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ABSTRACT

In this report, the progress attained in the Friction Stir Welding (FSW) on polymer
project is depicted, evaluated, and discussed. FSW is a derivative of friction welding
which uses a solid state joining process relying on the conversion of frictional energy
into thermal energy to melt the joint. Two rotational speeds of 1300 rpm and
1400 rpm were used. Other parameters were transverse speed of 10 mm/min, dwell
time of 40 seconds, plunge depth of 1.8 mm, and plunge rate of 8 mm/min were kept
constant throughout the project. The effects of FSW on high density polyethylene
(HDPE) were investigated in terms of their tensile and flexural strengths. Due to
very limited studies on FSW techniques on polymeric materials, this project focused
on HDPE.. The project started with the construction of proper FSW equipment such
as tooling and clamping device which involved designing and machining. The
preliminary experiments were conducted with several rotation speeds and transverse
rates while other parameters were held constant. Based on the preliminaryfresults,
the transverse rate was kept constant at 10 mm/min in the finalized experiments.
Tensile -and flexural tests were conducted. While the visual welded specimens
showed a promising resuit, the best tensile strength was 8.9% compared to the
original material. Meanwhile, flexural test was failed due to the root defect. The

condition and location of the welded part examined using optical microscope.
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CHAPTER 1

INTRODUCTION

1.1 PROJECT BACKGROUND

Friction Stir Welding (FSW) of polymer such as high density polyethylene (HDPE)
can be initiated by introducing heat to the surface and the joint line of the polymeric
sample. It is done by a cylindrical shaped tool with a pointed nib rotating and
traversing at a certain preset speed. The material of the tool is usually steel or

particularly Tool Steel H13.

The FSW method was originated from The Welding Institute (TWI), United
Kingdom. It was first proven success in welding metals such as aluminum, steel,
magnesium, zinc, and copper in 1991 by Thomas Wayne and his colleague [1]. It
was quickly accepted in the domain of metal manufacturing and constant
development in research has been carried out in terms of tool design, joint
orientation, process parameters and weldable materials. FSW on polymer was later

introduced in 1997 and is continually improving ever since [2].

The essence of FSW is it does not alter the mechanical properties of the material
being weld. This is because the unique rotating tool only applies heat sufficient
enough for the weld piece to soften without reaching melting point. Thus the joint
are consolidated as the shoulder of the tool provides forging effect and traps the

stirred material to fuse it together [3].

Furthermore, FSW procedure involves few simple steps and almost minimal
preparation. The welding process commonly involves the use of CNC or
conventional mifling machine. Before undergoing welding process, the material to be
weld has to be rigidly clamped on a vise or specially design jig. This is to avoid the
abutting joint faces to be forced apart by the rotating tool. Then the tool that is

mounted to the spindle of milling machine is rotated at a constant speed.



The rotating pin is plunged into the joint of the weld piece until the surface of the
material intimately touches the shoulder of the tool. As the tool is rotating, it is left
for a certain dwell time to allow the frictional force to generate heat. The tool is then
transverse along the weid line with a constant feed rate stirring the softened material
while the pressure from the shoulder acts as a forging effect allowing the material to

solidify and joining together. The tool is then retracted once the welding finishes.
1.2 PROBLEM STATEMENT

FSW emerges in the joining applications to diminish the problems which arise from
other existing methods such like fastening, bonding by using solvent or adhesive,
and other welding methods like thermal and electromagnetic particularly. The
existing joining processes are collectively involves tardy preparation and expensive
machining, tooling and most of them require consumables. Bonding methods like
adhesives and solvent involves the use of chemicals that releases toxic fumes and
require the use of an extra apparatus and skilled worker. Most of the methods require

longer process time and therefore are unproductive [2].

The urge for efficient and productive plastic joining is not only needed in production
industry but also during repair and recycling as plastics has becoming the important
material for numerous of applications and is highly demanded by consumer [4].
Therefore FSW is the best candidate for the task because of its advantages and it
exhibits contradictive attributes comparing to other conventional joining methods.
However, very limited efforts have been made to improve FSW for plastics.
Therefore, this project is proposed to apply FSW method for plastic or particularly
PE.

1.3 OBJECTIVES
The objectives of this project are:

¢ To determine the suitable parameter for FSW on HDPE.
e To investigate the effects of FSW technique of HDPE on the tensiie and

flexural strengths.



