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Abstract

There is a growing interest in the application of thermoplastics and thermoplastic composites for lightweight structures,
thus also in friction stir welding (FSW) as a suitable joining technology. With the transformation of FSW from metals to
polymers, several new tooling concepts were developed; mainly various heating setups to add external thermal energy to the
process were designed. However, current temperature control approaches do not consider the cooling of the process at high
rotational speeds and the asymmetry of the process in thermomechanical conditions. In this paper, we present a stationary
shoulder with fluid temperature control, which is also capable of cooling the process. Additionally, asymmetric temperature
control conditions can be examined by applying different flow directions. For investigation, butt welds of PMMA sheets were
welded and assessed using the weld morphology and tensile strengths. Different fluid temperatures, feed rates, and both flow
directions were applied and led to different tensile strengths. It could be shown that the optimal control temperature is dif-
ferent for the advancing side (AS) and the retreating side (RS). By using a transverse flow, a heat transport from the warmer
AS to the colder RS could be established, which improved the strength. Moreover, the tensile strength could be increased by
cooling the process at a feed rate of 100 mm/min. To improve the effectiveness of the temperature control, a new shoulder
with independent temperature-controlled areas is proposed.
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1 Introduction recyclability and lower costs. Accordingly, there is growing

industrial demand for suitable joining methods. Welding

High-performance lightweight structures currently consist
mainly of metal alloys and fiber-reinforced plastics with a
thermoset polymer matrix. Recently, high-performance ther-
moplastics are moving more into focus because of better
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methods, in particular friction stir welding (FSW), are ben-
eficial regarding stiffness and strength. Additional advan-
tages of FSW include energy efficiency, the applicability to
many materials, and the possibility of welding dissimilar
materials [1]. This makes the FSW process especially suit-
able for high-performance lightweight structures.

The FSW process is based on the generation of frictional
heat and the material transport through a rotating tool. Spe-
cifically, a non-consumable rotating pin is pressed through
adjacent joining partners, as shown in Fig. 1. The joining
partners are kept in place through the clamps and the back-
ing plate. They are heated up through the frictional heat
caused by the rotation of the pin and the pressure gener-
ated through the feed motion. Thus, the material becomes
less viscous in the stir zone and is extruded around the pin
[2]. Behind the pin, the transported material forms the weld
seam and generates a bond between the joining partners as
it consolidates. A shoulder concentric to the rotating pin
is led over the joining partners. Rotating and non-rotating
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Fig. 1 Scheme of the friction stir welding process

(stationary) shoulders are distinguished: When the shoulder
rotates and is pressed on the joining partners with an axial
force, additional frictional heat is transferred into the mate-
rial. Moreover, the shoulder rotation influences the mate-
rial transport conditions. When the shoulder is stationary,
it serves as a constraint for the viscous material in the stir
zone.

Already with the invention of FSW in 1991, the process
was patented for metals and thermoplastics [3]. While the
process is well established for metals, especially aluminum
alloys [4], it is still the subject of current research for poly-
mers and polymer composites [5—8]. When using thermo-
plastics as base material for friction stir welding, a number
of essential differences in the thermomechanical and rheo-
logical properties compared to metals must be considered

(ctf. [5D):

e Polymers have a relatively low melting temperature com-
pared to metals [9].

e Polymers feature a lower thermal conductivity than met-
als. For instance, the thermal conductivity of aluminum
(228 ﬁ) is 456 times higher than the one of polyethyl-
ene (0.5 #) [9].

e The rheological behavior differs from that of metals.
Notably, the viscosity of polymers lowers with higher
shear rates and higher temperatures. There is a substan-
tial change in viscosity when reaching the glass transi-

tion temperature. This behavior is further influenced by
crystallinity [9, 10].

e The friction coefficients between the pin, which usually
is metal, and the base material strongly depend on the
polymer type used. For instance, the friction coefficient
of polyamide and steel (0.35) is almost twice as high as
the one of polyethylene and steel (0.2) [9].

e The stiffness of the base material is reduced significantly
when reaching the glass transition temperature. This
must be considered when controlling the axial force on
the shoulder [9].

e The thermoplastic base material is melted during fric-
tion stir welding, while it is only softened when welding
aluminum [11].

