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Abstract

A three dimensional coupled thermomechanical finite
element model (FEM) is proposed. The aim is to simulate
the friction stir welding (FSW) process of high density poly-
ethylene (HDPE) materials. An optimisation study using a
full factorial design has made it possible to distinguish the
effects of welding parameters. The parameters taken into
account are taken on two levels, the tool rotational speed,
shoulder diameter, and pressure exerted by the tool. The
temperature values generated by different combinations of
parameters are analysed and the combination of optimal
parameters is determined. Results show the dependence of
maximum temperature on rotational speed. The generated
temperature at the joint essentially determines the weld qual-
ity and tensile strength. Thus, a target temperature below
the melting point of HDPE can be achieved through careful
choice of FSW welding parameters.

INTRODUCTION

Friction stir welding (FSW) is a solid state welding
process that uses a special tool to join two adjacent parts
together without melting the material. It was invented by
The Welding Institute (TWI) in 1991, /1/. Originally, the
process is performed on aluminium alloys, but since then
FSW has been used to join a large number of similar and
dissimilar materials, /2-7/. Practically, the basic principle of
the FSW process is the plunge of a special tool between two
plates, then stir, deform, and mix the matter between the
plate edges. So, heat is generated by friction between the
rotary tool and plates, which plasticizes the material in the
weld area /8-15/. The advantage over conventional welding
processes is that FSW does not require any filler material,
shielding gas, or other consumables, and consumes much
less energy. It generates no harmful gases or welding burrs
and produces little noise. The process actively contributes
to improving working conditions, and at the same time
increases productivity. Thanks to these unique advantages,
new applications can be developed through FSW. It is now
possible to weld materials that were previously impossible,
such as high strength aluminium alloys, as well as the joining
of polymer materials. Indeed, the last decade has marked
much research that have been made to study the welding
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Kljuéne reci

* zavarivanje trenjem sa mesanjem (ZTM)
* polietilen

* termomehanicki

» modeliranje MKE

* prenos toplote

lzvod

PredloZen je spregnut termomehanicki model konacnih
elemenata (MKE). Cilj je da se simulira postupak zavariva-
nja trenjem sa mesanjem (ZTM) za slucaj polietilenskih
materijala velike gustine (HDPE). Studija optimizacije preko
potpunog faktorskog dizajna je omogucila da se izdvoje
uticaji pojedinacnih parametara zavarivanja. Parametri
koji su ovde uzeti u obzir su dva reda velicine: rotaciona
brzina, precnik i pritisak koji ostvaruje alat. Temperature
generisane preko razlicitih kombinacija parametara su
analizirane i odredena je njihova optimalna kombinacija.
Rezultati su pokazali da postoji zavisnost izmedu maksimalne
temperature i brzine rotacije. Temperatura generisana u
zavarenom spoju sustinski odreduje kvalitet zavara i njegovu
zateznu cvrstocu. Stoga, ciljna temperatura ispod tacke
topljenja HDPE materijala se moZe posti¢i pravilnim izbo-
rom parametara zavarivanja za ZTM postupak.

ability of thermoplastic materials using the FSW process
/16-17/. Undoubtedly, polymers are now present in all indus-
trial fields, such as transport, environment, energy, medical
engineering. This explains the growing interest in these mate-
rials and therefore, the key step in the fabrication of polymer
structures is closely dependent on the success of the assem-
bly processes. Rightly so, due to the limitations of different
joining techniques for polymers such as mechanical fas-
tening, adhesive bonding, laser welding, including over-melt-
ing, scratching, vaporization, incomplete bonding and form-
ing of cracks around the joint area, the FSW technique stands
out as an alternative with prominent potential, /18/. Thus,
researchers are increasingly focusing on the development of
the FSW process for its integration into the industrial process
involving the assembly of polymer structures, /19-21/. In
this context, several studies axe on the effect of welding
parameters on the quality and strength of the joint welded
by FSW. However, the quality and strength of the welded
joint are the direct result of thermal phenomena generated
by friction between the tool and plates, as well as by plastic
deformations during the mixing of the material under the
shoulder and in contact with the pin, /22/. Therefore, many
experimental studies have been carried out to optimise the
welding parameters leading to better properties of joints
23-32/.
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ANALYTICAL MODEL OF HEAT FLOW AROUND
THE SHOULDER

The main object of this paper is to numerically analyse
the effect of friction stir welding parameters on HDPE plates.
A 3-D FE model is carried out beforehand by introducing,
under a theoretical basis, the concepts of thermal phenome-
na produced during FSW welding. A focus was done on the
effect of welding parameters considered to be the main
important following literature documentation. These param-
eters are the pressure exerted by tool, the tool rotational
speed, and its geometry reflected here, by the diameter of
the shoulder. Thus, temperature measurements are taken as
a result to be optimised for a successful welded joint. The
temperature peaks in the welded zone are evaluated and
analysed.

