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ABSTRACT

The joining of thermoplastics through welding, a specific form of fusion bonding,
offers numerous advantages over mechanical joining. It eliminates the use of costly
fasteners and has only a limited effect on the strength of the parts being joined since it
does not require the introduction of holes and loading pins, and it does not create
significant stress concentrations. A specific form of welding, Friction Stir Welding, was
investigated for the creation of butt joints of unreinforced polyphenylene sulfide (PPS)
and short carbon fiber reinforced polyetheretherketone (PEEK) plates. Friction stir
welding requires a rotating pin, a shoulder arrangement, relative movement between the
tool and the weld piece and a clamping mechanism to hold the weld piece in place.
Analytical models and experimental results show that the heat generated by the FSW tool
is insufficient to produce the heat required to weld thermoplastic materials which makes
FSW of polymers different from FSW of metals. A second heat source is required for
preheating the thermoplastic parts prior to welding. A resistance type surface heater was
placed at the bottom of two identical weld pieces for the experiments. Two types of
shoulder design i.e. a rotating shoulder and a stationary shoulder were developed.
Taguchi’s Design of Experiment method was utilized to investigate the welding process,
where duration of heating, process temperature, tool rotational speed and tool traverse
speed were used as the welding parameters. The quality of the welding process was
assumed to be indicated by the weld strength. DoE revealed that one of the process

parameters, tool traverse speed, had significant influence on the tensile strength of PPS



samples. While PPS sample showed relatively lower tensile strength with higher traverse
speed, short carbon fiber reinforced PEEK samples had higher tensile strength with
higher traverse speeds.

In addition to tensile tests on dog bone shaped specimen, fracture toughness tests
were performed for both PPS and PEEK samples to identify the fracture toughness of
these materials. Presence of un-welded section in the welded specimen due to the setup of
the experiments yielded notched tensile strengths during the tensile test process. With the
help of fracture toughness values of these materials, notched tensile strengths of the
welded samples were compared with the notched tensile strengths or residual tensile
strengths of the base materials. In this study, residual joint efficiency of PEEK samples
was found higher than that of PPS samples. Additionally, notched tensile strengths of the
welded samples were compared with un-notched tensile strengths of the materials. The
notched tensile strengths of PPS and PEEK were found about 80% and 75% of the
respective base materials. Micrographs of PEEK samples showed the presence of more
voids and cracks in the weld line compared to the un-welded samples.

In this study, continuous friction stir welding process has been developed for butt
joining of unreinforced PPS and short carbon fiber reinforced PEEK. The process
parameters and the experimental setup can be utilized to investigate the weldability of

different types of thermoplastic composites and various types of joint configurations.
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CHAPTER 1

INTRODUCTION

Significant advances in thermoplastic composite materials make them effective
for numerous industrial applications; specifically, in the Aerospace industry. The latest
advancement show that the thermoplastics can be used in more, increasingly large
primary structure components [1]. Fokker manufactures the horizontal tail of the in-
development Agusta Westland AW169 medium twin helicopter and the in-service
Gulfstream G650 business jets have their rudder and elevators made of thermoplastics [2]
[3].

Composites are highly sought after for their high specific strength and stiffness as
well as durability in corrosive and fatiguing environments. Thermoplastic composites are
playing a vital role in the development of primary and secondary structures in
commercial and military aircrafts. Many companies have developed materials and
processes that enable to produce continuous fiber reinforced advanced matrices.
Numerous advantages made thermoplastic materials attractive in the aerospace industry.
They offer unlimited shelf life, high toughness, short process cycle times and
reformability, which allows a level of integrated manufacture that is unachievable with
thermoset based composites.

The engineering thermoplastics came on the market in the 1980°s. The most
promising thermoplastics in aerospace applications, such as polyphenylene sulfide (PPS),

polyetherimide (PEI) and polyetheretherketone (PEEK), require relatively high



processing temperatures. The production of parts and assemblies of thermoplastic
composites differ significantly from their thermoset counterparts.

In industrial applications, proper assembly of composite parts is a key point for
the integrity of the primary and secondary structural assemblies. Joining methods for
similar and dissimilar thermoplastics are the key for efficient manufacturing [4]. In many
cases, methods of mechanical fastening may lead to the risk of damaging the matrix as
well as the fibers in the composite material. Drilling and fastening are slow, failure
sensitive and expensive [5]. Joining of thermoplastic composites can be done based on
fusion bonding techniques instead of drilling and fastening. Some of the fusion welding
techniques are ultrasonic welding, induction welding, resistance welding, rotational
welding and autoclave based integral consolidation. Fusion bonding or fusion welding is
a generic term for joining or welding processes that rely on several factors including
melting of base materials of similar compositions, their melting points, applied pressure
and time. Due to the high-temperature phase transitions which are the integral part of
these processes, a heat-affected zone is created around the joint line. Most of the fusion
bonding techniques involves heating and melting the polymer on the bond surfaces of the
components and then pressing these surfaces together for polymer solidification and
consolidation. A new alternative bonding technique is friction stir welding [6] [7]. It was
initially developed by Wayne Thomas at The Welding Institute (TWI) in 1991 for joining
metals. It overcomes many of the problems associated with traditional joining techniques.
FSW is a solid-state process which produces welds of high quality in difficult-to-weld
materials such as aluminum, titanium and their alloys. Inspired by the success of joining

metals, researchers are interested to join polymer based products utilizing FSW.



Although successfully applied for unreinforced polymers [8] [9] [10], the application for
continuous fiber reinforced thermoplastics is far from trivial. The development of friction
stir welding process for specific unreinforced polymers and short fiber reinforced
polymers is the goal of this research.

Advantages of FSW lie in the fact that it takes place below the melting point of
the material and has the ability to join thermoplastics that are difficult to fusion weld with
existing technology. In addition, this process is highly adaptable for automation and
robotic use [11] [12]. Some other advantages of FSW include low energy consumption,
little joint preparation, no fumes during process operation and pollution associated with
most fusion welding techniques [7].

Recently researchers showed interest in FSW of unreinforced thermoplastics [13].
The influence of different process parameters on the joint strength has been analyzed for
friction stir spot welding of unreinforced polycarbonate sheets [14] and high density
polypropylene [15]. Many researchers worked on microstructure and mechanical
properties of friction stirred welded materials [16] [17]. Seth et al. [18] analyzed the
mechanical and microstructure properties of friction stir welded polypropylene sheets
using a hot shoe method and determined process parameters to achieve minimal
disruption of the polymer’s microstructure. They hypothesized that the welds should be
made at a low translational speed, high shoe temperature, long pressure time and large
pin diameter. Panneerselvam et al. [10] joined Nylon 6 plates by FSW with a threaded
pin. Pirizadeh et al. [19] developed a ‘self-reacting tool’ to eliminate the root defect of
the welded thermoplastics parts, and hence enhanced the tensile strength of the work

piece. Saeedy and Givi [20]investigated the effects of various critical parameters of FSW



such as tool rotational speed, welding speed and tool attack angle on polyethylene and
explained the reasons for lower tensile strength of welded parts. Arici and Sinmaz [21]
claimed the elimination of root defect by introducing double passes of the welding tool
during FSW of polyethylene [21]. But in many cases, researchers concluded the
achievement of a good joint is a challenging task [14] [22]. The friction in FSW generates
thermal energy and stirring creates relocation of materials. FSW of thermoplastic
composites is a complex process including friction, cohesion, adhesion, deformation,
recrystallization, consolidation, blending and migration of multi-phase/material blends
[23] [24]. In this study, a continuous friction stir welded butt joining process is described
for unreinforced PPS. The technology is not suitable to perform continuous FSW of
continuous fiber reinforced composites. This study also analyzes the weldability of short
fiber reinforced polyether ether ketone (PEEK). It is anticipated that the process requires
subtle control over process parameters.
1.1  Research Goal

The development of friction stir welding process for unreinforced PPS and short
carbon fiber reinforced PEEK is the goal of this research.
1.2 Research Objectives

A. Development of heat generation model for FSW of thermoplastic polymers.

B. Development of FSW method for unreinforced polyphenylene sulfide (PPS)

and Short carbon fiber reinforced polyether ether ketone (PEEK).

1.3 Terminology Used in Friction Stir Welding Process

Friction stir welding is defined as ‘a method for joining two or more workpieces

where a tool, moving in a cyclic manner relative to the workpieces, enters the joint



region, locally plasticizes it and moves along the interface thus causing a solid state joint
between the workpieces’ [25]. In order to avoid confusion and duplication, TWI proposed
an initial basic terminology at an early stage of the development of the FSW [7] [25].
Some of the terminologies relevant to this study are appended below:

FSW Tool: The whole of the rotating device between the machine spindle and the
workpiece is referred to as the ‘tool’. This is the rotating component designed to generate
heat by rubbing in contact with the workpiece.

Rotating Shoulder: As the name refers, part of the FSW tool that rotates with the rotation
of the spindle and puts required force on the workpiece is the rotating shoulder. The
rotating shoulder has the ability to generate heat during the welding process.

Stationary Shoulder: Part of the FSW tool that does not rotate with rotation of the spindle
but applies sufficient force on the workpiece is referred to as the stationary shoulder.
Heat Affected Zone (HAZ): The area that is affected only by heat and where no macro
plastic deformation is observed is known as HAZ.