The research work on FSW of polymers is reviewed in
[5-8]. It can be organized using three foci: welding tool,
process configuration, and process parameters, which
is depicted in Table 1 (cf. [12]). However, fundamental
advances in FSW for polymers could be achieved using
new welding tools and new process configurations instead of
transferring them from the metal FSW process and optimiz-
ing process parameters only. In particular, the process can
be improved by making two major adaptions to the welding
tool (cf. [11, 13]):

e Using a stationary shoulder
e Applying an additional process temperature control

Both adaptions are considered in this study. A key contri-
bution therein is the development of the Hot Shoe welding
tool: a stationary shoulder equipped with an external heat
source [11]. Up to now, several more temperature control
approaches for the FSW process have been developed. This
includes heating the shoulder and the pin via the friction
of the probe with the shoulder [14, 15], via an induction
loop [16], via an integrated heating element [17] and heat-
ing the base material [18]. However, the process still lacks
high strengths and has only low feed rates. This makes the
process inappropriate for industrial needs.

Table 1 Influence of variables on the FSW process besides the mechanical and thermal properties of the base material (cf. [12])

Welding tool

Process configuration

Process parameters

o Pin geometry: diameter, length, contour

e Shoulder geometry: type of shoulder (rotating/station-
ary), diameter, contour

o Pin and shoulder materials

e Thread pitch

e Temperature control of the tool

e Joint configuration (e.g. butt joint, lap joint)

e Characteristics of FSW process phases

o Axial position control (force-controlled or position-
controlled)

e Clamping setup

o Thermal boundary conditions, esp. of the backing plate

e Rotation speed

e Tool traverse speed

o Tilt angle

e Tool rotation directions
e Plunge force or depth

e Further heating facilities (e.g., radiation heating)
e Further control strategy (e.g., feedrate, rotation speed)
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A major challenge is that high feed rates lead to poor
material mixing. The material mixing can be improved
with higher rotational speeds, which cause higher weld-
ing temperatures simultaneously. But, too high rotational
speeds lead to poorer strengths and are limited to a maxi-
mum when degradation of the base material begins. Due
to this coupling, feed rates are currently also limited.
However, cooling the process at high feed rates and high
rotational speeds was not considered until now.

Moreover, the process is asymmetric regarding the ther-
momechanical and flow conditions in the stir zone: On
the advancing side (AS), the feed motion and the motion
of the pin surface are in the same direction, whereas the
two motions are in the opposite direction on the retreating
side (RS). This leads to different bonding strengths on
both sides. Nonetheless, this is not taken into account for
the temperature control concepts because AS and RS were
always heated equally until now.

Simdes et al. [13] investigated FSW for a 10-mm-thick
polymethylmethacrylate (PMMA) plate with a rotational
tool. They report significant differences in the weld mor-
phology of RS and AS, whereas the retreating side could be
identified as the preferential location for defect formation.
The authors claim that these defects on the RS are “one of
the main weldability problems for polymers.” They suppose
that those discontinuities can be avoided by welding at lower
temperatures. However, no cooling system was investigated.
The investigated pins were only 5 mm and 6 mm long result-
ing in bead on plate welding only. Accordingly, the influence
of the backing plate and the fixture was neglected. None-
theless, it was not researched how the remaining 5-mm or
4-mm thickness of the PMMA plate could be replaced when
performing weld seams instead of bead on plate welding.

In the works of Derazkola et al. [19, 20], FSW of poly-
mers is examined using thermomechanical simulations.
They report a strong influence of the rotational velocity and
transverse speed on the heat fluxes, which influences the
quality of the welds. Moreover, a stronger heat generation at
the AS than on the RS is reported. However, the influences
of the backing plate and the fixture are not investigated. This
heat concentration on the AS is also shown in the work of
Elyasi et al. [21]. Here T-joints are investigated, and accord-
ingly, no backing plate is used in this study. Eslami et al.
[22] examined the influence of the material of the stationary
shoulder on FSW of polymers by applying a wood, teflon,
aluminum, polycarbonate, and brass shoulder with a metal
backing plate. They report that the process heat accumulates
in the brass shoulder instead of staying in the process. Con-
sequently, a teflon shoulder with friction heating is applied.
However, the influence of the material used for the clamping
and the backing plate is not considered. They furthermore
report a lack of good stirring and heat generation on the
RS. Derazkola et al. [19] could show in simulations that the

resulting temperature gradient can be reduced with higher
rotational speeds. Moreover, they claim a different material
flow on both sides due to different strain rates resulting in
different viscosities. Nonetheless, no external temperature
control for homogenizing of the temperature conditions on
AS and RS is considered in [13, 19, 21]

Adibeig et al. [23] investigated the FSW process on butt
weld joints. They report limits of the rotational speed: A too
low rotational speed results in an insufficient material flow,
whereas a too high rotational speed leads to the degrada-
tion of the base material. Moreover, they report a strong
dependence on rotational and traverse speed parameters.
They propose a heat index formula to calculate the ideal
parameter combination. However, they do not investigate
how this coupling could be overcome using an external tem-
perature control that is also capable of cooling the process.
Moreover, the thermal influence of the fixture of the joining
partners is not considered.

