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ABSTRACT

EFFECTS OF FRICTION STIR WELDING ON POLYMER

MICROSTRUCTURE

Seth R. Strand
Department of Mechanical Engineering

Master of Science

Thiswork establishes the rel ationshi ps between several key Friction Stir Welding
process parameters and the resulting microstructural and flexural properties of the welded
joint. A seriesof four single parameter experiments were run. The parameters
investigated were pin diameter, feedrate, shoe temperature, and pressure time. Butt welds
were made in 6 mm thick stress-relieved extruded polypropylene sheet. Three-point bend
tests were used to determine the ultimate flexural strength and coincident strain. The
maximum bend angle before failure was used to label the welds as “good or bad.” An
optical microscope capable of cross polarization was used to examine and photograph the
weld microstructure. Welds were evaluated according to 1) DV S bend angle, 2) flexural
properties, and 3) weld microstructure.

All welds made surpassed the DV S requirements for classification as a“good
weld” established for hot-gas, extrusion, and laser welding processes. Most welds met
the bend angle requirement for hot-plate welds.

Welds created for this work maintained 80-92% of base material flexural strength.
In the majority of the welds, the strength was between 85 and 90% of base material. The



FSW joints showed a flexural strength of 10500 psi, compared to a base materia strength
of 12400 psi.

Four microstructural zones were found to exist in the FSW joints. These were: 1)
advancing interface, 2) retreating interface, 3) bottom disturbance, and 4) central zone.
Several common microstructure types and defects were found to exist in the welds.

These were: 1) spherulites, 2) voids, 3) root defects, 4) flow lines, and 5) onion skin.

A distinct correlation was observed between weld microstructure and flexural
properties. Those welds whose microstructure most nearly resembled the base material
demonstrated the best flexural properties. This can be accomplished by operatingwith a

low feedrate, a high shoe temperature, and alarge pin.
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Shoe

Pin

Anvil

Pressure time

Advancing

Retreating

Spherulite

Weld Zone

Bottom Disturbance

Interface

Glossary of Terms

Rectangular block having holes for the heater and pin, it holds the
weld under pressure during initial cooling.

Rotating body which is plunged into the joint, stirs the material,
and produces high frictional forces to soften the material for
welding.

Metal plate used to hold the work pieces duri ng welding.

The length of time during which the shoe applies forging pressure
to the weld asit cods.

The side of the wdd where the rotation of the pin coinddes with
the feed direction of the pin.

The side of the weld where the rotation of the pin opposes the feed
direction of the pin.

The basic microstructural organization of polypropylene.
Spherulites appear as small spheroids, having both crystalline
(light) and amorphous (dark) areas.

Region within the weld where the local microstructure is the same.
Region of the weld extending upward from the bottom of the
joined material. Itisidentified by adifferencein flow line
morphology and density from the surrounding weld.

Region of the wdd extending laterally from the base

material into theweld. It isidentified by adifferencein

material morphology from the central region of the weld.
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Central Zone

Root defect

Flow Line

Flow line severity

Onion ring

Onion ring severity

Region of the weld bounded on the s des by the advancing/
retreating interfaces, on the bottom by the bottom disturbance, by
the top of the joined material.

An unwelded region of the joint extending upward from the bottom
of the material.

An area of dternating light and dark bands. These bands appear to
show the pattern of material flow, be it laminar or turbulent.

A measure of the flow line pattern, considering the density of flow
lines (the number of lines crossing a 1mm line), the area covered
by flow lines, the contrast between light and dark flow lines, and
the ease of visibly detecting the presence of flow lines.

A special case of flow lines, wherein the flow lines have closed on
themselves to formaring or loop of concentric flow lines, usually
centered about the center-point of the weld.

A measure of the onion ring pattern, analogous to flow line

Sverity.
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CHAPTER 1

Introduction

1.1 Introduction to Friction Stir Welding

Friction Stir Welding is a new process for joining polymeric materials. Since
1998, major research assessing the feasibility of the process has been ongoing at Brigham
Young University. Several polymers have been successfully welded, retaining over 90%
of base material tensile strength. However, very little has been known regarding the
effect of the process on the polymer microstructure. This research was carried out with
the primary goal of setting forth the relationships between several key operational
parameters, the resulting weld microstructure, and flexural properties of the welded joint.

Friction Stir Welding (FSW) is arelaively new janing process, being first
demonstrated successfully on aluminum alloysin 1991 at The Welding Institute (TWI) in
England. Quickly becomingwidely acoepted in the metalsmanufacturing realm,
extensive research has been performed on tool designs, joint geometries, process
parameters, and weldable materials.

