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Abstract

Friction stir welding (FSW) is a promising joining process that offers a high potential to be
widely applied across industry sectors such as automotive, shipbuilding and aerospace.
Nevertheless the path force can vary significantly due to the fluctuation of workpiece
temperature and other process variations, thus results in inconsistency in weld
microstructure. This paper describes the system integration of a FSW machine with a
focus on the development of a ftraverse confrolled table in order to produce a
consistent femperature and path force along the weld path in FSW process. Aluminium
alloy 6061 plate and a FSW's tool with a flat shoulder and conical pin without thread are
used. Advantages of such an approach include wormhole generation will be
eliminated, a high quality of weld microstructure can be produced and the
synchronization between the temperature and path force can be obtained.
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1.0 INTRODUCTION

Friction stir welding (FSW) was invented by Wayne
Thomas in 1991 at The Welding Institute (TWI),
Cambridge in United Kingdom and patented in 1995
[1]. This FSW process is a solid state joining process that
is gaining popularity in the manufacturing sector and
mostly used for welding soft metals or alloys such as
aluminium and copper. The FSW also has been found
to be effective for joining plates with different type of
joint configurations such as square butt, combined
butt and lap, edge butt and others.

The advantages of FSW include environmentally
friendly since there is no filler material and no fumes,
increased mechanical strength, reduced porosity, no
spatter, low shrinkage and low distortion. Since during
the joining process, the parent materials remain in their
solid state compared to fusion welding which require
the parent materials to be melted first. The FSW

process widely used in industries like automotive,
shipbuilding, civil aviation and aerospace [1].

The FSW process begins by clamping the work
pieces to be welded tightly to a backing plate. The
process of FSW consists of four different stages that are
plunge phase, dwell phase, welding phase and retract
phase. In plunge stage, the rotating tool is plunge - in
vertically info the joint line between the work pieces.
Then, followed by dwell stage, the tool is held steady
relative fo the work piece while the tool sfill rotatfing.
Then, heat distributes into the surrounding material
leads to the rising of tfemperature and material softens.
The welding process then takes place by moving the
tool along the joint line of the work pieces. When the
weld distance is covered and reaching the end -
point the tool is refracted from the workpiece while it is
sfill rotating. This leaves a keyhole on the workpiece [1,
2].
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In FSW process, the main process parameters that
involved are tool rotation speed, fraverse speed,
plunge depth, and tool's dimension [3]. The heat
generation rate commonly controlled by the tool
rotation speed, so that increasing the traverse speed
decreases the average heat input. This will lead to a
slightly lower material temperature and increased tool
forces [4]. Constant process parameter runs can result
in poor quality welds due to improper fixturing of the
workpiece, structural deflections, machine geometric
errors, change in thermal boundary conditions, and
mafterial inconsistencies along the weld path [5]. Thus,
utilizing traverse speed as the confrol variable can
produce a weld with more consistent microstructure
qualities while maintaining a constant plunge depth.

The most relevant forces subjected to the tool during
FSW are path force, axial force, and side force. This
paper will focus on path force which is a result of the
material’s resistance to the tool movement along the
joint line. This force will be influenced by the welding
parameters which is the faster welding usually
generates more force and the type of the welded
material such as the temperature dependent material
hardness. By maintaining the constant traverse force,
even in the presence of gaps and wormhole
generation during the welding process is eliminated by
regulating the traverse force [6].

The aims of this paper are to infroduce the
combination of temperature and path force confrol
analysis in FSW using the fraverse conftrolled table that
specifically designed to control the traverse motion of
the welding table during the FSW process. This paper
mainly focused on the fraverse stage of the FSW
process and not considered for plunge and retfract
stage.

2.0 REVIEW OF PATH FORCE CONTROL IN FSW

Currently, there was a lot of research that investigated
and analyzed the force controller in the FSW process in
order to obtain good quality of weld microstructure by
regulating the axial force and path force along the
weld path. This force can be confrolled by adjusting

the vertical position, the traverse speed, or the rotation
rate of the tool [7].

Xin Zhao et al. [8] have been designed the
feedback conftroller for the path force by using the
Polynomial Pole Placement (PPP) technique in order to
regulate the path force at a constant value. They
focused on the designing of confroller based on
empirical dynamic models that was implemented in a
Smith  Predictor - Corrector (SPC) structure to
compensate for inherent equipment communication
delays for 6061 - T6 aluminium alloy, butt welded. The
tool used was threaded, contains three flats and has a
scrolled shoulder. The filt angle was set to zero. While
force signal was filtered with hardware via a low pass
filter.

The result was validated with conducting of three
sets of experiments which were implemented to tfrack
constant reference path forces and the plunge depth
and tool fraverse rate are constant, fo examine the
confroller’s performance when welding along skin - to
- skin gaps and to demonstrate the ability of the path
controller to eliminate the generation wormholes
during the welding process. The results validated that
the path force confroller was able to track constant
path, even when gaps were encountered along the
weld path and the wormhole defect during the
welding process can be eliminated.