Thermo-Mechanically Affected Zone (TMAZ): The area that is affected by both heat and
deformation is referred to as TMAZ.

Advancing Side: The side of the weld where the local velocity of the tool has the same
direction as the tool traversing direction is called the advancing side.

Retreating Side: The side of the weld where the local velocity of the tool has the opposite

direction of the tool traversing direction is called the retreating side.



CHAPTER 2

HEAT GENERATION DURING FRICTION STIR WELDING PROCESS

2.1  Background

Heat generation process in friction stir welding process involves friction and
deformation of welding materials. In literature, heat generation process for FSW of
metals, particularly for Aluminum, is found widely [23] [26]. In this study, heat
generation process has been developed for thermoplastic polymers. To develop this
process, the FSW process has been analyzed and a mathematical formulation has been
derived.

2.2 Friction Stir Welding Process Description

The FSW process usually takes place under several phases. Depending upon the
heat generation process, FSW of thermoplastic can be divided into five phases: 1)
Plunging, ii) Initial dwelling, iii) Welding, iv) Final dwelling, and v) Pulling out [24]
(Figure 2.1).

Plunging phase: In this phase, FSW tool moves downward and makes contact
with the weld pieces while rotating (Figure 2.1 (1)). The tool removes material and makes
a hole on to the piece until it reaches to desired depth. If a hole is made to the weld pieces
prior to this phase, no vertical force is required. In this study, no hole was made prior to

this phase and, therefore, vertical force was required to make an introductory hole.
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Figure 2.1: Different phases of Friction Stir Welding

Initial dwelling phase: The plunge phase is followed by the dwell phase, where
the tool stays steady (no traverse motion) to the welding pieces but still constantly
rotating (Figure 2.1 (ii)). The mechanical interactions produce heat by frictional forces.
This heat is created by the tool rotating with respect to the stationary work piece which is

in contact with the workpiece. The produced heat is dissipated into the surrounding



material. This causes a rise in the temperature of the welding pieces. If the temperature of
the thermoplastic rises beyond the glass transition temperature, softening occurs in the
surrounding materials.

Welding Phase: At this point, the welding process is initiated by moving the tool
and the work piece relative to each other, traversal along the joint line (Figure 2.1 (iii)).
This phase is continued to be processed until a planned distance is achieved.

Final dwelling phase: After the welding phase, the traversal movement between
the tool and the weld pieces is ceased while the welding tool is still rotating (Figure 2.1
(iv)). This is the third phase or the final dwelling phase. This phase can be avoided if the
tool leaves the weld piece while traversing.

Pulling out phase: This is the final phase where the tool is pulled out from the
weld piece (Figure 2.1 (v)).

All these phases generate heat utilizing the friction between the contacting
surfaces of the tool and the specimen. However, the heat generated during the pulling out
phase does not contribute to the joining but is required to complete the welding process.
This leaves a hole in the work piece, which is unavoidable, unless the welding process

continues to and beyond the edge of the workpiece.

2.3 Heat Generating Contact Surfaces

Different parts of the welding tool and the work piece will remain in contact in
different phases. The number of contact surfaces and welding process parameters, such as
tool rotational speed, translational speed, axial and transverse force, determine the total

heat generation during the process [23] [27] [28] [29]. Figure 2.2 shows the basic



geometry of a welding tool, which consists of a cylindrical shoulder and a cylindrical pin
(smaller diameter than shoulder). The shoulder and the pin may have relative movement
between them. Depending upon the relative movement of the shoulder, two types of
shoulder can be designed: stationary shoulder and rotating shoulder [30]. The tool’s pin
outer surface is normally threaded which is used to generate sufficient friction and stir the

material [26].

Tool Shoulder

|
|
I
Shoulder Boto ! €— Pin’s Outer Surface
Surface |
N
Pin’s Tip ! Tool Pin

Figure 2.2: Basic tool geometry

During the plunging phase, the pin’s bottom surface makes contact with the weld
piece and generates heat. As the pin goes down, the side surface of the pin, which has
more surface area, makes contact with the weld piece and a significant amount of heat is
generated. In this phase, depth of contact increases from 0 to the height of the pin. At the
end of the plunging phase, the dwelling phase starts when the shoulder’s bottom surface
is in contact with the top surface of the weld piece. In the welding phase, all the
mentioned surfaces remain in contact with the weld piece while the tool pin’s side surface
creates normal and shear stress in the weld piece as it moves along the joint line. During
the final dwelling phase, the tool pin’s side surface, its tip surface and the tool shoulder’s

bottom surface remain in contact with the weld piece.



2.4 Heat Generation in FSW Process

In friction stir welding, the welding tool penetrates into the base material (Figure
2.3). Because of the rotation of the tool, the base materials are stirred, deformed and
welded with each other. During this process, an increase in temperature is observed
between the base material and the welding tool, which is due to the influence of rotational
and translational motion of the tool. This increase in temperature is an absolute result of
heat generation caused by frictional and deformational contact that takes place during the

welding process. Figure 2.3 shows a diagram with the basics of the friction stir welding

(FSW) process.
Down l Weld
force direction
? Tool
00
Tool >
<— Weld
_ piece
Weld line

Figure 2.3: Basic process in Friction Stir Welding

Thermal energy generation takes place by transforming mechanical energy into heat [31].
In FSW, this transformation is a complex process which involves friction, wear,
adhesion, deformation, and recrystallization of material. [23]. For semi-crystalline
materials such as PPS and PEEK, the FSW process works in the mix of material’s crystal
phases and glass phases. One of the aims of this process is to generate thermal energy by
friction to heat up the material within the operating temperature range. This range starts
from the glass transition temperature (7%), and ends below the melting point (7},) of the

thermoplastics.
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2.5 Mathematical Formulation

Heat generation phenomenon is found during the friction stir weld-creation
process. Since FSW is a welding procedure that uses a welding tool to join the
workpieces, the welding tool delivers activation energy to the workpieces and the joining
of the workpieces is achieved while heat generates. In FSW, the mechanical power, Py, is
the amount of input source of energy transformed into heat per unit time. If # represents
heat transformation efficiency, the total amount of heat, Q;, generated in a particular time
interval, T, during FSW can be expressed as,

O:=n P, T, 0<n <I, when, P, is constant

For simplification, if all of the mechanical power is transformed into heat
(assuming n = 1), the total heat generated by pin and rotating shoulder becomes,

O = Opint Qs

As mechanical power is the product of angular velocity (@) and torque on the
welding tool (M), we can write:

0= (oMT)otal

= (CD Vo Ftp Dpin + (frTOS ro Fts Tdr )shoulder
:(CD Vo TA Dpln+(f:0®rTATdr)shoulder ............... (])

Where, Fj, = tangential force at the perimeter of the pin, Fis = tangential force at
the perimeter of the shoulder, r = radial distance of the perimeter force, r, = pin radius, rs
= shoulder radius, 7 = contact shear stress, 4 = contact surface.

Since heat is generated at or near the active contact surfaces due to the rotational
movement, the total amount of heat is the addition of the heat generated at all the contact

surfaces. Thus,
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O = Opin + Oss

Or=0pt+ Opot Oss coveeee e e e e (2)

Where, O, = the amount of heat produced at pin tip, O,, = the amount of heat
produced at pin outer surface, Qs = the amount of heat produced at shoulder bottom
surface.

In addition to frictional heat, deformational heat is also produced during the
welding phase. Deformational heat is produced by one of the basic tribological processes
known as pure sticking [23]. Pure sticking assumes shearing in the layer of the material
of the weld pieces very close to the contact surface and uniformity of the shear stress, .
In this situation, the surface of the weld piece will stick to the rotating tool’s surface only
if friction shear stress exceeds the yield shear stress of the weld piece [23]. Thus, the total
heat generated during FSW is a function of pure friction, pure deformation and a
combination of friction and deformation. If we define d as a dimensionless contact state
variable such that

0 = 0 for pure frictional heat

0 =1 for pure deformational heat

0< & <1 for combination of frictional and deformational heat

Then, heat components generated by the different active contact surfaces are:

Opt = (1-0) Opy, friction + 0 Opy, deformation

Opo = (1-0) Opo, friction T O Opo, deformation

Oss = (1-8) Oss, fiiction T O Oss, deformation

Considering frictional and deformational heat production, contact shear stress in

equation (1) can be expressed as:
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( Hp, heat generation due to
friction
t= { Tyield» heat generation due to
deformation

Where, p = friction coefficient, p= contact pressure, Tyicla = shear yield strength

To quantify the total heat generation analytically during friction stir welding of
PPS and PEEK analytically, the friction coefficient between weld piece and welding tool
[32], contact pressure of the tool to the weld piece and the shear yield strength of the
material have to be determined. The Von Mises yield criterion in uniaxial tension and
pure shear condition can be used to approximate the boundary value of tangential shear
yield stress. The shear yield strength of the polymer is a function of temperature and
strain rate. This requires the full temperature and strain history of the workpieces in a
wide zone around the welding tool [23] [33]. By looking into the active contact surfaces
in the different welding phases and the analytical model of heat generation, it is evident
that the maximum heat is generated during the welding phase. Unlike metals,
thermoplastic polymers have low coefficients of friction (for PPS: 0.2, for PEEK: 0.11
and for aluminium 1.05-1.35) and low thermal conductivity (for PPS: 0.19 W/m-K, for
PEEK: 0.240 W/m-K and for aluminium 2024: 121-193 W/m-K ). For these reasons, only
a limited amount of heat is generated as a result of friction and deformation, and the
propagation of this heat is very slow through the weld pieces.
2.6 Addition of External Heat Sources