Meanwhile, the processis still in itsinfancy among polymer processors.
Relatively little is known about the process when applied to polymers, including the
effects of FSW on the material microstructure. Very few groups have reported research
on FSW of polymeric materials. Of the thousands of polymers in existence, a mere half
dozen have been investigated for compatibility with FSW technology. An entire
manufacturing method is waiting to be developed.

FSW utilizes the friction between a rotating tool and the workpiece to generate the
necessary heat for fusion of the joint. The tool consists of arotating pin, alarge shoulder,
and aheater. The pinis primarily responsible for the frictional heating of the workpiece

and stirring of material within the joint. The shoulder’s main purposes are to trap the



material displaced by the pin and to apply forging pressure to the joint as the weld cools.
The heater supplies additional thermal energy when the frictional heating is not sufficient

The tool shoulder used to contain the displaced material and to hold pressure on
the weld while it cools is much larger than that used for FSW of metalsand is called a
“shoe.” Asthe pdymer cools it isvery important to promote auniform cooling rate
throughout the weld volume. If the outer material cools much quicker than the inner, a
hard shell isformed. Astheinner layersthen 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. Increasing the shoe length allows pressure to be
maintained for alonger 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.

The shoe is stationary relative to the pin, whereasin FSW of metals the shoulder
rotates with the pin. It has been found that rather than holding the displaced material
within the weld as with metals, a rotating shoulder pushes the polymer out of the weld
volume. Thisreduction in material is responsible for very poor weld formation and
performance. By holding the shoe stationary relative to the pin, the displaced maerial is
effectively trapped. The non-rotating shoe also ads to smooth the weld surface.

FSW is performed inafew simple steps  First, the spinning pin is plunged into
the joint between the pieces to be welded and allowed to heat up. Asthetool rotates
thereisvery high friction, evidenced by arelease of thermal energy. Theprocessis made
more efficient when the majority of the energy goes into the workpieces rather than the
tool.

The tool then advances along the joint, removing material from in front of the tool
and depoditing it behind the trailing edge of the tool. FSW of polymersisnot srictly a
solid state process. Because polymers consist of molecules of different lengths, and thus
of different molecular weights, the materials do not have single melting points, but
melting ranges. During FSW processing, some shorter chains reach their mdting point
while longer chains do not. Thus bits of solid material are suspended in enough molten

material to rende the mixture easy to move and form.
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As the tool moves along the joint, the shoe maintains pressure on the weld as it
cools. Once the pin reaches the end of the weld, thepin is stopped and theweld is
allowed to cool somewhat before the pin is retracted and the shoe raised.

1.2 Industridization of FSW

In order for FSW of polymersto become viable on an industrial scale, several key
technologies need to be improved. Tooling durability and longevity must be improved, a
larger pool of joinable materials needs to be created, and weld properties need to be
proven. However, before any of these areas can be fully understood and developed, a
fundamental knowledge of the process and its effect on the material must be gained.

An enormous effort is needed to understand the effects of FSW processes on the
structure and properties of polymers. Both on a micro- and macro-structural basis, there
is no knowledge of what happens to the material during and after the welding process.
Without such knowledge, critical process and product design issues cannot be addressed.
Many applications are therefore rendered impossible. With an understanding of the
structural effects of the process on the material, gandard weld procedures and post
treatments can be developed. Thisthesisisintended to address the fundamental issue of
what effect FSW processing has on the structure of the polymer. The basic theory of this
research is tha the weld whose microstructure most dosely resembles that of the base

material will have the best properties and performance.

1.3 Thesis Statement

There exists some relationship between the microstructure of the polymer within
the weld zone and the mechanical properties and performance of thewelded joint. This
relationship is affected by key processing parameters including the pindiameter, pin rpm,
feedrate, and the length of cooling time under pressure. The purposes of thiswork areto
establish the effects of the FSW process on the structure of polypropylene, and put forth

the relationship between weld properties and characteristic microstructure.



This research answers several underlying questions. These include:
1. What isthe typical microstrucure of a FSW weld in PP?
2. Isthere arelationship between process parameters and the wdd
microstructure? If so, what is that relationship?
3. Doesthe weld microstructure affect the flexural properties of the weld?
4. Doesthe weld with the highest performance most resemble the base

material structure?

1.4 Delimitations

Thiswork is very concentrated in scope. Only oneresin isinvestigated-
polypropylene. Thisisfurther [imited to 6 mm thidk stress-relieved extruded sheet. Pin
diameter is changed as afactor in the experiment, but other aspects of pin geometry
(material, thread style and pitch, taper, etc.) Are not considered. Material thicknessis not
considered, nor is any aging response of theresin. Agingis herein defined so asto
include heat treatments, annealing, natural agng, etc. Because of their importance to
most PP applications, only flexural properties are analyzed, disregarding all others

(tensile, impact, chemical, thermal, etc.).