Nelson et al. [11] presented the Hot Shoe, a stationary
shoulder equipped with an external heat source. Cooling air
is used to maintain a constant shoulder temperature. Moreo-
ver, they mention that the heat generated by too high rota-
tional speeds (higher than 1400 rpm) leads to degeneration
of the base material. Despite investigating the influence of
introducing thermal energy through the shoulder, the heat
loss through the fixture is not considered. In Mendes et al.
[24], the concept of a Hot Shoe is integrated with a force-
controlled robotic welding system with a metal backing plate.
It is outlined that due to the high thermal inertia and the fact
that the tool is only heated and not cooled, it overheats in
some cases. In Moochani et al. [25], a heat gun combined with
a temperature sensor is used to heat the stationary shoulder
and the pin and maintain a specific temperature. The authors
found that a higher rotational speed leads to better mixing.
In another study [26], a Hot Shoe with a closed-loop tem-
perature controller is used for FSW of PMMA sheets. The
authors claim that high rotational speeds lead to higher tensile
strengths due to better material mixing, but spindle speeds
higher than 1600 rpm lead to poorer welding beads due to
localized melting. Moreover, they report that high feed rates
lead to poor mixing. Bagheri et al. [27] took Nelson’s Hot
Shoe to investigate FSW of ABS sheets. An electrical thermal
element heats the stationary shoulder that is set right onto the
joining partners. It is reported that all tensile specimens broke
on the RS. The authors claim that the temperature on the AS
is higher than that on the RS and that high feed rates lead to
poor material mixing. Nevertheless, an asymmetric tempera-
ture control was not considered here. These studies on FSW
of polymers [11, 24-27] commonly report the degradation of
the welding partners at high rotational speeds and the asym-
metric temperature conditions of the process. Moreover, the
thermal influence of the fixture is generally not addressed.
However, a temperature control that can effectively maintain
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a constant shoulder temperature or even cool the process at
high rotational speeds is not considered.

In this work, a new welding tool with a fluid temperature
control that is capable of heating and cooling the FSW pro-
cess is developed and investigated using PMMA. By using a
transverse water flow, asymmetric temperature control con-
ditions on AS and RS could be examined. For the backing
plate, PEEK (polyether ether ketone) is used. In doing this,
the heat flux out of the process into the backing plate could
be reduced to a minimum which allows effectively steering
the process temperature through the cooling fluid.

2 Method

A new welding tool with a fluid temperature control was
developed and used to produce butt welds using a conven-
tional position-controlled milling machine. The joints were
assessed using the tensile strengths, the morphology of the
cross section, the morphology of the fracture surfaces, and
the microstructure before and after welding.

2.1 Materials

Extruded PMMA sheets were used as a base material. This
polymer is amorphous and allows an easy optical evalu-
ation of the joint quality due to its transparency. It has a
rather low glass transition temperature of 112 °C, which
was determined using a thermomechanical analysis (TMA).
The strength of the base material is 57 MPa with a standard
deviation of 2.4 MPa.

2.2 Experimental procedure

Two PMMA plates of 4.9 mm X 300 mm X 95 mm were
clamped alongside the joint direction to produce butt welds.
A polished PEEK plate of 10-mm thickness was used as a
backing plate (see Fig. 3). By doing this, the heat flux out of
the welding region into the backing plate could be reduced

Table 2 Main FSW process parameters

Parameter Value Unit
Rotational speed 2000 rpm
Feed rates 50, 100, 150 mm/min
Tilt angle 0 °

No temperature control -
Temperature control 20 °C

approach

60 °C
Flow directions AS toRS -

RS to AS -
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Fig.2 Pin geometry with three flutes

due to the low thermal conductivity of PEEK. The joining
partners were clamped on the PEEK plate with two clamping
claws on each side. In order to prevent too high surface pres-
sure of the clamping claws on the PMMA plates, additional
steel plates were used as washers. An axial force of 400 N
and a tilt angle of 0° was used.