3.0 TEMPERATURE AND PATH
CONTROL SYSTEM

FORCE

Figure 1 llustrates the flow of the combined
temperature and path force analysis that will conduct
using experimentation in order to obtain the real — time
data for both temperature and path force result. The
experimental procedure begins with the initial
preparation of experimental equipment.

The conventional milling machine (refer to: Figure 2)
will be calibrated before run the experiment. The
fraverse controlled table that was specially designed
will be attached to the conventional milling machine
and other equipment of National Instrument will be
setup as shown in Figure 2.

Preparation of Material, Tool and

i "> Process Paramet Data Collecti
Experimental rocess al:ame ers /—Run Experiment /— ata Collection Documentation
Equipment Selection

Result

oGraph of Real - Time Temperature
¢Graph of Real — Time Path Force

Figure 1 Experiment flowchart for temperature and path force analysis in FSW
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Figure 2 System integration of a FSW machine with a traverse confrolled table

This experiment will be conducted using aluminium
alloy 6061 - T6 with dimensions of 230mm x 130mm and
é6mm thickness was selected for this experiment. This
experiment will be performed using bead - on - plate
method, which is commonly used in initial festing to
analyze the process without disturbances generated
by gaps between the parts. This method does not
involve the actual joining of parts; rather, the pin
processes solid material. The input process parameters
are selected as the traverse speed and tool rotational
speed, while plunge depth of 0.5mm from the boftom
surface of the workpiece and tilt angle of 3° are held
as constant during all runs. During each run, the
fraverse speed will vary between Tmm/s to S5mm/s
while the tool rotational speed will be set to 650rpm,
950rpm and 1400rpm respectively.

The experiment then will be run according to the
selected process parameter using the FSW tool with
the flat shoulder with a diameter of 20mm and conical
pin without thread, with diameter of 6mm for pin and
Smm of the pin’s base while the height of the pin is
5mm. The tool was held fightly to the spindle at the
conventional miling machine during rotating and
plunged info the workpiece. The traverse motion will
be help by the traverse controlled table. From this
experiment, graphs of real — time temperature and

path force will be obtained and the details result will
be collected for documentation.

By referring to Figure 3, this table waos
accommodated with the general purpose AC driver,
which is Commander SK from Emerson Industrial
Automation that was ideal for a wide range of
industrial automation and process control applications
This traverse speed confroller will send the input to the
fraverse motor to control the shaft rotation according
to the input frequency so that the traverse table will
move according to the desired speed on the fraverse
railway during the FSW process. Besides that, this fable
was developed with a backing plate and a clamping
system which is the main important aspect that need
to be highlighted during the FSW process. This
clamping system is used to clamp the workpiece
tightly so that any unnecessary movement will be
avoid. Hence the FSW process wil be running
smoothly and the accuracy of the result obtained can
be ensured. For safety precaution, a stopper sensor
was attached at the end of the traverse railway, so
that when the traverse fable reached the end of the
railway and touch the stopper sensor, the traverse
motor will automatically stop. An emergency stop
button also can be used for any emergency condition
during the FSW process.
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Figure 3 Traverse controlled table configuration
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Figure 4 Closed - loop control system for path force confrol in FSW

Temperature is measured using fype K
thermocouple wire (refer to: Figure 2) from fibreglass
attached to the FSW tool and the workpiece in order
to analyze the fluctuation of the temperature and
collect the result in real — time during the FSW
process. During the experiment, the temperature
measurement in real — fime will be transmitted to the
NI DAQ 9213 which is a thermocouple input module
that attached with NI compactDAQ - 9174. The
graph of the real - time tfemperature can be
obtained with the Measurement and Automation
Explorer (NI MAX). Thus, NI DAQ 9263 will read the
value for the fraverse force during the FSW process.

Path force in this experiment will be directly
controlled  with  LabVIEW  software with a
programming of path force contfrol attached to
fraverse speed conftroller. The closed - loop system
block diagram for path force is as shown in Figure 4,
where Fr indicates the reference force, F is the
measured force, E is the error between the reference
and measured forces, C is the conftroller transfer
function, G is the model force process transfer
function and H is the feedback control signal that will
give a command to adjust the fraverse speed until

the measured forces satisfied the reference force.
The graph of real — time path force will be obtained.

Lastly, both temperature and path force control
system need to support each other since both of it
can help in maintaining the weld quality even in the
presence of gaps. Besides that, the path force
controller was needed to eliminate the generation of
void defects and wormhole generation during the
FSW process. It is an advantage to combine the
both control methods, so that during the FSW process
both a certain temperature and a specified path
force is maintained.

4.0 SUMMARY

This paper describes the development of a fraverse
controlled table for friction stir welding using a milling
machine with the aim of improving the performance
of the FSW process by the combination of
temperature and path force control system. The
developed prototype enables experiment and a
wide range of analysis o be carried out to determine
suitable parameters for a robust force conftrol.
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