1.5 Document Organization

Thisthesisis designed for dual functionality. Herein are contained both a detaled
presentation of the research carried out and a shorter paper intended for publication. The
detailed presentation will satisfy the requirements for a Masters thesis submitted to the
Mechanical Engineering Department of Brigham Y oung University (BYU). The
publishable paper (to be published in a peer reviewed journal) will give others ready
access to the knowledge gained through this research. This thesis has the following
organization:

Chapter 1 is an introduction to this document, containing a brief discussion of the
purpose and organization of thisthesis. The friction gir welding (FSW) processis
introduced. A brief history o the process and a discussion of how the process works is

given. The differences between FSW of metals and polymers are discussed.
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Chapter 2 contains an in-depth review of published literature concerning FSW of
polymeric materials. Also included isan overview of other common polymer joining
processes, serving as abasisfor comparison. Other literature dealing with analytical
methods of polymer weldsis also reviewed.

Chapter 3 gives information about the experimental procedure employed in this
research. The experimental design, method, and analysis arediscussed. Procedures for
welding, specimen preparation, and testing are explained.

Chapter 4 is the stand-alone portion of thisthesis. It contains abrief version of
the literature review, experimental procedures, and a discussion of the experimental
results. The conclusions for the current work are presented here. This chapter will be
submitted for peer reviewed publication.

Chapter 5 presents recommendations for future work, along with brief discussions
of important technological issues.

Several Appendices contain detailed records of tool geometries, mechanical
testing results, and statistical analyses too lengthy to be included in the body. Also found

in the appendicesisafull collection of weld micrographs.






CHAPTER 2

Literature Review

2.1 Introduction

Asvery little formal research has been performed on friction stir welding of
polymers, it isimportant to establish the state of the art. A careful search reveded that
the few published reports on the subject focus only on the successful joining of polymers
with the process. Essentially no work has been reported regarding the mechanics of the
process or the effects of the process on the microstructure of the polymer itself.

This literature review provides background information vital to each step of the
research. Section 2.2 contains areview of the common practices of joining polymers.
Their methods, advantages, and disadvantages are discussed. In section 2.3 a description
and discussion of the friction stir welding process (both of metals and polymers) is found.
Readers will be familiarized with the process; its terminology, history, and anticipated
comparison with the common practices discussed previously. A comparison of several
common processes and FSW for a specific part isfound in section 2.4. An outline of the
testing of mechanical properties of the weldsisfound in section 2.5. The three-point
bend test is described in some detail. Information regarding the governing standard for
the test is given. Previous research on the microstructure of thermaoplastic weldsis

reviewed in section 2.6.

2.2 Joining of Polymers

In developing FSW as a viable joining process for polymeric maerials, it is
important to compare it against existing processes. Several processes have come to
dominate the field of joining polymeric parts. A brief review of the most common

processes and their strengths and weaknesses fdlows.



Processes of securing polymer partsfall into two major categories- mechanical
fastening and joining. Joining can be separated into bonding and welding. Thesein turn
can be subdivided into solvents or adhesives and thermal or friction welding. The
relationships and examples of processes are shown graphically in Figure 1. Before
discussing individual processes, it isimportant to establish some key working definitions.

Fastening refers to the use of aforeign body to mechanically connect distinct
parts. Mechanical fastening techniques make use of external fastenersto hold the pieces
together. Screws, rivets, staples, bolts, clamps, brackets, and snap-fits are typical
examples of mechanical fasteners. Joining secures the parts without foreign bodies.
Glues, welding techniques, and solvents are common examples of joining processes.
Bonding uses chemical reactions to create a permanent joint. Examples of bonding
include one- or two-part adhesives and solvents. Welding fuses the two parts together
by non-chemical means. This requires the melting of a small volume of the part at the
joint. Hot gases, hot tools, ultrasonic vibrations, friction, and lasers are commonly used

to cause the joints to fuse.

Polymer Joint
Fastening /\ Joining
Rivet
]%i;i‘ljet Bonding Welding
Bol . i .
Sr(l)a;) ft  Solvent Adhesive Thermal Friction —~ Electromagnetic
Laser Spin Resistance
Hot gas Linear Induction
One-part Two-part  Hot plate Ultrasonic  Microwave
Isocyanate  Epoxy Extrusion Friction stir
Anaerobic ~ Urethane
Acrylic

Figurel- Classification of polymer joining methods (Altered from Stokes 1989).