To enable joining of thermoplastic using FSW, preheating of the weld pieces is
introduced in this study. External heat can be added to the weld pieces from bottom

and/or top surfaces (Figure 2.4). This additional external heating is applied to elevate the

temperature of the weld pieces required for the welding process. This heat is added in
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addition to the heat generated by the frictional and deformational heating process. To
have a good control over the heating process, let us consider this external heating system
as a primary heat source, Qp,, while frictional and deformational heat are the secondary
heat source, Qs. Therefore, Total amount of heat, Qt will be the addition of both heat

sources. Thus,

External heating from the top of the weld piece

R EEEE

Weld piece ’

rrrrrrrr it

External heating from the bottom of the weld piece

Figure 2.4: Concept of external heating from bottom and top of the weld piece

O = 0pF O veooeeee oot (3)

Where, Qs = Opi + Opo + Oss

Temeperature Temperature

rise due to rise due to Process

primary secondary
heating heating

temperature

Figure 2.5: Process temperature is the combination of primary and secondary heating
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The role of the primary heat source is to preheat the weld pieces before the plunge
phase starts. This preheating keeps the weld pieces heated below the process temperature.
The secondary heat, generated by the friction and deformation caused by the FSW tool
and the weld pieces, is used to reach the temperature required for the welding
environment. Combination of primary and secondary heating softens the materials and
makes it susceptible to stirring and mechanical joining.

The external heat can be transferred to the weld piece using a conduction and/or
radiation process. If we use a radiation process, the heat source will be placed at some
distance from the weld piece. Example of such heat source can be infra-red heater (IR
heater). Since the welding is performed on the top surface of the weld piece, radiation
process of heat transfer can be applied to the weld piece. On the other hand, if we use
conduction process, the heater needs to be placed at the bottom and in contact of the weld
piece. If the external heat sources remain in contact with the weld pieces, diffusion of
heat from the external heaters occurs due to the temperature difference between the

heater and the weld piece. The heat diffusion equation is described as:
k(ZZTZ Ziy:+227:)+q=1d—T .............................. )
Where T=Temperature, g=heat flux, k=conductivity, (X,y,z) = spatial coordinates,
=time, a = positive constant.
While designing the experimental setup of this study, resistance type surface heaters are
utilized as the primary heat source, which were in contact with the weld piece. As

suggested by the equation (4), heat is diffused in x, y and z direction. However, the heat

propagating in z-direction only is the effective heat energy to heat up the weld pieces.
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When externally controlled heat is used either from the top or bottom of the weld
pieces, there remains a temperature gradient along the thickness of these pieces due to the
low thermal conductivity of the polymer. In this study, a relatively large thickness of the
weld pieces was used and, therefore a relatively large temperature gradient was observed.
2.7  Chapter Summary

In this chapter, different phases of the friction stir welding process have been
described. In total five phases have been identified where the initial dwelling phase,
welding phase and final dwelling phase were generating heat. During each of the phases,
active contact surfaces have been determined that contribute to the heat generation
process. A mathematical formulation has been developed to estimate the heat generation
during the welding process. In case of welding of thermoplastic material, it is observed
that the heat generated during the FSW process is not sufficient to soften the weld piece
which is required for their joining. Therefore, an external heat source needs to be added
to the welding equipment which is different from the FSW of metals. This external heat
source, which can be applied from the top and/or bottom of the weld pieces, acts as a
primary heat source for preheating of the weld pieces. External heating with resistance

type surface heater was considered during the experimental setup design of this study.
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CHAPTER 3

EXPERIMENTAL SETUPS FOR FRICTION STIR WELDING

The design of the experimental setup was based on the functions to be performed
by the friction stir welding system. During the design the friction stir welding system,
cost, flexibility, quality of process and ease of use were emphasized. The expected
functionalities to be performed by this system and probable means to achieve these

functionalities were as follows:

Properly holding the samples in place during all the phases of FSW: Clamping
system

- A way of generating friction as well as stirring of materials: Tool with rotation

- Applying z-directional force to keep the stirred materials into the weld line:

Shoulder arrangement

- A way to move the friction and stirring process along the weld line: Tool

transverse motion.

A conventional 3-axis milling machine with clamping mechanism was used in
this research. While performing initial experiments with this setup it was found that the
heat produced by the friction and deformation was not able to join thermoplastic
materials. This led to the introduction of external heating system to the experimental
setup. Based on the type of shoulder arrangement, two types of experimental setups were

used. Figure 3.1 shows a 3D representation of experimental setup 1, which consists of
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Figure 3.1: Setup 1- a 3D representation of experimental setup consisting of top and
bottom heater along with rotating shoulder
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Figure 3.2: Setup 2- experimental setup consisting of bottom heater along with
stationary shoulder.

two types of external heating system along with rotating shoulder: heating from top of the
sample and from bottom of the sample. In this study, only a bottom heater was utilized.
Figure 3.2 shows the second type of experimental setup, which consists of bottom
heater along with stationary shoulder. A conventional 3-axis milling machine was used
for both of these experimental setups for tool rotation and transverse motion. Vertical
height of the tool is adjusted according to the depth required by the tool pin. Major parts
of this experimental setup are as follows:
Milling Machine (quantity 01): A Dynapath Delta CNC (Model: Delta — 40MU)
controlled Journeyman 425 3-axis milling machine is used for FSW process. To run the
machine in automatic mode, G-codes were developed. A sample of these G-Codes is

attached in Appendix A.
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Figure 3.3: Journeyman 425 Milling machine with Dynapath CNC control

Tool holder (quantity 01): A standard holder (CAT40) is used to hold the FSW tool.
Surface heater (quantity 01): Two types of heater are used. For initial experiments,
cartridge heaters inserted into a copper block is used as a primary heater. While
performing experiments with cartridge heaters, it was found that the temperature along
the weld line was varying at different locations. For this reason, a channel strip heater
(203 mm x 38 mm x 7.5 mm) is used as the second type of primary heater. Total power
of the strip heater is 250W and watt density is 13 watt/in>. The maximum temperature
that can be achieved by the strip heater is 650°C.

Clamp (quantity 02): Two clamps made of 2-in angle bar are used to hold the weld piece
along with the heater block. These clamps keep the fixture in place during the welding
process.

Tool: In these experimental setups, threaded bolts (Zinc coated Mild Steel bolts) are used
as the tool pin. The bolts have a diameter of 5 mm and contain 20 threads per inch

throughout their nominal length. Zinc plated flat washers with an inner diameter slightly
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larger than the bolt’s outer diameter are utilized as the rotating shoulder in the
experimental setup 1. The washers had an inner diameter of 6 mm and outer diameter of
14 mm with a thickness of 1.2 mm. This shoulder arrangement is free to rotate with the
rotational movement of the bolt. The bolt is inserted into the tool holder up to its shoulder
as described in Figure 3.4. The rotational speed of the shoulder (i.e. washers) during the
welding phase is not the same as the rotational speed of the bolt due to the friction

between the workpiece and the washers.

This portion of

Top —  Dbolt goes into
Washer the tool holder
Threaded tip goes
to the weld piece Bottom
Washer
Zn coated
MS Bolt

Figure 3.4: Drawing of tool with 2 washers as shoulder

Figure 3.5: FSW tool with one washer as a shoulder
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Stationary shoulder: A stationary shoulder does not rotate with the tool in contrast to a

rotating shoulder. Figure 3.2 shows the stationary shoulder arrangement used in the

experiments.
Top ring
attached to the FSW Tool
millingigads goes through
the hole

Inclined
support bar

Flat bar with
center hole

Figure 3.6: Stationary shoulder arrangement

Temperature control system: A closed loop feedback control system was developed to
control the preheating temperature of the weld piece. This system was designed to get a
fixed temperature at the bottom of the weld piece.
Following electrical components were used to develop this control system:

a) Temperature Controller: INKBIRD temperature controller.

b) Solid state relay: FOTEK SSR-25DA

¢) Thermocouple: Copper-Constantan type T thermocouple

d) Voltage regulator: AUBER solid state voltage regulator (SSVR 25A)

The overall circuit diagram was as follows:
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TE SSR SSVR gPM

Legend

a' TC: PID Temperature Controller
SSH: Solid State Relay

S5VR: Solid State Voltage Regulator
PM: Potentiometer

HEATER

Thermocouple feedback
Figure 3.7: Closed loop feedback control system

The specimens were placed on the surface heater and the thermocouple was placed at the
bottom of the specimens (Figure 3.8). The temperature indicated by the thermocouple

was the bottom surface temperature of the weld piece.