The main FSW process parameters are summarized in
Table 2. This study used a constant high rotational speed
of 2000 rpm to provide good material mixing. The effect of
the new temperature control approach was tested with three
different very high feed rates of 50, 100, and 150 mm/min.

Most relevantly, the control temperature inside the shoul-
der was varied. To define a benchmark, the joints were made
without temperature control first. Doing this, the shoulder
was empty and heated passively by the welding process.
Then, the same joints were produced using a water tem-
perature of 20 °C and 60 °C with a volumetric flow rate of
approx. 2.3 - 10‘5mf3. At both temperatures, both possible
flow directions were tested.

2.3 Pin geometry

An overview of pins used for friction stir welding of poly-
mers can be found in [5, 6], and [11]. However, there is
no uniform recommendation for the pin geometry. Con-
sequently, in this study, a pin based on the Triflute™ and
the Flared-Triflute™ was used as they are very successful
in FSW of metals [1, 28] which is depicted in Fig. 2. Fur-
thermore, to reduce additional axial forces, the pin is not
tapered.

Spring
Suspension module Ball bearing
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Force washer

_

| PEEK insulation plate
Clampin\g claw

Clamping claw

/ Sholder moﬁ{_> &
Steel plate 70
N7 X

Joining partners
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Fig. 3 Functional structure outline of the developed tool with suspen-
sion module and shoulder module in a sectional view perpendicular
to the welding direction. The joining partners are clamped on a PEEK
backing plate with clamping claws and steel plates during FSW
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2.4 Tensile testing and weld seam analysis

The quality of the weld beads was assessed by investi-
gating the optical appearance and evaluating the tensile
strengths based on [29]. Tensile specimens were cut out of
the PMMA sheets after the running-in phase (see Fig. 5).
For comparison purposes, the same tensile specimen geom-
etry (190 mm X 20 mm X 4.9 mm) was used for testing the
base material. The tensile strengths of five specimens were
measured on a universal testing machine (Zwick Z150). The
mean and the standard deviation were calculated. Moreover,
it was observed if the specimens broke on the AS or RS. The
fracture surfaces were analyzed optically using a PCE-MM
200 microscope. For the investigation of the microstructure,
a Fourier transform infrared spectrometer with attenuated
total reflectance (ATR) attachment (Thermo Fisher Scien-
tific Nicolet iS10) in the wave number range of 600—-4000
cm™! was applied.

mental welding procedure: (1)

establishing the cooling water

flow, (2) setting the axial force,

(3) welding, (4) retraction. The
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3 Results and discussion

3.1 Stationary shoulder with fluid temperature
control and axially elastic mounting

A stationary shoulder with a fluid temperature control and
axially elastic mounting was developed. The functional
structure is depicted in Fig. 3, whereas a detailed descrip-
tion can be found in Fig. 4. The shoulder can be divided into
two modules:

e Suspension module
¢ Shoulder module

The suspension module serves as a mount for the shoul-
der module and rotates the pin. It is axially elastic and
equipped with a force measurement. By doing this, it is easy
to adjust the vertical force on the process, although a stiff

el

£S5

Feed motion

190
®

Running-in phase

60
300
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position-controlled conventional milling machine is used
for friction stir welding in this work. Furthermore, small
irregularities in the thickness of the base material can be
tolerated easily. Notably, the stationary shoulder will always
be pressed on the base material preventing stirred material
from escaping. As the contact pressure is relatively constant,
reproducible thermal transfer conditions are realized.

The shoulder module is equipped with a cavity for the
transverse water flow. Using water as a heat transfer fluid
allows a high heat transfer and the use of a customary boiler.
A PEEK plate serves as insulation of the shoulder module
from the suspension module. Thus, the heat transfer between
the shoulder module and the mounting module is kept on
minimal level. Through the very high volumetric flow and
the excellent insulation of the PEEK backing plate and the
PEEK insulation plate, the process temperature can be influ-
enced very effectively by the cooling water. Notably, it is
possible to vary the shoulder temperature independently
from the process and to keep it at the adjusted value, also
below the process temperature. The transversal flow allows
the investigation of different heating conditions on the AS
and RS when changing the flow direction. In the following,
both modules are described in detail.

The suspension module is clamped into a standard milling
machine with the clamping surface of the hull (1). The cen-
tral shaft (2) can move axially relative to the hull, creating
an axial force through the spring (6). It rotates the pin (4)
and holds its axial and lateral position. Shaft nuts (7) serve
to adjust the spring hardness. The lateral and axial forces of
the shoulder are transferred into the milling machine with
the bearing (9). The suspension module is made of steel
because of its high stiffness and hardness. In contrast to that,
aluminum was chosen for the shoulder module owing to its
good heat conduction.