Mechanical fastening involves the joining together of assemblies with external
parts. Fastened joints can be made to be permanently closed, or re-openable for
maintenance purposes. While they are generally simple processes, they require external
parts, and often a substantial labor input. Furthermore, considerable stress concentration
occurs at and around the fastener locations. Because mechanical joints are generally not
high performance, they will not be compared to friction stir weldingin this research.

Many forms of welding have been developed, each with unique advantages.
Welded joints can be made of a variety of materials, geometries, and sizes. Dissimilar
materials can be joined if they are compatible. However, the mechanics of the welding
process, along with its affects on the material structure are still greatly unknown.

All polymer welding techniques progress through three common stages. Thefirst
stage involves the formation of amelt on the surfacesto bejoined. This melt does not
need to be large in volume but must exist in order for the polymer chans to fuse across
the joint. Inthe second stage, the parts are brought together under pressure. Exerting
pressure on the melted volume helps ensure thorough mixing of the material across the
joint line. Duringthe third and find stage, the melt is allowed to cool. Pressure should
be maintained in order to prevent voids from forming within the weld.

Following are discussions of the most common polymer joining techniques. For
the welding techniques, brief process descriptions are given in terms of how the three
stages of welding are approached. In thecase of adhesive bonding, descriptions of how
thejoint isformed are given. The major advantages and limitations of each process are
discussed.

2.2.1 Adhesives

Adhesive research has reached a state of maturity as a science. Bonding techniques
have been developed to provide high quality, high performance joints in polymeric parts.
The mechanics of the process have been studied in depth, and are well understood
(Stokes 1989). Today’s adhesives alow the joining of nearly any polymer. The
properties of the adhesive joint can also be tailored to the application.



Adhesives can be broadly classified as one- or two-part systems. One-part adhesives
require no mixing or stirring prior to use. Cyanoacrylates are common examples of one-
part polymer adhesives. Bonding by means of one-part adhesivesissimple. The
adhesive is applied to one side of the joint. The parts are brought into contact, then held
under pressure as the adhesive cures. Cure times for anaerobic adhesives range from
seconds to hours at room temperature.

Two-part adhesives rely on a chemical reaction between their components to cure.
Generally, the two parts must be mixed according to precise recipes prior to use. The
strongest joints are usually achieved by applying the adhesive to both parts to be joined.
After allowing the adhesive to cure dightly, the parts are brought together and held under
pressure while the adhesive continues to cure. Epoxies are the most common in this class
of adhesives that includes acrylics, urethanes, and others. Cure times aregeneraly long
(measured in hours) for high performance epoxies. Others can achieve a strong bond
within minutes. The cure rate for epoxies can normally be increased with heat.

Adhesives have some very strong advantages over other joining processes. Itis
possible to bond nearly any polymer with the correct adhesive and surface preparation.
Whereas many processes are only suitable for thermoplastic materials, adhesives work
equally wdl with thermoset materials. Because of this, they are frequently the only
choice of joining process. They are ssimple to use, even more so with the one-part
systems. Cure times can be very short. Often multiple systems will be capable of
creating a joint; hence the properties can be adjusted through adhesive selection. Little
operator training is necessary, and joint strength can be very repeatable (Stokes 1989).

There are however, serious disadvantages to using adhesives. Many of them
release toxic fumes during use and cure, requiring the use of protective apparatus.
Surface preparation including a degreasing step is critical to achieving a good bond.
Because of this, the repeatability of joint propertiesis dependent on worker skill.
Another disadvantage of adhesivesisthe difference in behavior between the cured

adhesive and the polymer which can introduce inherent weaknesses.
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2.2.2 Solvents

If creating a bonded joint without introducing new material isimportant, a solvent
bond may be the answer. Solvents soften alayer of the polymer around the joint and
allow the polymer chainsto fuse across the joint line. After acting to “open” the ends of
the chains, the solvent evaporates, allowing the polymer chainsto diffuse across the joint
and bond, leaving a homogeneous joint. Because of the diffusion of polymer chains
across the joint, the process is sometimes referred to as solvent welding.

A magjor advantage of solvent bondsis the intermingling of polymer chains. After
the solvent evaporates, there is very little difference between the material within the joint
and the base material. Thisresultsin avery smooth transition of loads from one side of
the joint to the other.

Solvents have two major disadvantages. First and foremost are the environmental
issues. Most solvents show very damaging effects on the environment as they evaporate.
Serious dangers to personal health exist, and are made worse by frequent exposure.
Second, solventstend to be slow acting This may be acceptable for one-of-a kind parts,
but is not for large-scale production (Stokes 1989). Additionally, no reasonable solvent

exists for some of themost common polymers.