Weld Piece

Heater block ~ T Thermocouple

Electrical connector

Figure 3.8: Positioning of the thermocouples
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CHAPTER 4
DEVELOPMENT OF FRICTION STIR WELDING PROCESS FOR

UNREINFORCED PPS

4.1 Background

Polyphenylene sulfide is an advanced engineering plastic, commonly used today
as a high-performance thermoplastic. It is a semicrystalline polymer that has excellent
dimensional stability under most environmental conditions. Its chemical structure is
composed of alternating sulfur atoms and phenylene rings in a para substitution pattern
(Figure 4.1). It possesses self-extinguishing properties without the addition of any flame
retardant chemical additives which makes it suitable for aerospace application. The PPS
used in this study was supplied by Quantum Polymer Corporation. This material was

unreinforced (natural and unfilled) and extruded from prime virgin resin.

s

Figure 4.1: Chemical structure of PPS
Some of the researchers used friction stir spot welding technique to join
thermoplastic polymers [34]. M K Bilici [15] performed an experimental and numerical
analysis of friction stir spot welding of high density polypropylene. In this analysis,

Taguchi approach was used as a statistical design of experiment technique to set the
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optimal welding parameters. Use of this approach helped improve about 47.7% of weld
strength from the initial welding parameters to the optimal welding parameters. Dwell
time was the most dominant welding parameter and the tool rotational speed was the least
important welding parameter in these experiments. In this study, the application of
continuous friction stir welding method on PPS was developed by identifying the proper
mix of process parameters.
4.2  Determination of Thermal Properties of PPS

The glass transition temperature (7,) and the melting point (7,) of this
commercial PPS were determined. These values were determined using Differential
Scanning Calorimetry. The samples were collected from the PPS plate and their weights
were measured. The start temperature in DSC analysis was 30 °C and the samples were
heated up to 400 °C with a heat rate of 20 °C /min. The samples were then cooled down
to 30 °C with a heat rate of 50 °C /min. The lowest 7, of PPS was found as 116.93 °C
and the average temperature of three samples was 118.96 °C. On the other hand, the
melting point of the PPS sample was determined as 280 °C. The results obtained from

DSC are presented in Figure 4.2.

4.3  Experimental Procedure
4.3.1 Sample dimension, type and preparation

In this study, two types of PPS samples were prepared. To determine initial
process parameters, single piece test specimens were prepared from commercial PPS

plates using a Benchtop Band Saw. The dimensions of these specimens was 75 mm x 50
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Figure 4.2: Determination of glass transition temperature and melting point of PPS using DSC.
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Figure 4.3: Two piece butt joint test specimen
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Figure 4.4: Clamping mechanism to hold the sample with a bottom heater

mm x 11 mm (L x W x T). To identify proper initial process parameters, two piece butt
joint test specimen were prepared using Benchtop Band Saw and 3-axis milling machine.
The thickness of the second type of specimen was 4+1 mm. The length and width of each

sample were 50 mm and 30 mm (Figure 4.3).
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To work with the milling machine the test specimen must be rigidly fixed on the
milling table. A table vice was used to hold the specimen in place with a y-directional
clamping force to accommodate the bottom heater (Figure 4.4). To remove any waviness
or uneven surface, disc sanding machine was utilized. Figure 4.3 shows a two piece butt-
joint specimen used to investigate the weld strength of friction stir welds under tensile

loading conditions.

4.3.2 Experiment design

Development of friction stir welding method for unreinforced PPS was aiming to
answer two questions: a) is it possible to weld unreinforced PPS and b) if yes, what are
the process parameters that give the maximum quality characteristics. Therefore, the
experiments were performed in two phases. In phase I, weldability of the PPS samples
were determined. To do this, single piece test specimen were used, and the FSW process
was continued until a reliable joint was found. Phase II was employed to identify the
proper mix of the welding parameters to achieve the maximum tensile strength of the

joint and uniform distribution of stirred material along the joint line.

4.3.3 Outcome of phase I and design of phase II

14 different tests were performed with rotating shoulder arrangement in phase I.
During these tests, process parameters such as tool rotational speed, tool traverse speed
and material bottom temperature were varied. The bottom surface temperature of the
material was varied from 45°C to 175°C and the tool rotational speed was varied from

200 rpm to 900 rpm. 4 additional tests were carried out at higher tool rotational speed
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(from 1000 rpm to 1400 rpm) without applying external heat. However, there was no sign
of any welded joint rather PPS chips were observed and the run off was created.

In phase I, at some configuration of process parameters, promising weld line was
found. The combination of the process parameters that gives continuous weld line was
noted and taken as input parameters for phase II. Based on the results of phase I, welding
parameters of phase II was designed. Four input variables or welding parameters that
seemed to be influential on the weldability of PPS samples were identified from initial
experiments. These were a) Heating duration, b) Material temperature before welding, c)
Tool rotational speed, and d) Tool traverse speed.

In phase II, Taguchi’s design of experiment was used to determine the
relationship between the input variables and the output characteristics [35]. A Taguchi
design is a designed experiment that lets its user to choose a product or process that
functions more consistently in the operating environment [36]. Taguchi designs recognize
that not all factors that cause variability can be controlled. These uncontrollable factors
are called noise factors. Taguchi designs try to identify controllable factors (control
factors) that minimize the effect of the noise factors. Taguchi designs are just highly
fractionated factorial designs, and can distinguish between process variables and noise
variables. This method enables its user to design orthogonal array and perform analysis of
variance (ANOVA).

To implement Taguchi’s method, different levels of each of the process variables
were proposed to identify the proper mix of process variables to achieve maximum
tensile strength of the PPS joint. These variables were selected based on the weldability

found in phase I. Proposed values of each of the variables are described below:
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Material temperature: In phase I, good weld was found when the process
temperature (due to the combination of primary and secondary heat) was little above the
glass transition temperature but well below the melting point of the PPS sample. For
example, good weld was not observed below 65°C or beyond 100°C of preheat
temperature. Moreover, at 85°C, promising weld was found with varying rotational speed
of the tool. Therefore, three different temperatures were taken into account for preheating
of the samples. These were 65°C, 85°C and 100°C.

Heating duration: If a semi crystalline polymer is heated above its glass transition
temperature, the amorphous region will become mobile and this mobility will impact its
mechanical properties [37]. It was anticipated that the heating duration will promote the
mobility of the amorphous region, and thus it can be considered as a process variable. To
reduce the number of trials, only two levels of heating duration were considered to
investigate whether it had any influence on the tensile strength of the welded samples.
They were 10 minutes and 20 minutes. When the material temperature reached a
preselected value (65°C or 85°C or 100°C), the duration of heating counted from this

point (Figure 4.5).
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Figure 4.5: Concept of measuring heating duration

Tool rotational speed: Tool rotational speed is the source of frictional heat
produced during welding phase of FSW process. It was observed in phase I that a speed
lower than 600 rpm and a speed higher than 900 rpm did not yield promising weld.
Three evenly distributed levels of tool rotational speed were considered for Taguchi
design: 675 rpm, 775 rpm and 875 rpm.

Tool traverse speed: This parameter is one of the determining factors whether the
process is a milling operation or a joining operation. When combining with the other
parameters (material temperature and tool rotational speed), three levels of tool traverse
speed was considered based on the observations in phase 1. They were 2 mm/min, 5
mm/min and 8§ mm/min.

All the values of these 4 variables were arranged in an orthogonal array using
statistical software named ‘Minitab’. Using Minitab, one can determine the number of
minimum trials required to optimize the output variable utilizing its ‘Design of

Experiment’ tab. This software determines the number of trials on the basis of input
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levels of each of the input variables and uses fractional factorial design method. In a full
factorial design a total of 54 (2 x 3 x 3 x 3) trials are required where 2-factor and 3-factor
interactions between the input variables are considered.

Table 4.1: Process variables and their levels, Lis- a 2x3? fractional factorial design

Trial Heating Material Rotational Traverse
no Duration Temperature Speed Speed
(min) (°C) (RPM) (mm/min)

1 10 65 675 2

2 10 65 775 5

3 10 65 875 8

4 10 80 675 2

5 10 80 775 5

6 10 80 875 8

7 10 100 675 5

8 10 100 775 8

9 10 100 875 2
10 20 65 675 8
11 20 65 775 2
12 20 65 875 5
13 20 80 675 5
14 20 80 775 8
15 20 80 875 2
16 20 100 675 8
17 20 100 775 2
18 20 100 875 5

In this study, mixed level variables (one 2-level variable and three 3-level
variables) are used and all interactions (for example: Material Temperature x Rotational
Speed x Traverse speed) are assumed to be zero. Thus from the orthogonal array, it was

found that 18 (2 x 33!) trials had to be performed, which are presented in Table 4.1. The
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butt-joint tensile strength was obtained by averaging the strengths of three individual

specimens, which were welded with identical welding parameters.

