity. Heat generation increased by 8% when the tool velocity increased from
380 rpm to 500 rpm.

2. This joining type’s internal and surface heat flow differed from the normal FSJ process.
The internal heat distribution was rectangular, and the surface temperature gradient
was tilted from the joint line.

3. The velocity and strain rate of the materials in SZ were not uniform. The screw pin
shape led to a higher strain rate and material velocity at the exterior area of the pin.
This behavior caused the formation of a rectangular stir zone. This SZ type minimized
the size of the joint line compared to the regular SZ of polymeric material welded
with the conventional FSJ process.
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