Concerning the heat transfer in FSW, it is assumed that
heat generation by the pin has little or no effect on the
temperature fields. The heat production of the shoulder will
be considered as the only heat source in our model as
assumed by /22/.

The relationship between contact pressure and contact
shear stress can be prescribed by different friction models.
In this work, it is assumed that the contact shear stress 7 is
described by Coulomb's law, expressed by the relation:

Teontact = Ffriction = 4P » (1)

where: y is the friction coefficient; and P is contact pressure.
Based on the hypothesis of heat generation, mainly
through contact between the shoulder and the surface of the

material, local heat generation at a surface segment on the
tool/plate interface can be given by:

4="contact Wr » (2
where: zontact 1S Shear stress located at the contact interface
between the rotary tool and shear layer; and w; is the rota-
tional speed of the tool as a function of the position on the
radius of the shoulder. By integrating Eq.(2) on the contact
zone of the shoulder, the contribution of heat generation of
the shoulder is estimated as:

Rshoulder 2 Rshoulder 2
Qtool = I Teontact WITdrdo = 27WE onact P “dr =
Rpin 0 Rpin
_2 3 RS 3
—§”W7contact (Rshoulder —Rpin) - 3)

To get an idea of how much heat to expect in friction stir
welding, Table 1 shows the heat generation contributions of
a typical tool having a shoulder radius of 9 mm, a pin radius
of 3 mm, and a pin height of 3 mm. A total heat generation
of 1.4 kW is estimated for typical 3 mm thick aluminium
alloy plates, where yield strength of 20 MPa is assumed to
be descriptive of the material's resistance to elevated tem-
peratures, /22/.

Table 1. Contribution of tool parts to the heat generation /22/.

Source heat generated (W) Relative contribution (%)
Qshoulder 1230 87
Qpin lateral 142 10
Qpin point 47 3
Qtool 1419 100
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Thus, assuming a zero pin radius and substituting Eq.(1)
in Eq.(3), we get:

2
Q= 37 WR oulder 4P - 4)

Estimating the pressure by:

p=_z_ (5)

ool
where: F7 is the axial force of the tool; and Ao iS section
of tool in contact with the plates to be welded, given by:

2
Atool = 7Rshoulder - (6)
Finally, the amount of heat generated by the shoulder is
given by:

2
Q= §WRsh0uIder,UFZ : @)

The friction coefficient u varies between 0 and 0.6, where
values of around 0.3 are often reported in literature, however,
exact values for different welding conditions and tool/part
combinations are difficult to measure.

NUMERICAL MODEL

Materials used in this work are steel for the tool (Fig. 1a)
and high density polyethylene for the plates (Fig. 1b). The
mechanical and thermal properties of these two materials
are listed in Table 2.

Figure 1. Model of the tool and HDPE plate.

Table 2. Physical and mechanical properties of materials in the
study (HDPE and steel).

Characteristic HDPE Steel
density (kg/m?®) 950 7800
Young's modulus (Pa) 1.2x10° | 209x10°
Poisson’s coefficient 0.4 0.3
thermal conductivity (W/m K) 0.5 48
specific heat (J/K kg) 1900 452

The parameters of the FSW process analysed are for the
speed of rotation of the tool, the forging force or pressure
on the tool, and the diameter of the shoulder. These param-
eters are taken in two levels each, in order to then be able to
plan the simulations and identify the effects and thus opti-
mise the process. Table 3 summarizes the levels of these
parameters.

Table 3. FSW parameters and their levels for joining HDPE sheets.

Parameters Unit Level
max min
rotational speed rpm 2000 500
shoulder radius mm 10 5
pressure force MPa 10 5
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Modelling by finite element method is carried out using
Abaqus® calculation code. Figure 2 shows the assembled
model, and Fig. 3 shows the mesh for the plate and the tool.
Mesh is performed with 8 tri-linear node brick element
type. In addition, a thermal analysis requires displacement-
thermal coupling elements of the C3D8T family.

Figure 2. The model of the assembled plates.

Figure 3. 3D mesh by C3D8T FE type.