Legends used for describing process variables

To indicate the values of process variables following legends will be used in this study:

HDx : Heating Duration and ‘x” will be the value in minutes

MTx : Material temperature and ‘x’ will be the value in degree Centigrade
RSx Rotational Speed of the tool and ‘x” will be the value in RPM

TSx Traverse Speed of the tool and ‘x’ will be the value in mm/min

Example: HD10MT65RS675TS2 means

4.3.4

Heating Duration : 10 minutes
Material temperature 1 65°C
Rotational Speed : 675 RPM
Traverse Speed : 2 mm/min

Minimization of noise factors

In Taguchi designs, factors that cause variability in the performance of a process

or product, but cannot be controlled during the production process are known as noise

factors. These unavoidable noise factors can be controlled or simulated during

experimentation. These noise factor levels should be chosen in a way that represents the

range of conditions under which the outcome or response should remain robust. Types of

noise factors that are considered in this study are as follows:
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External environmental factors

Temperature, humidity and wind velocity: All these factors can be considered
constant in a controlled laboratory environment as such the variation of heat flow rate to
the specimen was negligible.
Manufacturing variations

Part to part variation: Entire specimens were prepared from the commercial PPS
plates as received condition. The internal variations in the density and void contents of
each plate were out of control. However, it can be considered that these factors were
fairly constant throughout the plates as theses plates were manufactured by extrusion
process.
Measurement variations

The variations in measurement method and tools cannot be controlled. However,
the tool rotational speed and tools traverse speed were measured with a calibrated 3-axis
CNC machine and thus the measurement variations can be considered minimum. The
material temperature and heating duration were measured with the identical thermocouple
and digital watch.
4.4 Results and Discussion
4.4.1 Surface morphology of welded samples

In all trials, at least three welded samples were produced. The surface morphology
of the welded samples varied from rough finish to smooth finish. Images of some of the
welded samples are appended in Figure 4.6, Figure 4.7 and Figure 4.8. It can be noted in

Figure 4.7 that the process variables are same whereas the surface morphology is
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different. This can be due to the variations in z-directional force during the welding

phase.

Figure 4.6: (left) HD10MT65RS675TS2, (right) HD10MT65RS775TS5

Figure 4.7: (left) HD10MT65RS775TSS, (right) HD10MT65RS775TS5

Figure 4.8: (left) HD10MT80RS775TSS, (right) HD10MT80RS775TS5
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It was also observed that there was a temperature difference between the bottom
surface and the top surface of each sample. Due to this difference in temperature, bottom
surface of each sample was expanded more than the top surface. This uneven material
expansion and sidewise clamping force resulted in some degree of bending of some of the

samples. The bend in one PPS sample is shown in Figure 4.9.

Figure 4.9: Welded PPS sample with uneven expansion.

4.4.2 Determining tensile strength

As mentioned earlier, the response variable or the output characteristics of the
welded sample was the tensile strength. To determine the tensile strength, ASTM D638
standard was used as the basis for the tensile tests. These strengths were measured using a
MTS machine where the speed of test was 5 mm/min. The tensile strengths of the welded
PPS samples are shown in Table 4.2.
4.4.3 Signal to noise ratio

The Taguchi method uses the signal to noise (S/N) ratio [35]. The last column of
Table 4.2 shows the calculated S/N ratio of the experiments. The term ‘signal’ represents
the desirable value (mean) for the output characteristic, and the term ‘noise’ represents

the undesirable value for the output characteristic. Therefore, the S/N ratio is the ratio of
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the mean to the square deviation. Taguchi uses the S/N ratio to measure the quality

characteristics deviating from the desired value. The S/N ratio, I] is defined as [38]:

1

N =—10l0g(; Ttazs) oo oo 2)

Table 4.2: Experimental results for weld strength with different welding parameters and
calculated S/N ratios.

Trial | Heating | Material | Rotational | Traverse | Tensile Mean Signal
No | Duration | Temp. Speed Speed | Strength | Square to
(min) (°C) (rpm) (mm/min) | (MPa) | Deviation | Noise
Ratio
1 10 65 675 2 9.85 0.01 19.87
2 10 65 775 5 2.87 0.12 9.17
3 10 65 875 8 1.10 0.83 0.81
4 10 80 675 2 9.51 0.01 19.56
5 10 80 775 5 6.21 0.03 15.86
6 10 80 875 8 9.41 0.01 19.47
7 10 100 675 5 6.63 0.02 16.42
8 10 100 775 8 3.94 0.06 11.91
9 10 100 875 2 10.17 0.01 21.45
10 20 65 675 8 2.23 0.20 6.97
11 20 65 775 2 9.65 0.01 19.69
12 20 65 875 5 9.15 0.01 19.23
13 20 80 675 5 4.88 0.04 13.76
14 20 80 775 8 3.86 0.07 11.74
15 20 80 875 2 4.25 0.06 12.57
16 20 100 675 8 3.76 0.07 11.50
17 20 100 775 2 7.31 0.02 17.28
18 20 100 875 5 2.54 0.16 8.10

The term inside the logarithm parenthesis is the mean square deviation (MSD) for
the output characteristics. In the study of structural strength, the higher-the better quality

characteristics are considered [39]. In eq. (2), n is the number of tests and 7; is the value

37



of weld strength of the i test. In Table 4.2, the experimental results for the weld strength
and the corresponding S/N ratios are shown. These S/N ratios were calculated by using
Equation (2).

In these tests, 18 different welding parameter combinations were used. Therefore,
the effect of each welding parameter on the weld strength cannot be clearly understood
from the results shown in Table 4.2. The Statistical Package for the Social Sciences
(SPSS) software was used to explain the welding parameter effect.

Table 4.3: S/N response table

Mean S/N ratio

Welding Parameters (dB) Mean
Level 1 | Level 2 | Level 3 | Max-min

Heating Duration 14.80 | 13.43 -- 1.38 14.12

Material Temp 12.62 | 15.49 | 14.23 2.87 14.12

Rotational Speed 14.68 | 14.28 | 13.39 1.30 14.12

Traverse Speed 18.19 | 13.76 | 10.40 7.79 14.12

Since the experimental design is orthogonal, it is then possible to identify the
effect of each welding parameter on S/N ratio at different levels. For example, the mean
S/N ratio for material temperature at levels 1, 2 and 3 can be determined by averaging
S/N ratios for the experiments set 1 ( Trial no 1, 2, 3, 10, 11, 12), set 2 (Trial no 4, 5, 6,
13, 14, 15), and set 3 ( Trial no 7, 8, 9, 16, 17, 18) respectively. These results are shown
in Table 4.3. This table also shows the mean S/N ratio for each level of the welding

parameters. It can be noted from Table 4.3 that the largest change of S/N ratio (Max-min)
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was occurred by traverse speed, which was 7.79 dB. The total mean S/N ratio of the 18
experiments was calculated as 14.12 dB.

The S/N response graph for the weld strength was drawn using the results shown
in Table 4.3. The graphs in Figure 4.10 show the level effects of each welding parameter.
In Figure 4.10, the dashed line shows the total mean S/N ratio (14.12 dB) of the
experiments. For example, the mean S/N ratio decreases as the heating duration levels
increases from 10 minutes to 20 minutes. That means that the weld strength decreases
with an increase of the heating duration. Similar effect was found for the case of traverse
speed. That is, if the traverse speed is increased, the weld strength is decreased. However,
the degree of effect of traverse speed on the weld strength is larger than that of heating
duration on the weld strength.

4.4.4  Analysis of variance

The relative effect of the different welding parameters on the tensile strength was
acquired by the disintegration of variance, which is known as analysis of variance
(ANOVA). The purpose of ANOVA is to understand which variable(s) highly affect the
output quality feature statistically. In this study, the ANOVA was performed by
separating the total variability of the mean tensile strength of the welded joints into
contributions by each of the welding parameters and error. The results of ANOVA for

mean tensile strength is shown in Table 4.4, which was generated by SPSS.
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Figure 4.10: The mean S/N response graph for notched weld strength

Table 4.4: Test of Between-Subjects effects

Source Sum of DOF Mean F
Squares Square

Corrected Model 71.73¢ 7 71.73 1.009

HD 8.07 1 8.07 1.009

TEMP 1.39 2 .697 0.087

RS 0.93 2 466 0.058

18 61.34 2 30.67 3.838

Error 87.90 11 7.99

Corrected Total 159.64 18
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The degree of freedom

In statistics, the number of independent ways by which a process or system
can move or vary without violating any constraint imposed on it, is known as the

number of degrees of freedom [40]. In statistical analysis of experimental results,
DOF of a factor = number of levels of the factor -1.
DOF of Heating Duration=2—1=1.
Sum of squares

Total sum of the squared deviations (SS7) between the welding parameters on

the basis of the total mean tensile strength is calculated using following equation:

SSr=YE n(F; —7)?

Where, k = total number of level,
i =individual level,
n = number of experiment in each level
y; =value of mean response in each level
y = value of mean response in all levels

Example of calculation of SSt for heating duration

Mean tensile strength corresponding to HD10 = 6.63 MPa
Mean tensile strength corresponding to HD20 =5.29 MPa
Mean tensile strength of HD10 and HD20 =5.96 MPa
SSt for HD =9 X (5.96-6.63)*+9 X (5.96-5.29)*

=8.07
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Mean of square deviations

The mean of squared deviations (SSwm) is equal to the sum of squared deviations (SSt)

divided by the number of degrees of freedom associated with the design parameter [15].

L . . ,. SS 8.07
Thus the mean square deviation for the ‘Heating Duration’ is D_o; =] 8.07.

F-Test

In statistics, there is a tool called an F test, which is named after the famous statistician R.
A. Fisher, and is used to identify which design parameters have a significant effect on the
quality characteristic. In performing the F test, the mean of squared deviations (SSwm) due
to each design parameter are calculated. The F value for each of the design parameters is

the ratio of the mean of squared deviations (SSwm) to the mean of the squared error.