1.4  SCOPE OF STUDY

This project began with the construction of welding tools and appropriate clamping
device for welding operations. The preliminary welding operations were conducted
by using rotational speeds ranging from 1000 to 1500 rpm. The feed rates of the tool
were tested from 6, 8, and 10 mm/min. The purpose of the preliminary test was to
seek parameters that successfully welded HDPE samples. Tensile and flexural tests
were conducted according to ASTM D 638 and ASTM D 790, respectively. The

characteristics of the welded HDPE were examined using optical microscope.



CHAPTER 2

LITERATURE REVIEW

2.1  FSW AND PLASTIC JOINING

There are several methods of joining plastic that had been used in practice instead of
FSW. In developing FSW as amenable joining process for polymeric materials, it is
important to compare it against existing processes. Referring to Figure 2.1, the
process of joining plastic parts falls into two major categories which are mechanical
fastening and joining [5]. The difference between fastening and joining is fastening
uses foreign body to mechanically joining two separate parts. It can be made to be
permanently closed or re-openable for maintenance purpose but they require external
parts and required substantial labor input. Meanwhile the joining secures part

without foreign bodies. Bonding uses chemical reaction to create permanent joint.

BLASTIC JOINING:
f }

EASTENING QI%ING

Rivat i i

Serevs BONDING WEHTHNG

Bolt - | H 1

Bracket SOLVENT. ADHESIVE THERMAL FRICTION ELECTROMAGNEY

Snap Ft Laser Soin Resigtence
Hot Gas Uness nduction
Hot Plate Ultrasoric Microwave
Fxtrusion Friction Stir

Figure 2.1 Plastic Joining,
All plastic welding techniques requires the melting of small portions of the part of
the workpiece. Welding of plastic can be further divided to thermal, friction, and
electromagnetic. Friction stir welding is a subcategory of friction welding along with
spin, linear, and ultrasonic which share the same welding principle. Among the three
of welding" subcategory, FSW has been found the most applicable and practical
method in joining plastic because of its convenient for pre-welded preparation, low

process time, and operating cost, high repeatability, and efficiency [2].



2.2 OVERVIEW OF FRICTION STIR WELDING

Invented and patented by The Welding Institute, a British research and technology
organization. The welding process is applicable to aerospace, ship building, aircrafi,
and automotive industries. The advantages of this welding technique are; the
elimination of the welding defects namely crack and porosity often associated with
fusion welding processes, reduced distortion, joint edge preparation not needed, can
be carried out in all positions, can join conventionally non-fusion weldable alloys

and improved mechanical properties of weldable alloys [4-6].

In FSW, a cylindrical-shouldered tool, with a profiled threaded or unthreaded probe
{nib or pin) is rotated at a constant speed and fed at a constant transverse rate is
plunged into the joint line of two firmly held HDPE sheet or plate. The length of the
nib is slightly less than the weld depth required and the tool shoulder should be in
intimate contact with the work surface. The nib. which is responsible to produce
frictional heating on work piece is then moved against it, or vice versa to stir the
soften material [7]. The shoe is primarily responsible to trap the material displaced
by the nib and holds the weld under pressure as it begins to cool. Additionally, the

shoe smoothes any defects in the top surface of the weld [1].
2.3  FRICTION STIR WELDING OF PLASTICS

Since its introduction to plastics in 1997, FSW of polymers is considered new in its
realm. Therefore, it is not surprising that limited sources and works had been
published. Very few gfoups have reported performing research into the process as
applied to polymers. The leading research grohps are working at TWI and Brigham
Young Uniﬁrersity (BYU). An extensive search revealed published results in three
areas which are the dynamics of tool design, process parameters, and weldable

materials [8].

Among the published literature, the information about the study of the structure of
the welded material is unavailable. The study of the effect of the process on the
structure of the polymer is also absent from the literature [9].



24  FSW TOOL DESIGN

There has not been much written literature or journal regarding on the details of
FSW tool geometry. But generally FSW tools are necessarily cylindrical that
contributes to the dynamics of the rotation. Commonly it has threaded or tapered or
simply a cylindrical shaped nib or pin in the middle of a shoulder at the tip of the
tool. The integrated geometry of the nib of the tool are destigned and used depending
on the material of the weld or joint position while this project uses only simple

cylindrical shaped nib.