To simulate the FSW welding process, we used boundary
conditions that interpret reality as much as possible such as
the machine table, the tool rotation, and its displacement
along the machine axis. The initial temperature conditions
are also imposed on the plate/tool assembly. In fact, Fig. 4a
shows the boundary condition imposed on the lower surface
of the plate, thus interpreting the fixing of the plate by a
clamping system. Figure 4b shows the condition imposed
on the tool by blocking movements along the x and z axes
and blocking rotations around x and z axes. The tool has
been attached to a reference point, where these conditions
are imposed as well as the condition of rotation and pres-
sure on the plate.

(@) (b)

Rl

Figure 4. Boundary condition imposed to plates and tool.

Initial temperature conditions are imposed such that the
temperature of the assembly is ambient, 20 °C.
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Analysis type and contact definition

The current study relates with heat production, which
represents the main phenomenon during welding operation.
This is achieved by explicit coupling temperature-displace-
ment. For the definition of the contact, it is used the surface/
surface contact by setting the lower surface of the shoulder
as the master surface, and the upper surface of the plate to
be welded as the slave surface. The type of behaviour in
contact is assumed tangential friction with generation of
heat. Table 4 summarizes the contact properties used in this
study. As given in the table, it has been assumed that all of
the dissipated energy will be transformed into heat. Half of
this heat will be transmitted and distributed over the surface
of the HDPE plate.

Table 4. Plate/tool contact properties.

ccf(er#;[é?:n t Heat generation
Fraction of energy dissi- |Fraction of heat distrib-
03 pated and transformed uted to the slave surface
’ into heat (%) (%)
100 50

RESULTS AND DISCUSSION

Mechanical analysis

Results of pressure and equivalent stress distribution for
different combinations of welding parameters are presented
in this section.

Figures 5a and 5b show the pressure on the plates at the
end of the plunging phase with a tool rotation speed of 2000
rpm and 500 rpm, respectively.

It is clear from Fig. 5 that a maximum pressure is located
exactly under the shoulder at the tool/plate interface. In addi-
tion, it is noticed that negative pressure is produced far
from the tool edge. In fact, this is right for high rotational
speed as illustrated in Figs. 6a and 6b. These present the
pressure distribution along the transverse line through the
centre of the shoulder. Thereby, Figs. 6a and 6d show the
pressure distribution across the surface of the two plates,
along the line through the welded joint. These curves reveal
the important effect of rotational speed on pressure distribu-
tion. It is clearly observed that for the same pressure exerted
on the tool, the pressures generated in the plates are differ-
ent for two different rotational speeds (Figs. 6a and 6b).
This is the result obtained for the shoulder radius R = 10 mm.
On the other hand, the curves in Figs. 6¢ and 6d reveal an
equal pressure distribution whatever the speed of rotation,
for the minimum shoulder radius R = 5 mm. Another fact
noted for the small diameter is the non-existence of negative
pressures (Figs. 6¢ and 6d).

Von Mises equivalent stress distributions are shown in
Fig. 7. It can be seen that equivalent stresses are locally
important. Higher values are noted for higher rotational
speed (2000 rpm).

Consequently, plastic deformations may occur within the
material of the plates which would imply additional heat
releases due to the energy of the plastic deformations. The
comparison between results illustrated in Figs. 7 highlights
an important fact.
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@ )
Figure 5. The pressure state at the end of plunge phase for:
a) rotation speed of 2000 rpm; and b) rotation speed of 500 rpm.
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Figure 6. Pressure distribution along the transverse line, through
the welded joint, at the end of the plunging phase for rotation

speeds of: a) 2000 rpm; and b) 500 rpm.

EE w (rpm) | D (mm) | P (MPa)
EE1 2: 500 20 10
EE2 2: 500 10 5
EE3 2: | 2000 10 10
EE4 2: 2000 20 10
EE5_2: 500 20 5
EE6_2: 500 10 10
EE7_2: | 2000 10 5
EE8 2: | 2000 20 5

Indeed, it is observed that the same force exerted by the
tool produces two different stress states in the plates to be
welded by a tool of diameter 20 mm (Figs. 7a and 7b). This
depends on rotational speed. Thus, a pressure of 10 MPa
produces maximum stresses of 12 MPa with a rotation of
2000 rpm. However, this same pressure produces maximal
stresses of 8 MPa with a rotation of 500 rpm (Fig. 7a).