F-value for heating duration:

Mean of square deviations = 8.07
Mean of the squared error = 7.99
F-value for heating duration = 8.07/7.99 = 1.009

In this study, the F-test was performed to study the importance of the welding
parameters. If the F- ratio of any design parameter is higher than its critical value, then it
can be concluded that the obtained F-ratio is likely to occur by chance with a significance
level less than 5% [41]. That is the corresponding confidence level is 95%. In case of
‘Traverse Speed’ the value of F ratio is determined 3.838 which is higher than its critical
value of 3.56 (Appendix B). In other words, with a 95% confidence level it can be
concluded that the design parameter ‘Traverse Speed’ has significant influence on the

output quality parameter.
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4.4.5 Analysis of notched strengths of welded samples

While performing welding from the top of the specimen, tool penetration was not
all the way to the bottom surface (Figure 4.11). This was because of the presence of
surface heater at the bottom. Therefore, an un-welded portion was present in each of the
samples (Figure 4.12). This un-welded part is similar to a crack or notch and will strongly
influence the measured strength. Usually, the notch length varied depending on the tool

penetration.

FSW Tool. @
| —
i e
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Weld Piece Heater

Figure 4.11 Weld pieces preheated by a bottom heater
Weld Piece

FSW Tool « E S
| L] ii

Welded portion

Un-welded length
or notch length

Figure 4.12: Un-welded portion close to the bottom of the weld piece

In this study, the tensile strengths of the welded samples were determined
considering the notches or un-welded lengths. The un-welded portion acts as an edge
crack or notch during the tensile test as shown in Figure 4.13. These strengths were then
compared with the residual strength of the base material. The residual strength is the term

used for the strength that remains in the part in the presence of a defect. To determine the
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residual tensile strength, the fracture toughness needs to be determined for PPS. Fracture
toughness is a material property and residual strength is the fracture stress of a structural
part. The strength of a cracked part is a fraction of a similar un-cracked part. Therefore,
‘residual’ can be regarded as ‘whatever is left’ of a structure’s load carrying capability.
Considering plain stress condition, tensile strength and fracture toughness can be

described as [42]:

Kic=covma ..ol (3)
Where,

Kic = Critical Fracture Toughness in mode I fracture
C = Geometry correction factor = 1.12 for semi-infinite plates [43]
o = Residual Tensile Strength

a = Crack length

Crack

Figure 4.13 Influence of crack or un-welded section on residual strength.

To determine the fracture toughness of PPS, three identical compact test

specimens were prepared where the speed of testing was 5 mm/min. The displacement
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and corresponding tensile loads were recorded for each of the samples. The specified

dimensions of the test specimen and the actual specimen are as follows:
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Figure 4.15: Actual PPS test specimen
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Table 4.5: Specifications of PPS samples for K;c testing

Value of B, | Value of B, | Value of W, | Value of W, | Value of a, aw | flaw)
mm cm mm cm cm
11 1.1 22 2.2 1.1 0.5 19517657

The stress intensity, Ko was calculated using following equation:

Ko = (Po/BW'")* fla/W)

Where,
Sa/w) =

(2+457)#(0.866 +4.6a+2—13.32+a /W2 +14.72+a3 /W3 -5.6xa*/W*

Po = Applied load

(1-a/w)3/2

Stress intensity, K,
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Figure 4.16: Determination of fracture toughness of PPS specimen 1
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Figure 4.17: Determination of fracture toughness of PPS specimen 2
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Figure 4.18: Determination of fracture toughness of PPS specimen 3

After averaging three values of fracture toughness of PPS, the final value was
found as 0.725 MPa.m®°. At this point, all the welded samples were inspected using a
digital optical microscope, and the notch lengths or un-welded lengths were determined.

Using the fracture toughness and the crack length values, the residual strength or notched
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tensile strength of the PPS samples was calculated according to equation (3). The joint

efficiency was calculated as following:

e _ Notched Tensile Str h 100%
Joint Ef ficiency = Residual Tensile Strength ¥ i

The results are listed in Table 4.6.

Table 4.6: Joint efficiency of the welded samples

Trial | Notched Strength of | Experimental a Piecewise Joint
no Welded Specimen Kic (mm) Residual Efficiency
(MPa) (MPa.m?) Strength, (%)
(MPa)
1 9.85 0.725 0.91 12.11 81.3
2 2.87 0.725 0.70 13.80 20.8
3 1.10 0.725 1.50 9.43 12.1
4 9.51 0.725 1.00 11.55 82.3
5 6.21 0.725 0.75 13.34 46.5
6 9.41 0.725 1.00 11.55 81.4
7 6.63 0.725 1.25 10.33 64.1
8 3.94 0.725 0.75 13.34 29.5
9 10.17 0.725 0.89 12.24 83.0
10 2.23 0.725 0.66 14.22 15.7
11 9.65 0.725 0.94 11.91 81.0
12 9.15 0.725 1.00 11.55 79.2
13 4.88 0.725 1.00 11.55 42.2
14 3.86 0.725 1.00 11.55 334
15 4.25 0.725 1.20 10.54 40.3
16 3.76 0.725 1.00 11.55 32.5
17 7.31 0.725 1.30 10.13 72.1
18 2.54 0.725 1.00 11.55 21.9

It is notable that trial no 1, 4, 6, 9 and 11 yielded more than 80% of the

fracture toughness strength. Therefore, the combination of welding parameters for
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these trials are the most effective compared to other combinations. It is also noted that
the notched tensile strength of trial 9 is higher than that of trial 4, and the joint

efficiency of trial 9 is also greater than the joint efficiency of trial 4.

4.4.6 Friction stir welding with stationary shoulder arrangement
A stationary shoulder arrangement as described in experimental setup 2 was
used to weld PPS sample. When compared to the rotating shoulder, friction between
the stationary shoulder and the specimen was reduced. In total 2 specimens were
welded and tested under tensile loading condition. The welding parameters in this

case were as follows:

Material temperature : 80°C
Heating duration : 10 min
Rotational speed : 675 rpm
Traverse speed : 2 mm/min

While working with rotating shoulder arrangement, the parameters mentioned
above yielded maximum joint efficiency. It was found from this experiment that the top
surface finishing of the joints was smooth, and the residual strength of the joints was
consistent with the rotating shoulder arrangement. Figure 4.19 shows one of the
specimens welded with the stationary shoulder and Table 4.7 shows the joint efficiency
of the welded samples. It can be noted that the joint efficiency is more than 80% of the

residual tensile strengths of PPS.
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Figure 4.19: Specimen made using stationary shoulder

Table 4.7: Experimental results with stationary shoulder

Specimen | Notched | Experimental a Piece wise Joint
ID Strength of Kic (mm) Residual Efficiency
Welded (MPa.m") Strength, (%)
Specimen (MPa)
(MPa)
A 10.01 0.725 0.90 12.33 82.49
B 15.54 0.725 0.37 18.98 81.85

4.4.7 Comparison of un-notched tensile strengths

Tensile strength of un-notched pure PPS sample was determined using ASTM
D638 standard. Using this standard, three identical test specimens were prepared as per
type I specimen dimension. After averaging three values of tensile strengths of
unreinforced PPS, the final tensile strength was found as 53.72 MPa.

It was observed that the notched tensile strengths of welded PPS samples were
higher with stationary shoulder arrangement with welding parameters of
HD10MT80RS675TS2. Therefore, two samples were prepared using these parameters

and the un-welded sections were machined off using electric sander. Using ASTM D638
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standard, tensile strengths were calculated. Table 4.8 shows the comparison of the tensile
strengths. It is noted that the notch removed tensile strengths of the PPS samples are close
to 80% of the base tensile strength.

Table 4.8: Comparison of notch removed tensile strength of PPS samples with un-
notched tensile strength

Specimen | Notch Base % of
ID Removed | Material Base
Tensile | Tensile | Strength
Strength, | Strength,
MPa MPa
TS1 40.25 53.72 | 74.93
TS2 42.06 53.72| 78.29
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CHAPTER 5
INVESTIGATION OF FRICTION STIR WELDING OF CARBON FIBER

REINFORCED PEEK.

5.1 Background

Polyetheretherketone (PEEK) 1is a high performance semi-crystalline
thermoplastic polymer which has an excellent property profile. It has a relatively high
melting point (about 350°C) compared to PPS with the advantages of easy process-ability
by injection molding and other techniques that are common to thermoplastic polymers.
As with other thermoplastics the addition of short fibers makes it effective in its ability to
influence certain material properties such as friction and wear behavior. It has a highly
stable chemical structure, which gives it an edge over other materials [44].
5.2 Determination of Thermal Properties of PEEK

In this study, 30% carbon fiber reinforced extruded PEEK plates were used for
butt joining process. These plates were supplied by Quantum polymers. The carbon fibers
in these plates were short and randomly oriented. The glass transition temperature (7%)
and the melting point (7,,) of PEEK samples were determined using Differential
Scanning Calorimetry. The samples were prepared from the plates as received, and their
weights were measured. The start temperature in DSC analysis was 30 °C and the
samples were heated up to 400 °C with a heat rate of 20 °C /min. The samples were then

cooled down to 30 °C with a heat rate of 50 °C /min. The lowest 7, of PEEK was found
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as 244.82 °C and the average temperature of three samples was 245.17 °C. On the other
hand, the average melting point of the PEEK sample was determined as 340 °C. The

results obtained from DSC are presented in Figure 5.1.