2.2.3 Hot-Plate

In hot-tool or hot-plate welding, the surfacesto be joined are melted through
forced contadt with a heated tool. Once athin moltenlayer is developed, thetool is
removed and the surfaces brought together under pressure. While the joint fuses and
cools, the pressure ismaintained. Thetool is metallic, and is generally heated interndly.
Complex geometries can be created, albeit at an increased cost.

Hot-plate welding offers several advantages. In theory, any thermoplastic material
can bejoined. Because the tool isin contact with the part, extremely high temperatures
can be reached. Thermally sensitive materials benefit from the use of modern
temperature control systems that reduce the danger of overheating the workpiece. The

process lends itself very well to either highly automated or portable systems. Dissimilar
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materials can easily be joined, on condition that both can be molten simultaneously
without degrading one or the other (Stokes 1989).

There are limitaions to hot-plate welding. Cyde times tend to be long; especialy
as part sizeincreases. For example, asingle weld of large pipe can require 30 minutes.
The forced contact between part and tool also posesa problem. Asthe mdten filmis
developed, the material tends to stick to thetool. This can be avoided by coating the tool

with PTFE. However, thislimits the working temperature range of the tool.

2.2.4 Hot-Gas

This process resambles oxy-fud welding. A hot gas (air, nitrogen, CO,, etc.) is
directed at the joint. Asthe materid softens, afillerrod is pushed into thejoint. Also
heated, the filler material fuses with the parent material, and awelded joint is created
(Bauer1990). A v-groove joint design is commonly used to make the process more
efficient and efective. Neither the substrate nor the filler is completely mdted, only
substantially softened.

The major advantage of hot-gas welding isitsflexibility. Simple portable devices
can easily be made. Hence, the processis very well suited for on-site repair work, or for
fabrication of large, one-of-a-kind parts (Stokes 1989).

In spite of its smplicity, hot-gas welding is not well suited for large-scale
manufacturing, nor where joint performanceis aitical. It isavery slow and difficult to
control process. Over- or under-heating of the joint is common, and devastating to

mechanical properties.

2.2.5 Extrusion

Extrusion welding is closely related to hot-gas welding. In this processthefiller
material is melted and extruded directly into the joint. A heated gasis still used to
preheat the substrate material, enabling the fusion of the joint. Asitismorereadily
controlled and more consistent than hot-gas welding, it is often preferred for the

automatic welding of large assemblies (Stokes 1989).
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2.2.6 Friction

Several variations of friction welding have been developed. All rely on the
conversion of frictional energy into thermal energy to melt the joint. The surfacesto be
fused rub against one another under controlled pressure. Once the desired amount of
melting has occurred, the parts are held together under stationary pressure as the joint
fuses and cools. Fiction welding techniques have the major advantage of insensitivity to
many surface irregularties. Asthe partsare rubbed against each other, the peaks simply
melt away and any valleys arefilled in.

Spin welding is used when at |east oneof the mating pieces has a circular cross-
section. The joint must be planar, with no requirement of angular alignment between the
two parts(Bauer 1990). This process can be performed on reatively simple machi nery,
and can form ajoint in seconds. Because the angular velocity increases as the radius
grows, there is atendency to overheat and degrade the material in the outer regions of
welds made on large diameter, solid parts. To achieve uniform melting, a thin-walled
hollow part is best quited for this process.

Linear friction welding rubsthe parts together in alinear fashion. Displacements
are small, usually between .254 and .508 mm. Parts with flat seams are best suited for
this process (Bauer 1990). Complex geometries and low modulus materials (i.e.-

elastomers) cannot be joined.

2.2.7 Ultrasonic

By far the most widely used polymer welding process is ultrasonic welding
(Stokes 1989). High frequency (20- 50 KHz), low amplitude (.0127- .0635 mm)
mechanical vibrations are used to create highly locdized welds. There are two major
styles of joints welded ultrasonically. BLit joints, wherein the major vibrationd energy is
perpendicular to the joint, are the most common. In thesejoints, energy directors are
needed to focus the vibrational energy exactly. Energy directors are cone shaped
protrusions molded or machined into one side of the joint (see Figure 2). Exposed to the
ultrasonic vibrations, these energy directors melt and flow- fusingthe joint. The second

type, shear joints, use atight fit between to parts to create frictional energy. Because the
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vibrations are mostly parallel to the joint, no energy directors are needed. Asthe

ultrasonic vibrations oscillate the parts, they fuse much like a linear friction weld.

DIRECTION OF VIBRATION

g

(20 - 40 kHa)

/A
ENMERGY DIRECTOR

BUTT JGINT SHEAR JOINT

Figure 2- Standard joint types in ultrasonic
welding (Stokes 1989).