The desirable length of the nib is typically shorter than the thickness of the material
being weld while the diameter is approximately equal to the thickness of the weld
plates. The tolerable diameter of the shoulder may be three times the diameter of the
nib [8]. The material of the tool that is being used for the project is Tool Steel H13

which 1s fabricated using lathe machine and undergone heat treatment afterwards.
2.4.1 Heating Shoe

Meanwhile, a researcher from Brigham Young Umiversity (BYU) has proposed a
different method in tool design to produce a good weld by mounting an “add-on”
equipment to the tool called a “shoe” as shown in Figure 2.2. The invention of the
device begins due to the formation of the void on the surface of the weld line. The
formation of the void occurred when the outer material cools much quicker than the
inner, resulting a formation of a hard shell. As the inner layers then cool, the material
contracts and pulls away from the shell. Large voids are formed which detract

greatly from the mechanical performance of the welded joint [10].

The shoe traps the displaced material and promotes a uniform cooling rate
throughout the weld volume by allowing pressure to be maintained for a longer time
as the weld cools. Because more cooling and solidification of the weld occur under
pressure, material shrinkage is more uniform, and void formation is reduced. It can

be heated if additional energy is needed for proper fusion of the joint.



Figure 2.2 Heating shoe.

From the above reference, it is clear that the tool design affected the weld joint.
However, regular tooling design is used for this project and further corrective
measure or adjustment will be taken after the preliminary stage of experiment [10].

2.4.2 Double Pass Technique

A study from Kocaeli University, Turkey by Armagan Arici and Tamer Sinmaz has
been able to eliminate the common weakness exhibited by regular FSW process on
polymer. The regular FSW only perform a single tool pass on the surface of the joint
line thus leaving the bottom part of the joint unwelded. The bottom area that was not
welded is defined as root defect which is the weakest part of the weld region
commonly responsible for all tensile and bending failures [8].

The research team proposed that in order to eliminate the root defect, the work piece
has to be welded using double pass technique. In the first pass, the tool welded
approximately half of the material and then they flip the sample for the second pass
of the tool. With this technique they reported that no root defect appeared after the
second pass and were able to retain up to 97% tensile strength of welded joint

relative to the unwelded parent material [8].
2.5 ADVANTAGES AND DISADVANTAGES OF USING FSW

In general, FSW is claimed to produce stronger, lighter and more efficient welds

than other joining process, with the ability to join materials previously thought to be
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unweldable, or no recommended for fusion welding. Specific advantages claimed for

the process include [11]:

The absence of melting resulting in less weld contamination.

Cost efficient - no consumables.

Minimal edge preparation involved.

Very controllable process with high productivity.

High integrity welds with low shrinkage and little porosity.

Relatively simple process, with low running costs.

Fine-grained microstructure in the weld region, leading to improved
mechanical properties.

Low distortion and residual stress levels, compared to conventional arc
welding processes.

Environmentally friendly — relatively quiet process, and releases no toxic
fumes and spatter.

No gas shielding required.

Able to join wrought to cast product.

Repeatable, resulting in less structural conservatism and possible over-

design.

The current limitations of the FSW process are quoted as:

2.6

Welding speeds slower comparing to some fusion welding process.
Workpiece require rigid clamping,
Backing bar required.

Keyhole at the end of each weld.

SAMPLE MATERIAL

High density polyethylene or HDPE is a thermoplastic polymer made by the

chemical industry and used in a wide variety of applications such as containers,

dispensing bottles, wash bottles, tubing, plastic bags for computer components, and

various molded laboratory equipment. HDPE is weldable or machinable, possess

good chemical resistance, has high impact strength at low temperature, and can be

process by any conventional method [12].

8



Table 2.1 Typical HDPE propetties.

Minimum Temperature (°C) -100

Density (g/cm”)

o T

2.7 INJECTION MOLDING

Since the workpiece of the weld need to be produced, it is important to know the
process and parameters involved in injection molding. Injection molding process was
chosen to produce the HDPE specimen because the workpiece will be welded in the
dumbell shape. Welding the workpiece in this manner is better rather than welding it
on a HDPE plate and cut it out into test specimen shape later on because the welding
strengt could be affected in the cutting process. Injection molding process is a
manufacturing process of forming a material part by heating the molding material
until it can flow and injecting it into a mold [13]. In this case, the mold shape that
was used is a dog bone shape according to ASTM D 638 standard.

Injection molding begins by feeding the pellet or granules into heated cylinder and
the melt was forced into mold by rotating screw system of an extruder. As the
pressure builds up at the mold entrance, the rotating screw began to move backwards
under pressure and when sufficient polymer has built-up, the screw rotation will
stop. Then, the screw was pushed forward by hydraulic cylinder, forcing the molten
polymer into the mold cavity. After the polymer was solidified, the mold opened and

ejector pins removed the molded part.
2.7.1 Parameters of Injection Molding Process

The injection molding process was operated via several parameters which were
depending to the material that is going to be produced. Process control of injection
molding involves the melt temperature, holding pressure, holding time, and injection

pressure.