The shoulder module is mounted onto the suspen-
sion module via a preloaded ball bearing support in an
O-arrangement (9,11) that transfers the forces and allows
the relative rotation between the shoulder and the suspen-
sion module. It is kept in place (stationary) by a bracket (19)
connected to the milling machine. The axial forces on the
shoulder are measured by the force washer (KISTLER Type
9071, 10) to guarantee a constant contact pressure of the
shoulder contact area (15). The fluid flows transversely to
the feed motion through the aluminum cavity (12) through
the water inlets/outlets (13) (see Fig. 4c). The direction
of the water flow through the stationary shoulder can be
reversed. Thus, different temperature control conditions on
the AS and RS are enabled. The aluminum cavity is insu-
lated from the upper parts by the PEEK plate (18). A pin
shoulder gap (16) of 0.1 mm was selected, which guarantees
a frictionless pin rotation and reduces the material escaping
from the stir zone. The thin (2 mm) heat conduction plate
(14) ensures an effective heat transmission from the cooling
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water to the surface of the welding partners. The shoulder
contact area is not contoured.

3.2 Preliminary experiments

Preliminary tests showed that a poor quality of the joining
surfaces and a large joining gap result in a weld bead with
many defects. Therefore, the adjacent joining surfaces were
milled to get a smooth and even surface and are clamped
directly onto each other.

When plunging axially into the base material, viscous
material is extracted onto the surface of the joining partners
around the pin. This hinders the complete contact of the
shoulder contact area with the base material. Furthermore,
this allows material to escape when advancing the tool and
impairs the heat transfer from the shoulder to the welding
partners. Therefore, the tool is plunged into the base mate-
rial from the edge with lateral force (see Fig. 5). Hence, the
following procedure was applied to weld the PMMA sheets
(see Fig. 5): First, the cooling water flow was established
(1). This phase is not applied when welding without tem-
perature control. Secondly, the shoulder is pressed onto the
base material with an axial force of 400 N and a tilt angle
of 0° (2). In doing so, the spring of the suspension mod-
ule is compressed. Then, the pin is pressed laterally into
the joining gap with a pin plunge depth of 4.8 mm. Third,
the tool is led over the joining partners while welding (3).
When entering the base material from the edge, the stirred
material is expelled laterally. This leads to defects in the
weld seam initially, but the process stabilizes when the tool
moves forward. After the running-in phase of 60 mm, there
is a constant FSW process. Finally, the tool is retracted (4).

3.3 Overview over results

The influence of the parameters feed rate, control tempera-
ture, and flow direction on the tensile strength is depicted in
Fig. 6. The most significant influence on the tensile strength
is the feed rate: The higher the feed rate, the lower the meas-
ured tensile strength. Notably, the tensile strength of a speci-
men welded at 150 mm/min using no temperature control is
only approximately 30% of the one welded at 50 mm/min.
On the other hand, the highest tensile strength of 50% of the
base material’s tensile strength could be achieved with a feed
rate of 50 mm/min and two temperature control configura-
tions: no temperature control or a control temperature of
60 °C with flow from the AS to the RS (A — R). Moreover,
the tensile strength is remarkably influenced by the tempera-
ture control regime. The structure of the fracture surface
decidedly depends on the feed rate (see Fig. 9). It is assumed
that this shoulder effectively hinders the thermal degrada-
tion of PMMA which was deduced from the microstructure
analysis. The results are analyzed in detail in the following.
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Fig.6 Mean tensile strength (5 specimens) and standard deviation
for the feed rates 50 mm/min, 100 mm/min, and 150 mm/min using a
rotational speed of 2000 rpm. The tensile specimens broke either all
on the retreating side (R), all on the advancing side (A), or not uni-
formly on one side (A|R). The shoulder can be empty (no temperature
control) or a flow of cooling water of 20 °C or 60 °C is established.
Two flow directions were used: The current enters the shoulder on
the retreating side, flows around the pin, and exits the shoulder on the
advancing side (R — A) or is reversed (A — R). Four different types
of fracture surfaces (1,2,3,4) were identified (see Fig. 9)