5.3  Experimental Method

To investigate the friction stir weldability of carbon fiber reinforced PEEK,
material temperature, tool rotational speed and tool traverse speed were taken as welding
parameters. The heating duration for this investigation was 10 minutes after stabilization
of bottom surface temperature. A stationary shoulder was employed during the welding
phase. Before starting the actual welding, all the specimens were preheated from their
bottom surface with a surface heater. Dimensions of the test specimen were the same as
the PPS test specimen that are shown in Figure 4.3.

Table 5.1: Welding parameters for PEEK samples

Welding Parameters Level I | Level 2 | Level 3 | Level 4

Bottom surface Temperature (°C) | 210 310 -- --

Tool Traverse Speed (mm/min) 25 50 75 --

Tool Rotational Speed (RPM) 700 800 900 1000

5.4 Experimental Design
Two levels of material bottom surface temperature were considered in this
investigation. These were 310°C and 210°C. Beyond 310°C, melting of PEEK resin was

observed. On the other hand, below 210°C, the quality of welded joint was poor.
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Specimen thickness ranged from 4 mm to Smm. Depending on the thickness, material top
surface temperature was ranged from 195°C to 225°C. Parameters such as tool rotational
speed and tool traverse speed were also varied in such a way that produced smooth weld
surfaces. Table 5.1 provides all the welding parameters with their variations. All these
parameters were identified through experiments until reliable welded joints were found. It
can be noted that the traverse speed is much higher than that of PPS samples due to the
ductile nature of PEEK resin.
5.5 Results and Discussion

Using friction stir welding parameters as stated in Table 5.1, 24 trials were
performed. During these trials, there was a temperature difference between the bottom
surface and the top surface of each sample. Due to this difference in temperature, bottom
surface of each sample was expanded more than the top surface. This uneven material
expansion resulted in some degree of bending of each sample. The samples with these

bends are illustrated in Figure 5.2.
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Figure 5.2: Welded samples with uneven material expansion

5.5.1 Surface morphology

Weld Weld
Direction Direction

Figure 5.3: Snapshot of welded PEEK samples with welding parameters: (a) 900 rpm and
50 mm/min (b) 1000 rpm and 75 mm/min
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5.5.2 Determination of notched tensile strength

Similar to PPS samples, PEEK samples had unwelded section close to the bottom of each
sample. While determining tensile stresses, these unwelded sections acted as cracks or
notches. Tensile tests were performed using ASTM D638 standard considering these

notches. Test results and corresponding welding parameters are shown in Table 5.4.

Table 5.2: Notched tensile test results with varying welding parameters

Sample ID Material Tool Tool Notched
Temperature,  Rotational Traverse Tensile
°C Speed, Speed, Strength,
rpm mm/min MPa
A 310 700 50 24.88
B 310 800 25 37.52
C 310 800 50 17.66
D 310 900 50 43.81
E 310 1000 50 35.81
F 310 1000 75 21.62

5.5.3  Comparison of notched tensile strength with remaining strength

To determine the remaining strength, fracture toughness of PEEK samples were
measured. Using the dimensions stated in Figure 4.14and Figure 4.15, identical test
specimens of PEEK samples were prepared. Using MTS, these specimens were tested
under tensile force, where the speed of testing was 5 mm/min. The displacement and
corresponding tensile loads were recorded for each of the samples. Dimensions of each

specimen are stated in Table 5.3.
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Table 5.3: Specifications of PEEK samples for Kjc testing

Value of Value of Value of Value of | Value of
B, mm B, cm W, mm W, cm a, cm alw J@m)
11 1.1 22 2.2 1.1 0.5 9.517657

The stress intensity, Ko was calculated using following equation:
Ko = (Po/BW'?)* f(a/W)
Where,

(2+455)#(0.866 +4.6a+2—13.32+a /W2 +14.72+a3 /W3 -5.6xa*/W*
(1—a/w)y/2

fla/w) =
Po = Applied load
The highest value of the stress intensity, Kp where the specimen fractures is
the fracture toughness of the specimen. Figure 5.4, Figure 5.5 and Figure 5.6show the

variation of fracture toughness as the load increases on specimen 1 and specimen 2

respectively.
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Figure 5.4: Determination of fracture toughness of specimen 1.
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Figure 5.5: Determination of fracture toughness of specimen 2
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Figure 5.6: Determination of fracture toughness of specimen 2

Thus, the average value of Kjc of PEEK samples was determined as 1.43
MPa.m®. Using optical microscope, lengths of the un-welded segment of each welded
specimen were determined. At this point, using equation (3), the remaining tensile
strength corresponding to each test sample was calculated. Final results are shown in

Table 5.4.
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Table 5.4: Comparison of notched tensile strength with residual tensile strength.

Specimen Notched Experimental Notch Residual Joint

ID Tensile Kic Length, Tensile Efficiency
Strength (MPa.m’) a Strength (%)
(MPa) (mm) (MPa)

A 24.88 1.43 0.51 31.90 78.00
B 37.52 1.43 0.26 44.67 83.99
C 17.66 1.43 1.10 21.72 81.31
D 43.81 1.43 0.20 50.94 86.01
E 35.81 1.43 0.29 42.30 84.66
F 21.62 1.43 0.76 26.13 82 74

It can be seen from Table 5.4 that the sample D has the largest residual tensile strength
and the largest joint efficiency. Sample D also has the largest notched tensile strength.
Table 5.4 also shows that sample B and sample E have similar notched tensile strength
(37.52 MPa and 35.81 MPa) and joint efficiency (83.99% and 84.66%). Therefore, it can
be said that the variations of tool rotational speed and tool traverse speed are negligible
on these samples. While sample C and sample F have relatively lower notched tensile
strength compared to sample B and E, the joint efficiencies of sample C and F are close
to that of sample B and E.
5.5.4 Comparison of notch removed tensile strength with un-notched tensile strength

To determine the un-notched tensile strength of 30% carbon fiber reinforced
PEEK, ASTM D638 standard was followed. According to this standard, Type-I sample
dimension was chosen as the thickness of the PEEK samples were below 7mm. Using
MTS, tensile strengths of three identical specimen were determined. The average un-

notched tensile strength of PEEK samples was 116 MPa.
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Figure 5.7: Tensile test arrangement of PEEK samples using MTS
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Figure 5.8: Tensile test specimen after fracture

Two new welded samples were prepared using the welding parameters designed
for sample D and E. The un-welded sections were machined off carefully using electric
sander. The next step was to determine the tensile strengths of these samples using MTS.
In Table 5.5, the notch removed tensile strengths of the PEEK samples were compared
with un-notched tensile strength. It is notable that the maximum tensile strength is about
73% of un-notched tensile strength.

Table 5.5: Comparison of notch removed tensile strength with un-notched tensile strength

Specimen | Notch removed Un-notched Ratio
ID Tensile Strength, | Tensile Strength, (%)
MPa MPa
TiD 85.63 116.6 73.44
T2F 77.13 116.6 66.15
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5.5.5 Investigation of Failure of PEEK samples
Fracture analysis

In these experiments, the length of un-welded section was kept as small as
possible by taking the tool length equal to test specimen thickness. However, during
welding, void lines appeared in specimen C and F at the interphase of joint lines and the
base material. During tensile test procedure, it was found that these void lines resulted
into crack initiation, and failure occurred along these lines. Figure 5.9 shows the void line
along where specimen C failed. In general, it was found that the void lines consist of
absence of adequate material which in turn weakens the bonding between the stirred
material and the base material. This weakening results into low tensile strength of the

welded parts.

Figure 5.9: Failure of welded sample at the weld interphase.

5.5.6 Microstructures of PEEK samples
In case of carbon fiber reinforced PEEK, microstructures of the welded samples
and that of the base material were compared using a digital optical microscope and a
Scanning Acoustic Microscope (SAM). Welding parameters of the test specimen for
which the micrographs were prepared were as follows:
Material bottom surface temperature :210°C

Tool rotational speed : 800 rpm
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Tool traverse speed : 25 mm/min
Heating Duration : 10 minutes
After completion of the welding, the sample was prepared for micrographs using
a circular grinder and a polishing machine. The optical microscope was adjusted to get a
magnification of 1000X.
Figure 5.10 and Figure 5.11 show a welded specimen and a base material using
the optical microscope. In these two images, harder materials such as carbon fibers are

seen white because they reflect more light than softer material such as PEEK resin.

Figure 5.10: Micrograph at the joint line with 1000X magnification. Randomly oriented
harder material (carbon fiber) seems white (A) embedded in soft PEEK matrix. The
presence of cracks or void lines (B) are also visible.
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Figure 5.11: Micrograph at the base material away from weld zone with 1000X
magnification. Randomly oriented carbon fiber seems white (A) embedded in soft PEEK
matrix. Cracks or void lines (B) are lesser than the weld line.