On the other hand, a diameter of 10 mm creates a similar
state of stress whatever the tool rotational speed. This is
clearly illustrated in Figs. 7c and 7d. Therefore, this leads
one to predict that the rotational speed amplifies the stresses
in plates. That said, a rotation speed of 2000 rpm induces
higher stresses than those induced by a rotation of 500 rpm.
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Thermal analysis - heat flux

In order to estimate heat fluxes generated locally at the
tool/plate interface, different iso-values obtained for differ-
ent combinations of welding parameters are illustrated in
Fig. 8. It is clear from this figure that the main source of
heat flow is the tool. The latter, by friction of the shoulder
with the surface of the plates, generates heat which flows
through the interface of the plates.
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Figure 7. Comparison of rotational speed effect on Von Mises
stresses along the joint.

EE w (rpm) | D(mm) | P (MPa)
EE1 2: 500 20 10
EE2 2: 500 10 5
EE3 2: 2000 10 10
EE4 2: 2000 20 10
EE5_2: 500 20 5
EE6_2: 500 10 10
EE7_2: 2000 10 5
EE8 2: 2000 20 5

Figure 8. Heat flux generated in the plate.

Mainly, it can be seen that the small diameter concen-
trates heat fluxes in the vicinity of the welding joint, unlike
large diameters that generate higher heat fluxes, but more
dispersed and far from the welding joint. This implies that
the heated area is wider and therefore a coarse welded joint
is obtained. Consequently, it will be relevant to optimise the
shoulder diameter while keeping a good compromise
between rotational speed and pressure force.
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The effect of diameter is clearly identified in Figs. 9a-d.
First, one notices that rotational speed has a major influence
on the produced heat flux. Figures 9a-b show distribution of
heat fluxes generated by a maximal diameter (D = 20 mm),
with maximal and minimal pressure 10 and 5 MPa, in
respect. Both figures show a significant increase in flow by
increasing rotational speed. It should be noted that the flow
around the tool is not homogeneous. Thus, for a rotational
speed of 2000 rpm, a peak flux difference of 2.105 W is
noted. However, it can be predicted that the temperature
will be distributed in a non-homogeneous manner, which
will justify an additional hold time. On the other hand, a
lower shoulder diameter (D = 10 mm) produces similarly
distributed heat flow around the tool, Figs. 9c-d.
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Figure 9. Effect of rotational speed on heat flow around shoulder.
EE w(rpm) | D(mm) | P (MPa)
EE1 2: 500 20 10
EE2 2: 500 10 5
EE3_2: 2000 10 10
EE4 2: 2000 20 10
EE5_2: 500 20 5
EEG_2: 500 10 10
EE7_2: 2000 10 5
EE8_2: 2000 20 5

Temperature

To examine the performance of FSW parameters and, as
consequence, the quality of the welded joint, it is important
to have sufficient information on the reached temperature
during the welding process. In fact, FSW welding is done in
the solid state, where the temperature is kept below melting
point while softening the material. For this purpose, the
reference temperature is considered between 110 and 120°C
for HDPE which melts at nearly 130 °C, /33/. Thus, for
optimisation reasons, the target temperature is taken at T =
115 °C, which would make it possible to judge the effi-
ciency of the welding parameters of FSW. Simulation results
with various combinations of parameters are then analysed.
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Figure 10 illustrates the temperature distribution over the
work piece surface and around the shoulder. It is clear that
temperatures much higher than the melting point of the mate-
rial can be obtained. This would imply a local overflow of
material and consequently a deterioration of the welded joint.
Likewise, much lower temperatures can be obtained, but
obviously prevents softening of the material and consequent-
ly difficult and even impossible.

Figure 10. Temperature distributions over the workpiece surface.

In order to better distinguish effects of different welding
parameters, it is judicious to compare temperature distribu-
tions around the circumference of the shoulder, because at
this location the temperature peaks are raised.

Thus, to analyse the effect of tool speed, the temperature
curves around shoulder are presented in Figs. 11a-d. Figure
11a shows comparison of temperatures obtained by two rota-
tional speeds, 500 (EE1-2) and 2000 rpm (EE4-2). Pressure
load and shoulder diameter are kept 10 MPa and 20 mm, in
respect. Figure 11b presents the same comparison for 5 MPa
and 10 mm. From these figures, the rotational speed affects
significantly the temperature values. This effect is all the
more marked for larger tool diameter (D = 20 mm, Figs.
11a-b). Indeed, a smaller tool diameter (D = 10 mm) pro-
duces relatively lower temperatures, especially when the
rotation speed is minimal (w = 500 rpm, Figs. 11c-d).
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Figure 11. Comparison of rotational speed effects on temperatures
generated at the plate/tool interface.
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EE w(rpm) | D(mm) | P (MPa)
EE1 2: 500 20 10
EE2 2: 500 10 5
EE3 2: 2000 10 10
EE4 2: 2000 20 10
EE5 2: 500 20 5
EE6 2: 500 10 10
EE7 2: 2000 10 5
EE8 2: 2000 20 5