3.4 Analysis of the welded joints at a feed rate
of 50 mm/min

At the feed rate of 50 mm/min, the welded specimens broke
on different sides depending on the temperature control
regime, as depicted in Fig. 6. Therefore, the correspond-
ing cross sections were investigated. Exemplary cross sec-
tions and weld bead surfaces are depicted in Fig. 7. Different
zones can be identified from the top view (Fig. 7b) and the
cross section under back light (Fig. 7a). The joint consists
of one bond on the AS and one bond on the RS with the
weld bead in between. The weld bead is transparent in its

Fig. 7 Photo of exemplary cross
sections of the weld beads (a)
and the optical appearance of
the surface (b)

P -

(a) Cross section of weld beads welded with
50 mm/min and 2000 rpm using a control temper-
ature of 60 °C with a flow from the advancing side
(AS) to the retreating side (RS) (left) and no tem-

perature control (right).

cross section but not from the top view (see Fig. 7a) and is
minimally wider than the pin. There are bubbles under the
surface of the weld bead (see Fig. 7a). It was observed that
the number of bubbles increases with higher feed motion.
However, a reduction of this number using a temperature
control could only be reached at 100 mm/min with a tem-
perature of 20 °C. The specimens always broke at the bonds
and never in the weld seam or in the base material. Conse-
quently, it was assumed that the number of bubbles is not
crucial for the strength. The bond can be seen clearly on
the RS due to irregularities that break the backlight. On the
AS, the bond has sparse defects. There, the position of the
border between the base material and the weld bead can be
seen from the top view (see Fig. 7a) but hardly in the cross
section (see Fig. 7b). Moreover, the bond on the RS does not
cover the whole thickness of the sheets: At the surface, there
is a lack of material between weld bead and base material,
which further influences the joint strength. However, the
welds welded with 50 mm/min using a control temperature
of 60 °C (A — R) and no temperature control have approxi-
mately the same tensile strengths while breaking on different
sides. As shown in Fig. 7a, both specimens show a compa-
rable number of irregularities only on the RS. Thus, these
defects are not the single reason for the weakness of a bond.
One reason could be residual stresses (cf. [13]). Moreover,
it can be deduced that this study’s approach of an asym-
metric temperature control regime on the material flow is
not enough to significantly influence the weld morphology.

With the regime “no temperature control”, the specimens
uniformly broke on the RS, whereas with a control tem-
perature of 60 °C, the specimens uniformly broke on the
AS. Consequently, it can be deduced that both sides require
different control temperatures to improve their strength.
Accordingly, an asymmetric temperature control approach
could further improve the process. Furthermore, the speci-
mens welded at 50 mm/min with a temperature control of

RS bondl lAS bond

(b) Broken tensile specimen (broken on the retreat-
ing side) welded with 100 mm/min and 2000 rpm
using a control temperature of 20 °C with a flow
from the advancing side (AS) to the retreating side
(RS). The FSW joint consists of the bond on the
RS (RS bond), a weld bead and the bond on the
AS (AS bond)
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20 °C did not break uniformly on one side. So, it is assumed
that with a temperature over approx. 20° C, the break side
is the AS, whereas with a temperature under approx. 20 °C,
the break side is the RS.

Interestingly, no correlation between the flow direction
and the break side could be shown in this approach. How-
ever, it can be observed that the strength depends on the
flow direction. At 50 mm/min and a control temperature of
60 °C, a uniform breakage at the AS with different strengths
for both flow directions can be observed. Thus, both flow
directions create a better temperature regime for the AS
than for the RS. The slight temperature gradient produced
by changing the flow direction affects the strength of both
bonds. However, it is not enough to generate better strength
on either side. It is deduced that there is a considerable gap
between the ideal control temperatures for both sides. For
this feed rate, 60 °C is nearer to the ideal control tempera-
ture for the AS than that for the RS. The temperature control
of this work does not allow to set the control temperature
for AS and RS independently. For a further evaluation of
the ideal control temperature, an approach with two inde-
pendent heating systems for AS and RS could be used. At
20 °C, a better strength could be reached by applying a
flow direction (A — R) while no uniform break side could
be observed. This behavior cannot be explained with the
approach of this work. Consequently, the bonding mech-
anisms of both sides and the correlation to their control
temperature should be examined to improve the bonding
strength in future work.

The surface of a weld bead shows the typical onion rings
of the FSW process, which can be seen in Fig. 7b. There is
no expelled stirred material and only minor grooves of the
transversal movement of the stationary shoulder (see also
Fig. 7a). Hence, the newly designed shoulder effectively
seals the stirring zone without requiring an axial force that
harms the base material.