Melt temperature refers to the temperature of the cylinder of the machine which will
control the melting of the material. The melt temperature was set based on the
materials’ melting point. Holding pressure is the pressure used for regulating and
closing the mold. Holding time is the amount of time that the injection screw
maintains pressure against the plastic after it has been injected into the mold. The
force applied by the rotation screw to the melt material in the mold is called injection

pressure.

The material that will be used for injection molding was pure low density

polyethylene (HDPE) which has a melting point of 135°C.

10



CHAPTER 3
METHODOLOGY

3.1 INTRODUCTION

The work starts with literature search on FSW and the material to be used for
welding in this project. Then it proceeds with welding process afier the suitable
parameters for welding, tool material and geometry, and work piece material are

determined. Figure 3.1 shows the project workflow of the whole project. After

Literature search about FSW on plastics

!

Tool design
-Tool Steel H13, welding jig

!

Sample processing
-Imection molding of HDPE, ASTM D638 type |

FSW welding process
~Preliminary FSW test, rotation speed, feed rate, dwell time
]

v

Conduct mechanical testing
-Tensile test ASTM D638, Flexural test D790

Result analysis
-Optical microscopy

Figure 3.1 Project work flow.
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undergoing the welding process, the welded sample was taken to be tested with

Universal Testing Machine to determine the ultimate tensile strength of the welded

sample relative to the base material. After that, the weld region will be analyzed

visually using optical microscopy. This chapter will discuss the procedure
throughout FYP 1 and FYP 2. The Gantt chart of FYP | and FYP 2 are presented in
Tables 3.1 Table 3.2.

Table 3.1 Gantt chart of FYP 1.

No Petails
i | Selectionofprojecttopic
2 | Prelhminary ressarchwork/ itrsiure
search
3 | Submission of prelingnary report
4 | Protect Work: investigation of proper
fnclingmaterial & geometry
5 | Profect WorkFamiharize with appa-
rapys mackine znd materisl involved
& | Swbmission of Progress report
7 | Semiuar
8 | Projeetwork: fabdeation of the work
plece material {PE}
9 | Project work: Praliznary experiments
16 | Submussion of interimereport final
draft
11 | Oral presentation
Table 3.2 Gantt chart of FYP 2.
Ns Activities Week
11213 [4:5(6!° S$I9 Wi 121311415
1 | Projectwork conlinges: —
Fabrication of Tool & Heat - !
Treatment P
2 1 Perform Preliminary Welding : :
Experiment -
% | Perfonm Welding Experitnent
4 | Snbmission of Progress Report
5 | Tensileand FlexuralTest
4 1 Pre-EDX
T | Submissionof Disssrtafion(sofi
Bound)
Submission of Technical Paper
% | Oral Presentation B
18 | Submisston of Dissertalion{Hard !
Bound) : |

12



3.1.1 Tool & Weld Equipment

The design of the tool is a critical factor as a good tool can improve both the quality
of the weld and the maximum possible welding speed. The depth of the pin or nib of
the tool was slightly less than the depth of the welded material, which was 1.7 mm.
The total length of the tool was about 71.7 mm. The diameters of the nib and
shoulder were 4.0 mm and 10.0 mm, respectively (refer APPENDIX B). Tool Steel
H13 was selected as FSW tool and was fabricated using CNC lathe machine. The
tool used for FSW is displayed in Figure 3.2.

FSW tool should be sufficiently strong to avoid fracture to the small nib at welding
temperature. Furthermore it should have good oxidation resistance and low thermal
conductivity in order to minimize heat loss and thermal damage. To achieve this, the

tool was heated after fabrication process which will be discussed in the next section.

A jig was included to hold the workpiec. The jig or clamping device offered a
vertical holding forces which averted the abutting joint of the material from opening
a gap while the rotation and transverse movement of the tool exerting horizontal

force to the joint. Figure 3.3 below shows an example of a FSW jig.

Figure 3.2 FSW tool.

13



A pair of jig was designed particularly for this project where one was used to clamp
tensile specimen and the other was for clamping flexural specimen. The jig was
made from a 100 mm x 100 mm x 10 mm aluminum plate where a 2 mm slot is
milled on the plate surface to fit the welded specimen. And then the specimen was
held by two piece of aluminum plate using 4 pieces of 8 mm bolt.