Comparing these two images it was found that the base material had much less
cracks and surface irregularities than the welded samples. However, voids are not visible
with the help of these images, which can be observable by SAM. Figure 5.12 and Figure
5.13 show the images taken with SAM. In a SAM, ultrasonic waves were produced from
a transducer and transported to the sample. After reflection, a receiver measures the
amplitude, phase and elapsed time of the ultrasonic sound. Dense material section reflects
sounds much better than a low dense section. In these two images, black spots are voids,
which do not reflect sound waves. Solid bright lines are the mixture of carbon fibers and
PEEK resin that reflects sound waves that are orthogonal to the upper surface of the

samples.
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Figure 5.12: Micrograph at the weld location. Black spots (A) are voids on the surface of
PEEK resin. Uniformly distributed carbon fibers (B) are also visible.

508

Figure 5.13: Micrograph at the base material away from the weld line. It has uniform
texture and less voids.
It is seen from the micrograph that the welded section of the specimen has
uniform distribution of PEEK resin and carbon fibers with some voids and micro cracks.
On the other hand, the base material does not have voids and cracks in comparison with

the welded material. It can be concluded that the increased presence of voids and micro-

66



cracks in welded sample can be one of the reasons for lower tensile strength than the base

material.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

Preliminary FSW process development work has been done for two thermoplastic
materials — unreinforced PPS and short carbon fiber reinforced PEEK. Based on the
analytical models for the heat generation in FSW process and experimental results, it was
found that only tool rotational speed was not sufficient to produce enough heat to weld
these two thermoplastic materials. This led to the addition of external heat sources in the
welding process.

An external heat source, a strip heater, was placed at the bottom of two identical
weld pieces. During the course of experiments, heating intensity was varied. Other
process parameters, tool rotational speed and tool transverse speed, were also varied in
addition to material temperature. From initial experiments, welded joints were found and
a range of process variables were identified. Using Taguchi’s design of experiment
method, output characteristic of FSW process such as tensile strength was evaluated for
PPS, and optimum configuration of process variables were determined. It was also found
that increasing tool traverse speed lowers the notched tensile strength of PPS joint.
Rotating and stationary shoulder arrangements were utilized to weld PPS samples. The
maximum notched removed tensile strength of PPS samples was found close to 80% of

the base tensile strength.
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Short carbon fiber reinforced PEEK samples were welded with a higher traverse
speed in compared to PPS sample. In this study, a joint strength of 77.13 MPa was
achieved for PEEK samples with a traverse speed of 50 mm/min. Due to the setup of the
experiments, an un-welded section was present in the samples, which act as a crack or
notch during tensile tests. The fracture toughness tests were performed for both PPS and
PEEK samples to observe the influence of un-welded segments in the workpiece cross
section at the weld. The notched tensile strengths of the welded parts were compared with
the remaining strengths of the samples. It was found that the presence of un-welded
lengths significantly influence its un-notched tensile strength. For PEEK samples,
fracture pattern and micrograph at the weld line was studied. It was observed that the
cracks and voids were present at the interphase between the advancing or retreating side
of the welded samples.

6.2  Future Work

In this work, the friction stir welding method was utilized to join unreinforced
PPS and short carbon fiber reinforced PEEK. In the past, researchers worked on joining
different polymers other than PPS and PEEK using this welding technique. But most of
them were limited to friction stir spot welding. This new method will allow us to choose
the welding parameters to join the PPS and PEEK. Further research on FSW of
unreinforced PPS and reinforced PEEK should focus on

(1) Determination of friction coefficients and contact pressure: to determine the
friction co-efficient, a tribological study can be conducted to determine the surface

quality of the FSW tool and the material to be joined. On the other hand, to determine the
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pressure between the FSW tool and the material, the force applied parallel to the axis of
rotation of the tool or the downward force can be measured.

(2) Optimization of process parameters to maximize the weld strength: all the
process parameters including contact pressure can be studied further to optimize the joint
strength. Tool geometry has an enormous effect on the joint strength. Therefore, this can
also be varied during the optimization process.

(3) Application of optimized process parameters to get other types joint: other
types of joints such as corner joint and ‘T’ joint can be developed with the help of friction
stir welding.

(4) Heat generation process development: a large extent of work can be
emphasized on the heat generation process. In addition to resistance type surface heater,
feasibility of using induction heating and infrared heating can be studied.

(5) Measurement of torque and force: to get a better control over the combination
of the welding parameters, the torque and force applied to the weld piece during the
welding phase can be measured. The measurement of x-directional and y-directional
force applied by the FSW tool can be studied to improve the joint quality.

(6) Development of further joining configuration: in addition to simple butt
joining configuration, other joining configuration can be investigated using the process
described in this study. A study on ‘Tee’ joint configuration with continuous fiber
thermoplastics can be performed by adding an unreinforced support element at the joint
line.

(7) Investigation of thermoplastic and metal joining process: this study can be

further extended to the investigation of thermoplastic and metal joining process.
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APPENDIX A

SAMPLE G-CODE

AUTO MODE TEXT: .
N HSG: POS: iﬂ!ﬁHme

39(0)2-809 POSITION: 1P
0O (9)MO1S X+0000.004 ~
01(9)H03312009 Y+00660.049 ~
B2(9)H01S 2-0000.016 ~
B3(1)2-83.9F12%

NO104(9)MO1S

NO105(1)X330F569

NO106(9)HO19

NO108(9)M365

DIST 10 GO:
X+0000 . 000
¥ +0000 - 000
2+0000 . 000

MODAL: S6000 FO000.000 E
ACTUAL: S0100 FO0000.00 NEXT NO639

_ GRAPHICS B POSTTION RCOORDINGTER nBORT m
DISPLNAY DISPLAY YELECT 1N FUENT L ]
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APPENDIX B

TABLE OF CRITICAL VALUES FOR THE F-DISTRIBUTION

Table of critical values for the F distribution (for use with ANOVA):

How to use this table:

There are two tables here. The first one gives critical values of F at the p = 0.05 level of significance.
The second table gives critical values of F al the p = 0.01 level of significance.

1. Obtain your F-ratio. This has (x.y) degrees ol freedom associated with it

2. Go along x columns, and down y rows. The point of intersection is your critical F-ratio.

3. i your obtained value of F is aqual to or larger than this critical F-value, then your result is
significant at that level of probability.

An example: | obtain an F ratio of 3.96 with (2, 24) degrees of freedom.

| go along 2 columns and down 24 rows. The critical value of F is 3.40. My obtained F-ratio

Is larger than this, and so | conclude that my obtained F-ratio is likely to occur by chance with a p<.05.

Critical values of F for the 0.05 significance level:

1 2 3 4 5 [ T 8 g 10

O W= O R =

KEBREEBENERREBRES

161.45 19550 21571 22458 23016 2233599 23677 23888 24054 24188
18.51 19.00 19.16 19.25 19.30 19.33 18.35 18.37 19.39 19.40

10.13 9.55 9.28 912 9.01 B.54 8.89 B.85 8.81 B.79
[ 6.94 6.59 6.39 6.26 6.16 6.09 6.04 6.00 5.96
B.61 579 541 519 5.05 4.55 4.88 4.82 4.77 4.74

5.99 5.14 4.76 4.53 4.39 4.28 4.21 4.15 4.10 4.06
5.59 4.74 4.35 4.12 397 3.87 arms ar 368 .64
532 4.46 4.07 3.84 3.69 3.58 3.50 344 3.38 335
512 426 3.86 3.63 3.48 3ar 329 323 3.18 3.14
4.97 4.10 ian 3.48 3.3 322 314 3.07 3.02 298
4.84 358 a5s 3.36 3.20 310 am 295 290 2.85
4.75 3.89 345 326 an 3.00 29 2.85 2.80 2.75
4.67 381 af 3.18 3.03 24592 2.83 277 27 267
4.60 374 334 an 2:96 2.85 2.76 270 2.65 2.60
4.54 3.68 329 3.06 2.90 279 2m 264 259 2.54
4.439 363 3.24 3.01 2.85 2.74 2.66 258 2.54 2.49

4.45 359 320 2497 2.81 270 261 255 249 245
441 3.56 3.16 293 277 266 2.58 251 2.46 241
4.38 352 313 290 2.74 2.63 2.54 248 242 2.38
4.35 349 3.10 287 2M 260 251 245 239 235

4.33 3ay o7 284 2.69 2.57 2.49 242 237 232
4.30 344 305 282 2.66 255 2458 240 234 2.30
4.28 342 3.03 2.80 2.64 253 2.44 2.38 232 228
4.26 3.40 am 278 2.62 2.51 2.42 2.36 230 2.26
4.24 339 299 276 2.60 249 241 234 228 2.24
4.23 aar 2.98 274 2.59 247 239 232 227 222
4.3 335 2.96 273 257 246 237 231 225 220
4.20 334 295 27 2.56 245 2.36 229 224 219
4.18 3.33 283 270 2.55 2.43 2.35 2.28 222 2.18

417 33 292 2.69 253 242 2.33 227 221 217
4.16 a 2. 2.68 2.52 241 2.3z 226 220 215
4.15 330 2.90 267 2.51 2.40 231 224 219 214

4.14 329 2.89 2.66 2.50 239 2.30 224 218 213
413 3.28 288 2.65 2.49 2.38 2.29 223 217 212
412 327 287 2.64 2.49 237 2.29 222 216 21
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