3.5 Analysis of the welded joints at feed rates
of 100 mm/min and 150 mm/min

All specimens broke uniformly on the RS at the feed rates
100 mm/min and 150 mm/min. Accordingly, the weaker
bond is on the RS. Regarding the influence of the tempera-
ture control on the RS, the flow direction (R — A) is con-
sidered where the water first reaches the RS. At the other
flow direction (A — R), the water first overflows the AS
with a heat exchange at this side, followed by a temperature
change. Consequently, the control temperature for the RS
is unknown.

Regarding the shoulder contact area (see Fig. 4c), the
water preheats or cools the base material in front of the pin,
heats or cools the stir zone, and heats or cools the weld bead
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behind the pin. In front of the pin, a control temperature of
20 °C has little influence as the experiments were conducted
at room temperature, whereas it is a cooling of the process
at the stir zone. Namely, during FSW of polymers, the base
material is melted [11]. As the glass transition temperature
is 112 °C, a control temperature of 60 °C and 20 °C is con-
sidered a cooling of the process in the stir zone. When using
20 °C, the tensile strength is improved at 100 mm/min, but
lowered at 150 mm/min. It is followed that the strengths
can be improved by cooling (20 °C) only at specific feed
rates. The process temperature is assumed to be higher at
100 mm/min than at 150 mm/min. Therefore, the strengths
can be improved more when using 60 °C. Nevertheless, a
control temperature of 60 °C is considered preheating in
front of the pin. This approach cannot differentiate between
the effect of preheating the base material and cooling the
stir zone.

Consequently, the crucial heat fluxes for the strength of
the weld are located under the shoulder. In future work,
the temperature distribution under the shoulder should be
investigated accurately on the one hand. On the other hand,
instead of applying a uniform control temperature to the
whole shoulder contact area, different zones with independ-
ent temperature control should be established (see Fig. 8).
The influence of these control temperatures could then be
investigated. By doing both, the bonding mechanisms can
be better understood. The preheating zone, welding zone,
and cooling zone can be distinguished concerning the weld-
ing direction. In this course, the advancing and retreating
sides should be considered separately. Moreover, the weld
bead zone and stir zone temperature should be controlled
independently. It is assumed that the stir zone requires cool-
ing at high rotational speeds, whereas the weld bead zone
needs to be heated, especially if certain recrystallization is
desired.

Welding zone

. |
Cooling zone

| .
| | Preheating zone
| |
|
|

RS | Welding
\ veldit
o direction
Weld bead zone Stir zone

Fig.8 Proposition of temperature control zones for the shoulder con-
tact area. Instead of applying a uniform control temperature for the
whole shoulder, different zones with independent temperature con-
trol should be established. In welding direction, the preheating zone,
welding zone, and cooling zone can be distinguished. In this course,
advancing side and retreating side should be considered indepen-
dently. Moreover, the temperature of the weld bead zone and stir zone
should be controlled separately
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3.6 Analysis of the heat transport
between advancing and retreating side
with the transverse flow

Regarding the water flow at 20 °C, the heat transfer from the
process to the cooling water can be examined as the experi-
ments are conducted at room temperature (see Fig. 4c). After
entering the shoulder (A), the cooling water first overflows
the AS or RS (B, C) and is heated by the process. This heat
transfer differs for the two flow directions due to the different
AS and RS temperatures. Then the heated water continues to
the outlet (F). This course generates a heat transfer between
the forming welding bead and the RS or AS (D, E). This
heat transfer is higher if the temperature gradient between
the AS and RS is more significant. Consequently, the trans-
versal flow balances the process temperature between AS
and RS. Accordingly, at a feed rate of 50 mm/min, 100 mm/
min, and 150 mm/min, the tensile strength can be improved
when applying the flow direction (A — R) compared to the
flow direction (R — A). The AS (which is considered to be
the warmer side [13, 19, 21]) can first heat the water before
it overflows the RS. As a control temperature of 60 °C with
a flow from the RS (R — A) generally leads to better tensile
strengths, the warmer temperature through the heating of the
AS is considered to be the reason for the improved strength.
Using the heat of the AS for the RS could make the process
more energy-efficient. The flow (A — R) with 60 °C cannot
be investigated in this approach as the process temperature
on the AS, and therefore the amount of the heat transfer to
the cooling water, is unknown. Interestingly, the effect on
the joint strength of the flow direction and the effect of the
control temperature on the tensile strength is comparable
(Fig. 6).