Ultrasonic welding is further divided into near- and far-field opeations. This
classification isbased simply on the distance from the ultrasonic horn and the actud weld
site. The hornisthetip of the welding apparatus that serves to amplify the vibrations and
transfer that energy to the workpiece. Near-field welding is generally taken to mean tha
the horn islessthan 0.25" from the weld. Anything more distant than thisis considered
to be far-field welding. Far field welds are much less efficient, requiring much higher
energy inputs because of the damping characteristics of polymeric materials.

Advantages of ultrasonic welding include speed, automation, and compactness of
equipment. Typical cycletimesfor ultrasonic welding operations are between 1 and 2
seconds. The equipment is very compact, and can be portable. Theprocessis highly
automatable.

However, part and joint geometries are critical in ultrasonic welding. If the
energy cannot be focused, cycle timeswill increase dramatically, while joint properties
suffer. It isalso unsuitable as a process for joining large seams, only spot welds are
considered feasible with current technology. Furthermore, material choices are slightly
limited by the fact that low modulus materid stend to damp the vibrati ons too quickly,
and high quality welds cannot be formed.
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2.2.8 Resistance (Implant)

Resistance welding can be used to form high quality welds for any joint geometry.
In this process an electrically conductive maerial is placed at the joint interface and
resistively heated. This can be awire, braid, or other materid. The hot wire causes the
surrounding material to melt and create aweld when cooled under pressure. Cycle times
are short, typica ly in the 15-25 second range for even the largest parts (Stokes 1989). It
Is an extremely simple process requiring very little surface preparation.

However, because the wire remains in the weld the joint properties are
compromised, and can be difficult to repeat. Leaving the wire behind is costly, hence the
process is used mostly when faced with a complex joint in a specialty pat. The setup
times for resistance welds tend to be very long. The implant wire must be laid alongthe
centerline of the entire weld. If the joint geometry is complex the wire must also be
“tacked” into place. Further care must be taken when bringing the workpieces into

contact to avoid disturbing or displacing the implant.

2.3 FSW of Polymers

Because friction stir welding of polymersisso new, it is not surprising that little
work has been published. Very few groups have reported performing research into the
process as applied to polymers. The leading research groups are working at TWI and
BYU. An extensivesearch reveded published resutsin three aress- tool design, process
parameters, and weldable materials.

Noticeably absent from published literature was any study of the structure of the
welded material. Nor was there any report of a study of the effect of the process on the
structure of thepolymer. Tothis point, all work on FSW of polymers has been to prove it

works. Little atention has been gven to how it works or what it does to the material.

2.3.1Tool Design
Only preliminary work has been reported with regard to tooling issues. Johns
(Johns 1999) describes several iterative attempts to create a functional FSW tool for

polymers. A standard aluminum style tool (integral shoulder and pin) could form aweld,
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but with very poor mechanical and visual properties. Rather than holding the material
within the weld volume, it dragged it out, resulting in large voids throughout the weld.

A second tool design used a stationary cone mounted to the mill head to apply
pressure to the weld and brace the pin against the cyclic loading experienced during the
FSW process. Thistoo failed to create high quality welds. The area of the cone was
insufficient to apply pressure to the cooling weld, and the cyclic loading of the pin still
caused catastrophic failure after a very limited number of welds.

Pin

Heater ¢
Thrust Bearing \ /

Figure 3- Final iteration of Johns' tool design (Sorensen 2001)

Johns' final tool iteration (Figure 3) proved much more successful, and is the
model for the current tooling used at BY U. It cons sts of arotating pin, a thrust bearing,
and a stationary shoe. The shoe allows pressure to be applied over alarge area of the
weld asit cools, limiting the formation of voids. It can be heated if additional energy is
needed for proper fusion of the joint. Johns concluded that in order to increase tool life,
the pin needs to be kept as short as possible. Thiswill minimize the moment acting on
the tool, thus helping to overcome the effects of cyclic loading.

TWI has reported nothing of the design of their tooling, save the shape thereof.
They have reported the successful welding of polypropylene with “an airfoil shaped
reciprocating tool” (ASM International 2000).
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2.3.2 Process Parameters

Researchers at BY U are the only group to have reported successful operating
parameters. Various parameters including shoe temperature, spindle speed, weld feedrate,
tool offset depth (distance from the bottom of the pin to thetop of the anvil), and pin
geometry were studied. The rotational speed of the tool was found to bevery critical, as
was the feedrate of the weld. In generd, higher spindle speeds (1500- 1800 rpm) resulted
in higher tensile strengths. Lower feedrates (10- 25.4 gom) were found to yield superior
properties (Nelson 2000).