Figure 3.3 FSW jig

3.1.2 Heat Treatment

Heat treatment process is also included in tool design section as the tool steel will
undergo heat treatment process to further hardened it and increase its wear
resistance. The heat treatment is necessary because Tool Steel H13 is normally
delivered in the soft annealed condition. The purpose is to make the material easy to
machine with cutting tools and to give it a microstructure suitable for hardening. The
microstructure consists of a soft matrix in which carbides are embedded. Carbides
are compounds of carbon that has very high hardness. Higher carbide content means
higher resistance to wear [14].

In soft annealed tool steel, most of the alloying elements are bound up with carbon in
carbides. Additionally, cobalt and nickel do not form carbides but instead dissolved
in the matrix. When the steel is heated for hardening, the basic idea is to dissolve the

carbides to such a degree that the matrix acquires an alloying content that gives the

14



- hardening effect without becoming coarse grained and brittle [15]. The temperature

vs. time graph and heat treatment process is shown in Figure 3 4.

Figure 3.4 Temperature vs Time graph for heat treatment.

The heat treatment of the tool was carried out in the furnace and there were some
changes to the color of the tool due to the oxidation process during heat treatment.
Initially, the tool was inserted into the furnace and preheated for 2 hours to raise the
temperature from 25°C (room temperature) to 724°C. As the tool is heated above the
critical temperature, 724°C, it underwent a phase change, recrystallizing as austenite.
The tool continued io be heated slowly to the hardeming temperature, 724°C to
760°C for another 2 hours. Then the temperature was increased to 1000°C for 1 hour
to ensure complete conversion to austenite. At this point the steel was no longer

magnetic, and its color was cherry-red (refer APPENDIX A).

Then the austenitic steel was cooled (quenched) back to room temperature for
2 hours. Then a new crystal structure, martensite, was formed. Martensite is

characterized by an angular needle-like structure and it has a very high hardness.

While martensitic steel is extremely hard, it is also extremely brittle. Internal stresses
remain in the tool from the sudden quenching may facilitate breakage of the tool.

Heating relieves these stresses and causes partial decomposition of the martensite

15



into ferrite and cementite. The amount of this partial phase change is controlled by
the temperature. The heated steel is not as hard as pure martensite, but is much

tougher [16].
3.1.3 Sample Processing

The initial attempt of the project was to conduct a FSW welding on Low Density
Polyethylene (LDPE). However, LPDE piece was failed to be welded due to its loose
structure of molecular chain, HDPE was selected as a substitute sample to LDPE. In
this project, 30 HDPE dogbone samples were produced using injection molding
method at temperatures in the range of 200°C to 240°C. Some of the samples were
used in tensile test using Universal Testing Machine and the other portions were

used as welding work piece for FSW.

Figure 3.5 ASTM D638 Type I tensile specimen.

The preparation of HDPE tensile specimen was governed by ASTM D638 according
to Type 1 tensile specimen dimension as shown in Figure 3.5. The raw material used
was HDPE by Titan Chemicals, product code Titanvene™ HD6070UA which
nominal density was 0.958 g/cm’ and melting point of 132°C (refer Appendix C).

3.1.4 Preliminary Experiment

During preliminary experiment, multiple set of parameters were tested to find the
suitable parameters that gives the best effects on the weld joint. As mentioned in

previous chapter, the scope of study of this project is to study the effect of FSW

16



parameter which is rotational speed on the weld quality. Therefore, the variable is
rotational speed while feed rate are held constant. The feed rate of the tool will be
varied in the preliminary stage to adjust to the weld outcome, but later on was set to

constant in final welding process.

In the end of preliminary experiment, weld results were obtained and the suitable
parameters for FSW works on HDPE were determined. The weld process was
carried out with series of tests using rotational speed of 1000, 1200, 1300, 1400, and
1500 rpm. The feed rates of 6, 8, and 10 mm/min were tested. Other parameters set
to be constant were plunge rate of 8 mm/min, plunge depth of 1.8 mm and dwell
time of 40 seconds. Plunge rate is the rate of the tool is plunged from the touching

point between pin and weld surface.
3.1.5 Welding Process

In this stage, the welding process will be carried out using the parameters that were
determined in previous preliminary experiment. The product which is the welded
specimen of HDPE will be used in tensile testing to obtain the ultimate tensile
strength of the weld joint. The FSW process will be performed using Bridgeport
CNC Milling Machine shown in Figure 3.6.

Figure 3.6 Bridgeport CNC milling machine.