3.7 Analysis of the fracture surfaces
and the microstructure

The optical appearance of all specimens was analyzed using
the regions applied in [30]: mirror region, mist region, and
hackle region. Based on this investigation, four different
types with similar fracture surfaces could be identified (see
Fig. 9). The respective fracture surface type of each speci-
men is depicted in Fig. 6.

Principally, the fracture surface type depends on the feed
rate. The characteristic fracture surface type of a specimen
welded with a feed rate of 50 mm/min was type 2, for a feed
rate of 100 mm/min type 3, and for a 150 mm/min type 4.
After fracture, a residual burr could be observed on all speci-
mens. The control temperatures applied in this work have
no apparent effect on the fracture surface. However, type 1
could only be seen at specimens welded at the lowest feed
rate with no heating. Moreover, at a feed rate of 50 mm/min
with a control temperature of 60 °C (R — A), type 2 could be

Fig.9 Four different types of fracture surfaces (1,2,3,4) were identi-
fied. Each fracture type features characteristic regions. (1) la Mirror
region, 1b Mist region, 1c¢ Hackle region, 1d Burr. The whole frac-
ture surface features small deepenings. (2) 2a Mirror region, 2b Mist
region, 2c Hackle region, 2d Burr. (3) 3a Region with deep linear
grooves, 3b Region with very flat grooves, 3¢ Burr. (4) 4a Hackle
region, 4b Region with deep linear grooves, 4c Burr. The whole frac-
ture surface is rough and features many small deepenings

observed when breaking on the AS, whereas type 3 could be
identified when breaking on the RS. In contrast, only type 2
was found when the flow direction was changed. Therefore,
it is assumed that the fracture surfaces could be influenced
by applying further control temperature conditions. In order
to get a better understanding of the failure mechanisms, the
authors propose that the correlation between the control tem-
perature and the fracture surfaces utilizing a shoulder with
different zones should be investigated (see Fig. 8).

The mirror (2) and the region with deep linear grooves
(4) are always on the side where the stationary shoulder was
set on the specimen. Consequently, there is principally a dif-
ferent bonding strength on the top and bottom independent
of the process parameters of this work. This is assumed to
be due to a relevant temperature gradient over the thickness
through the cooling from only one side. This phenomenon
has to be further investigated by measuring the temperatures
on the backing plate and by introducing a backing plate with
a fluid temperature control.

The microstructure of the base material and the weld
seam was investigated using Fourier transform infrared
spectroscopy on the specimens welded at feed rates of
50 mm/min and 150 mm/min. The band structures were
compared to the reference spectrum of Haken et al. [31].
It was found that the welded material uniformly differs
from the base material independently of the temperature
control approach and the feed rate: the material of the
weld seams shows a different band structure within the CH
stretching region (methyl and methylene groups) compared
to the base material. Notably, no new transmission bands
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appeared in the spectra of the welded material compared
to the base material. Accordingly, it is assumed that there
is no thermal degradation of PMMA during the welding
process but a rearrangement of the molecular structure
[32]. Consequently, this technology is well suited to avoid-
ing thermal degradation of PMMA during FSW.

4 Conclusion

This paper presents a stationary shoulder with a fluid
temperature control that is also capable of cooling the
process. The transverse flow enabled asymmetric tem-
perature control conditions and allows the heat transport
between AS and RS to be influenced. After the explanation
of the design concept, the effect of the feed rate, water
flow direction, and control temperature was examined.
By assessing the tensile strengths, the cross sections, the
fracture surfaces, and the microstructure, the following
conclusions were drawn:

e The joint consists of two bonds: one on the AS and one
on the RS. The strength of these bonds is more crucial
for the joint efficiency than the number of bubbles in the
weld seam.

e It was shown that the ideal control temperature is dif-
ferent for both bonds. This optimal control temperature
depends on the feed rate.

e The material transport was not influenced significantly
with this asymmetric temperature control approach.

e The tensile strength was increased by cooling the pro-
cess at 100 mm/min. To improve the effectiveness of the
temperature control, a new shoulder with independent
temperature-controlled areas is necessary.

e Heat transport from the warmer AS to the colder RS was
established using the transverse flow, which improved the
strength.

e The optical appearance of the fracture surface decidedly
depends on the feed rate.

e The chemical microstructure of the welded specimens uni-
formly differs from the one of the base material indepen-
dently of the temperature control approach and the feedrate.
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