2.3.3 Materials

To date, a mere half-dozen of the thousands of available polymers havebeen
investigated for compatibility with FSW. Polymers investigated include various grades of
polyethylene (PE), polypropylene (PP), polyamide (PA), polycarbonate (PC),
polymethylmethacrylate (PMMA), and polytetrafluoroethylene (PTFE). While some
niche markets can be entered with these material's, widespread acceptance and use of
FSW will only occur when a greater selection of materids can be joined.

TWI reported success in joining PP, with tensile strength above 90% (Advanced
Materials 2000). Johns reported that acrylonitrile butadiene styrene (ABS) could be
readily joined by FSW, achieving 75% of the base material tensile strength (Johns 1999).
He also found however, that PTFE was not weldable with FSW given the present state of
technology.

BY U research has shown promising results in welding various materials. Most
materials have undergone some optimization of operating parameters. Others have
received only cursory attention thus far. Welded specimens have been tested under
tensile loading, with the results shown in Table 1.

One noteworthy property nat reported in any literature is the characteristic strain
of the welded parts. It has been noted that while the tensile strength of the welds can be

quite high, the strain at failureis very low. Whereas an unwelded speamen may reach a
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strain of 100- 150%, a welded specimen attains only 10- 15%. The reason for this

dramatic difference is unknown, but is evidence of afundamental change in the material.

Table 1- Tensile test results for various polymers. (Sorensen 2001)

Materid Base Materid Friction Stir Welding Results
Ultimate Tensile Stress | Ultimate Tensile % base material
(MPa) Stress (psi) Ultimate Tensile Stress
ABS 34.1 32.7 96
HDPE 22.5 215 95
PA (nylon) 72.4 284 39
PC 68.3 57.1 83
PMMA 42.0 215 51
PP 313 30.6 98
UHMWPE 28.8 20.0 69

2.4 Brief Comparison of Polymer Joining Processes

AsFSW will be competing with well established practices of joining polymers, a
specific example comparing several processes for the production of a specific part has
been created. We will consider ultrasonic, hot-plate, hot-gas, extrusion, and friction
welding processes. FSW will also becompared to adhesive joining. Comparisons will
be made on the bad's of part preparation, process time consumables, process
repeatability, joint efficiency, and machine/ tool cost. The ability of the processes to
produce continuous and discrete parts will also be compared. For this paper, the
processes will be compared in producing a 12 in long butt weld in 0.25 in thick
polypropylene. A summary of the process requirementsis found in Table 2, with a

comparison of the process capabilitiesisgivenin Table 3.
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Table 2- Process requirement comparison of common polymer joining techniques for 12
in long butt weld in 0.25 in thick PP.

Process Preparation | Process Total Consumables | Machine/ Tool,
time Time consumable cost

Ultrasonic energy 1-3sec. | 5-10 min. none $30,000

directors

Hot-plate none 30-40 sec. | 60-90 sec. none $47,000

Hot-gas v- groove | 8-10 min. 15 min. gas, filler $3,500

Extrusion | v-groove | 8- 10min. | 15min. gas, filler $5,500

Friction flatten face | 10-15sec. | 6- 8 min. none $89,000

Adhesives clean 3 min. 2-3 hours cleaner, $3,000

adhesive
FSW none 2 min. 3 min. none $11,000

Ultrasonic welding is the most widely used method of welding polymers. Itisa

very fast process, with weld times of 1-4 seconds. Joint efficiencies of above 75% are

possible, and the processis very repeatable. However, machines and tools are expensive,

and part preparation istime consuming. Only discrete parts can be produced, and only

spot welding is performed. Thus for the example part, the properties will be inferior.

Hot-plate welding is also awidely used process. Very high joint efficiencies are

possible, the weld time for the specified part is 30- 40 seconds. Little surface preparation

isrequired, and the repeatability of the processis high. Machine and tooling costs are on

the higher end of the spectrum, and again only discrete parts are produced. Complex joint

geometries can be accommodated, but at great cost.
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Table 3- Process capability comparison for common polymer joining techniques.

Process Joint Repeatability Continuous Discrete
Efficiency
Ultrasonic 75 % high No Yes
Hot-plate 90 % high No Yes
Hot-gas 60 % fair Difficult Yes
Extrusion 70 % fair Difficult Yes
Friction 85 % high No Yes
Adhesives 90 % fair No Yes
FSW 95 % high Yes Yes

Hot-gas and extrusion welds are very similar in process and performance. A v-
grooveisrequired for proper weld formation, which is performed at avery slow rate.
Joint efficiencies for the processes are generally 60-70%, with fair repeatability.
However, thisis highly dependent on the operator’s skill level. Consumables include gas
and filler rod. The process can be used for continuous welding, but with difficulty. The
machine costs are low, but the labor is quite high.