17



The FSW process will be carried out on a HDPE sample i butt joint position.
Referring to Figure 3.7 the material will be clamped in between a sacrificial plate
which is of the same material as the work piece or the tensile specimen. A sacrificial
plate is a “dummy” sample with material and size similar 10 the HDPE specimen that
provid.es an extra space for the tool to transverse. The sacrificial plate and the weld
specimen were inserted tightly in the slot of the jig and will be held down by another
pair of aluminum plate. After the jig is place on the table of milling machine, the tool

pin was brought close to joint line to make sure it is parallel to the tool path.

After the setup is finished, the tool is then rotated at speed of 1300 rpm for the first
test and 1400 rpm for the second test. As the tip of the pin touches the surface of the
tensile specimen, the tool is plunged at rate of 8 mm/min in between the joint line.
After the pin reaches a depth of 1.8 mm in the work piece, it is left for 40 seconds of
dwell time. The setting of plunge rate and dwell time of the tool is to ensure that the
tool can generate enough heat in the polymer. After the dwell time is passed, the
welding commences at a transverse speed or feed rate of 10 mm/min. Note that feed
rate, plunge rate and depth, dweli time, and tool size are constant throughout the test
whilst the only manipulated variable in this project is the rotation speed.

At the end of the weld line, the tool is retracted which usually leaves a hole marked
by the pin of the tool which the FSW pioneers called “the keyhole” [17]. After the

weld is finished, the welded samples were taken to the next stage of this project

which is tensile test.

» .
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Figure 3.7 FSW weld layout.
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3.1.6 Tensile Test & Flexural Test

The tensile test is the most common test to determine such mechanical property of a
material such as strength. For the study i this project, the tensile strength and
flexural test is the properties that will be consider. Tensile strength is defined as the
stress at the maximum on the stress-strain curve in MPa or psi. Flexural strength is

the measure of a bending strengt of a material.

To perform this test, a LLOYD Instrument LRSK, 5kN load Universal Testing
Machine (UTM) will be used. The standard test method for the tensile strength was
according to ASTM standard D 638. At least 5 specimens were prepared for each
sample to be tested. Therefore a sum of 10 specimens was prepared to satisfy the
testing of FSW with rotation speed 1300 rpm and 1400 rpm. Before the test
specimen was mounted to the UTM, the width and thickness of specimens was
measured at the center and within 5 mm of each end of gage length. When mounting
the test specimen to the jig, the tip of the gripper was set 7 mm away from the
gripping section of the test specimen. After the grippers are tight, the test can now be
run until the specimen reaches the breaking point. The results of tensile and flexural

tests were collected and discussed in the next section.
3.1.7 Optical Microscopy

After the mechanical tests were carried out, the specimens were then examined using
optical microscopy. The optical microscopy was used to observe fracture locations of

the weld or any signs of void or cracks in the weld region.
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CHAPTER 4
RESULT & DISCUSSION

4.1 FRICTION STIR WELDING OF HDPE

This section will discuss about the testing that have been conducted and how the data
will be analyzed. Since the initial FSW test on LDPE has proven to be unsuccessful,
HDPE has been chosen as substitute because it has higher density compared to
LDPE. The reason that LDPE is unweldable using FSW and Tool Steel H13 is
because of the material structure and physical properties itself. Comparing to HDPE,
LDPE possesses a molecular structure that is less compact and is much softer than

HDPE.

Several trials were conducted to determine the suitable parameters to produce a
successful welding. The parameters that were used in the preliminary test and their
results were summarized in Table 4.1. Rotation speeds and feed rate are varied in the

preliminary test while other variable are held constant.

Table 4.1 FSW preliminary test result.

Test | Rotational | Feed Rate Remarks
num. | Speed | (mm/min)
(rpm) ,
1 1000 8 Weld unsuccessful
2 1000 10 Weld unsuccessful
3 1200 6 Weld unsuccessful
4 1200 8 Semi joining
5 1200 10 Semi joining
6 1300 8 Semi joining
7 1300 10 Weld success
8 1400 10 Weld success
9 1500 6 Weld unsuccessful
10 1500 10 Weld unsuccessful

From the remarks, weld unsuccessful denotes that the welding was not successful

and the joining of the material does not occur. Instead of fusing the material together,
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the rotational friction gives the drilling effect in which it leaves a lot of residue or
dust caused from material deposition by the pin. This parameter only produces a trail
of gutter line instead of weld line as shown in Figure 4. 1. Meanwhile semi joining
means that the weld is successful and the weld result shows that the material is

plasticized and accumulated behind the pin trail.