In addition, the effect of pressure is shown in Figs. 12a-c.
Figure 12a presents a comparison of temperatures obtained
by two exerted pressures 5 (EE5-2) and 10 MPa (EE1-2).
The other two parameters are identical and are w = 500 rpm
and D = 20 mm for rotation speed and shoulder diameter.
Likewise, Fig. 12b presents a comparison of temperatures
obtained by two pressures 5 (EE8-2) and 10 MPa (EE4-2),
and the other two parameters are the same, respectively,
w = 2000 rpm and D = 20 mm. From these figures, it can be
seen that pressure has a significant effect on temperature
values reached under the tool shoulder, but with relatively
less dispersion.
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Figure 12. Effect of tool pressure on temperature distribution in
the welded joint.
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EE w(rpm) | D(mm) | P (MPa)
EE1_2: 500 20 10
EE2 2: 500 10 5
EE3 2: 2000 10 10
EE4 2: 2000 20 10
EE5_2: 500 20 5
EE6_2: 500 10 10
EE7 2: 2000 10 5
EE8_2: 2000 20 5

MAIN EFFECTS OF WELDING PARAMETERS

Plots of the main effects of each parameter and their inter-
actions on maximum temperature response for friction stir
welding are shown in Figs. 13 and 14, in respect. As shown
in Fig. 13, the temperature of the weld increases directly
with tool rotational speed, load pressure, and tool shoulder
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diameter. Analysing the main effects plots, it is found that a
target temperature of 115 °C is achieved using a combina-
tion of 1250 rpm rotational speed, 7.5 MPa load pressure,
and 16.35 mm shoulder diameter (Fig. 13).

Figure 14 illustrates interaction effects. It is shown that
tool rotational speed has an important role in the reached
temperature during the welding process. Also, the shoulder
diameter has an important effect in the temperature output.
Thus, a right combination of parameters is crucial to achieve
an efficient and qualitative welded joint. That said, large
shoulder diameter combined with high tool rotational speed
provides higher local temperature due to larger frictional
area and short allocated time for material heating, /32/.

Figure 15 presents the iso-surfaces contour plots of tem-
perature responses. Figures 15a-c present contours in quasi-
linear sectors. Consequently, a relative strong dependence
of parameter effects is stated, namely the rotational speed,
shoulder diameter, and pressure exerted by the tool, at con-
stant optimum values of 1250 rpm, 16.32 mm, and 7.5 MPa.
Indeed, Fig. 15a shows that the target temperature is highly
sensitive to the change in rotational speed. This is reflected
by a high slope of the temperature surface bands. Figure
15b shows that the change in diameter of the shoulder is
slightly less sensitive than the change in rotational speed.
Exhibiting lower slopes, the temperature surfaces suggest a
low sensitivity to changes in diameter and pressure as shown
in Fig. 15c.
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Figure 13. Plots of main effects of parameters on peak temperature.
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Figure 14. Plots of interacting effects of parameter combinations
on peak temperature.

CONCLUSIONS

A 3-D finite element model of friction stir welding of
polyethylene plate is performed. The effects of tool rotational
speed, tool diameter and tool pressure on mechanical and
thermal responses are analysed and optimised.
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Figure 15. Iso-surfaces plots of peak temperature.

The main conclusions are as follows:

— Same pressure produces different stress states in the
plates when using high shoulder diameter and varying
rotational speed. However, lower shoulder diameter
creates a similar state of stress whatever the tool rota-
tional speed.

— Heat flux is more concentrated in the vicinity of the
welded joint when using lower shoulder diameter.
Larger diameter generates higher heat fluxes, but more
dispersed and far from the welded joint. Consequently,
the heated area is wider and therefore, a coarse welded
joint may be obtained.

— Temperatures well above melting point of material are
obtained if the combination of welding parameters is
incorrectly chosen. i.e. if high speed is combined with
an inadequate diameter, producing excessive pressure.

— On the contrary, temperatures well below the softening
point of the material can be obtained. This depends on
the correct choice of welding parameters.

— Desirable temperature of 115 °C can be achieved using
a combination of 1250 rpm rotational speed, 7.5 MPa
load pressure, and 16.35 mm shoulder diameter.

— The tool rotational speed has the most important role
in the temperature response during the welding process.
In second order, the shoulder diameter has significant
effect in the temperature localization. Pressure exerted
by the tool has the lower effect on the temperature.
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