However the weld is not strong and easily breaks due to insufficient heat contributed
by the rotation or the feed rate of the tool. This is because polymer like HDPE
possesses a loose and large molecular chain in contrast to metals which atoms are
positioned in orderly and repeated pattern [18]. Hence the frictional heating
generated merely by the rotating tool was not uniform. Seth Strand reported in his
paper that by using external heating element, he was able to eliminate the voids and
improve the mixing in the weld region. The heating element which called “shoe” is a

solid cuboid with a built-in heater and a hole drilled for the pin [10].

Figure 4.1 Unsucessful welding sample.

The weld success remarks that the material is successfully joined and it exhibits
good material fusion on the weld line. The test number 7 and 8 are then used in the
final welding process because of their fine weld products as shown in Figure 4.2.
The HDPE sample exhibits a fairly fine joint finishing after the weld. Although
tensile test result proves quite unsatisfactory, there are other improvising measures
and technique to be implemented in the future study to increase the strength of the

joining. The weak joining of the weld produced in this project is caused by
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insufficient heating that is hard to be attained. From the Figure 4.2, notice how the
stirred HDPE left a “ripple-like” form caused by the stirred material deposited by the

tool pin. At the edge of weld line where the tool is retracted, there was a “key hole”.

Figure 4.2 A welded HDPE piece.

4.2 TENSILE TEST & FLEXURAL TEST

The test started with pure HDPE samples to obtain its original tensile strength value,
and then the test was repeated with other two sets of test specimen. Tensile strength
data were then obtained and tabulated in the Table 4.2

From the result, we can observe the distinction in tensile strength value between the
two sets of parameter. The welded samples were fractured without showing a yield
necking. Although the tensile value of the welded sample was very low compared to

the original HDPE, the welded samples showed visually successful in welding
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HDPE samples. There is still room for improvement to be taken into consideration to
increase the strength of the joint. The reason that the value of the tensile strength of
the welded sample was low because of the existence of root defect and the welded
sample was already prone to break before being pulled in UTM because there was a
gap underneath the weld pool that was not joined during FSW.

Table 4.2 Tensile strength result.

Tensile Strength (MPa)
tyizl;:llrll; Unwelded Original |  Specimen Specimen
’ HDPE welded with | welded with

SPECIMEN 1300 rpm 1400 rpm

1. 26.8 1.3 1.4

2. 26.9 1.1 2.1

3. 275 0.6 33

4. 27.2 0.8 2.7

5. 278 1.1 23

Average 272 10 24

Standard 0.4 0.3 1.0

Deviation

The result indicates that the specimens that were welded with rotation speed of 1400
rpm are beiter compared to the specimens welded with 1300 rpm rotation speed.
Tensile values of each parameter are 3.7% and 8.9% respectively compared to the
original HDPE specimen. The data from Table 4.2 were used to create an ultimate

tensile strength versus sample type graph as shown in Figure 4.3.

The flexural test conducted on welded HDPE sample was failed to produce any
results because of the root defect. The root defect and the pressure from the tool
plunge causing the flexural sample to bend after the welding is finished. All welded
flexural sample exhibit similar error when the flexural test was carried out. Therefore

the test could not be run and the result was invalid to be evaluated and discussed.
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Figure 4.3 Bar chart and error bar of tensile strength result.

4.3 OPTICAL MICROSCOPY

Figure 4.4 shows the region of which a HDPE was photographed. The fractured
welded specimen was then viewed and photographed using an optical microscope to
observe the fracture of the weld. Figures 4.5 and 4.6 showed the pictures of a
microscopic view of a weld and the fracture that was taken at 5x magnification. The

sample shown was welded with 1400 rpm rotational speed.

Figure 4.4 Region of where FSW
sample is photographed.
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Figure 4.5 Region (a) which indicate the type of fracture.

Figure 4.6 Region (b) which shows the structure of weld pool.

From the optical microscopic figure, we can see that the crack initiated from the gap
at the base of the material and through either side of the weld. Figure 4.6 shows that
there is no void or crack formation in the weld, however the fracture prone to occur

because of the gap underneath the weld which has high stress concentration.
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CHAPTER §
CONCLUSION

51 CONCLUSION
The following conclusions can be drawn from this study:

o FSW on HDPE was proven to be successfully feasible using existing tool and
equipment at UTP.

e Rotation speed of 1400 rpm and feed rate of 10 mm/min showed promising
results of FSW on HDPE. Visually, the specimens were welded.

e Very low tensile strength was achieved. Th bestlresult was 8.9 % compared

to the original HDPE specimen,

3.2 RECOMMENDATIONS

Based on the observations and tensile strength resulis, the following

recommendations are proposed:

Research on external heating elements for FSW on polymer material should be
explored. With the utilization of the external heating element, the forging rate of the
stirred material can be extended, allowing the welding to achieve uniform cooling.
The external heating element was found to be capable to eliminate cracks and voids

of the welding as reported by Seth R. Strand [10].

Furthermore, in order to rectify the drawbacks of the tensile strength of the welded
polymer obtained in this project and to eliminate the root defect. Double passing
method should be performed in order to eliminate the gap which is the weak point
where the stress is concentrating at that region. It is recommended to perform the

weld at the top and the bottom of the joint line as reported by Armagan Arici and
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Tamer Sinmaz. They managed to obtain the tensile strength of 97% compared to the
original MDPE specimen [8].

Tooling geometry and material should be further investigated to improve welding
quality. Pin shape such as tapered/non tapered or threaded/non threaded should be
included in the studies. It was believed that the pressure applied to the tool by the
shoulder also played an important role in controlling the stirred material.

Furthermore, the effect of tool tilt angle should aiso be taken into account as well

[8).
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APPENDICES

APPENDIX A: Simplified Fe-C Phase Diagram (Steel Portion)
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APPENDIX C: HDPE product data sheet

TITAN

CHEMICALE

PT. TITAN Petrokimia Nusantara 53y peskinie

Indonesia
Phone +62 254 574333
Fax +52 254 571290

A Prgdﬁ e‘i Bata Sh eei g?nb:ﬂjte EW:JEL—P“@M;U::& gl::':? p.mcom

Titanvene™ HDGO7OUA

General Injection Moulding Applications

Titanvene™ HDG070UA is a high density polyethylene
copolymer with - a narrow molecilar weight distribution
protected by a UV stabilizer for ocutdoor expasure.
Titanvene™ HDGOTOUA is suitable for a wide range of
injection moulding applications. Titanvene™ HD&OTOUA is
characterised by its easy processing, high rigidity/good
impact resistance and high warpage resistance.

Applications

Titanvena™ HOB070UA is designed for:
- Crates, pails and containers.

- Pallets, structural foam and seats.

Recommended Processing Conditions
Titanvene™ HDBD7D0UA can be easily processed on normal

polyethyiene injection moulding machines at temperatures in
the range of 200°C to 240°C.

Food Contact Compliance

Titarwere™ HDSD78UA can he used in food contact
applications. Please corfacl your nearest PT. TITAN
Petrokimia Nusantara representative for more detsil of food
cantact compliance statements for the specific grade.

General Properties Vatue @ Unit Test Method
Melt Fiow Rate {180°C/2.16 kg) 75 g/10 min 180 1133 Condition 4
Nominat Density 958 kg/im® SO 1183 Method D
Vicat Softening Pgint 127 °C iSO 306
Melting Point 132 “C 150 3146 Method C
Mechanical Properties Valua Unit Tast Method
Tensile Stress ai Yield 27 MPa ISO/R 527 Type 2 Speed
Elongation at Break 1500 % ISOR 527 Type 2 Speed C
Charpy Impact Strength '8 kifm* 1ISO 179 Type 1 Notch A
Flexural Modulus 1500 MPa ISO 178
ESCR Condition B, Fen * 7 Hours ASTM D1693

() The optimum processing ditlons can bz 0¥ hi the: oty depend on the mostd and part design.

{2) ‘the values shawn are typical valkies obiaine) by sveraging a rumber of tests. Skt divergences from the qupted figures may oecur.

[5)) Maastrad on comprassion malded
4 Enviranmeant Strass Cracking Resistanca 109 Jgapal : CO-530

" Worlt’s 1% Halal Certified Resins - preserve integrity, wholesomeness & hygiene ~

We cannot mticipatc ull conditions wnder whicl: (s il For: gnd ot prod o the prodects of ather marmdfactiyers i combination with our preducts, may be used. We
accept no tesponsibility for results obuined by the application of this iaf on ot the safity and suieabifity of oor prodacts, cither alone or in combination with other
products. Users are advised 1o make their own fests to detcomine the safety and soiabilily of cath such peoduct o product combination for their own purpeses. Unless
othurwise agreed in writing, we soll products withow! waerzaly, il by snd usos 2ssumy all responsibility and Hability for Yoss or damage arising from the handling and

use of our products, whether used alone or in combination with: siher produ:
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