Several forms of friction weldingare used. The two parts are eithe spun opposite
one another, or linearly displaced relative to each other. Here, linear welding will be
considered. Little preparation is required, generally a single step to flatten the surfaces
and make them planar. Weld times are short, about 15-20 seconds, and efficiencies of
85% are achieved. No consumables are required, and the repeatability is quite high.
Machine and tooling costs are moderate.

Adhesives offer agreat variety of possibilities. Cure times can be very short (in
minutes for anaerobics) or very long (several hours for high peformance epoxies.) Little
operator skill is needed, but often environmental issues prove costly. Joint strengths are
adjustable by careful adhesive selection, and are often above90%. Part preparation is
required, to clean and ensure proper contact between the parts. A unique advantege of

adhesives is the ability to join both thermoplastic and thermoset polymers.
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Friction stir welding shows great capability in the current example. Machine and
tooling costs arevery low, and joint efficiendes are often in the 90-95% rangefor both
tensile and flexurd properties. Feedrates in PP havereached 6 ipm with 90% base
material tensile strength. No part preparation or consumables are required. Discreteand

continuous parts are readily produced on simple machines.

2.5 Mechanical Testing Standards

Two published standards were found to be applicable to this research. A set of
standards devel oped by the Deutscher Werband fur Schweissen und Vewandte Verfahren
(DVS) governs the testing of welded thermoplastic polymers, spedfically DV'S Direction
2203-5 “ Testing of welded joints of thermoplastic plates and tubes: Technological bend
test.” ASTM standard D 790-96a controls flexural testing of unreinforced plastics. Bath
tests use three-point bend tests. Thiswork uses both standards to analyze the
performance of the welded joint. The DV'S standard uses a“bend angle” to assess the
flexibility of the weld. The ASTM gandard uses maximum fiber stress and strain to
assess the strength of the material.

The fixtures prescribed by both standards were equivalent, with the exception of
the support rollers. While the DV S direction called for aroller diameter of 50 mm, the
ASTM standard specified a maximum of 36 mm. Because the primary goal was to assess
the flexibility of the weld, the DV S dimension was used for the roller.

Detailed dimensional information for the test fixture used in this research islisted
in Table4. A typical test apparatus and setup with key dimensions labeled is shownin
Figure 4. The standard requires the testing of six specimens from each weld. Three plece
the weld root in tension. The other three place the root in compression. The ram
displacement and load at yield and rupture are recorded, and used to calculate key

properties.
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Table 4- Critical dimensions for three-point bending (DV'S 1999).

Nominal Length Width Roller Roller Ram tip
thickness (Lt) (b) distance diameter diameter
(Ls) (d) (@
6.0 mm 200mm | 20 mm 90 mm 50 mm 8 mm
Ly

W
z

Figure 4- Typical three point bend test setup for welded
polymers (DV'S 1999).

DV S directions use the bend angle to classify welds as good or bad. TheDVS
bend angle is defined as the total angle bent through by the specimen during the test.

That is, the bend angle is the difference between the initial and final included angles of
theweld. The bend angle required for “good” dassification vary by maerial, thickness
and joining process. For weldsin 6 mm polypropylene a bend angle of 50° isrequired for
hot-gas, extrusion, and laser welding processes. A bend angle of 85° isrequired for hot-
plate welds.

ASTM standards report the engineering stress/ strain characteristics of the
material, in this case awelded joint. The flexural properties and performances are related
in terms of maximum fiber stress and strain. The maximum fiber (tensile) stress and
strain occur at the bottom of the specimen. Given the ram displacement, load, and

specimen thickness, the maximum fiber strain can be cdculated by:
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Equation 1 E=

where: r = maximum fiber strain, (mm/mm),
D = midspan deflection (mm),
t = beam thickness (mm), and
L = support span (mm).

The maximum fiber tensile stress is caculated by:
2B

Equation 2 =
. Dyt

where: s = maximum fiber stress (MPa),
P =load (kg),
L = support span (mm),
w = beam width (mm), and
t = beam thickness (mm).

2.6 Microstructure

While no research has been reported regarding the microstructure of FSW joints
in thermoplastic materials, severa published reports were found regarding the
microstructure of hot-plate butt welds. These reports identified not specific structure
types but zones of common structure within aweld.

In 1967 Menges and Zohren identified four zones of common microstructure in
HDPE hot-plate butt welds (Menges 1967). No details were given regarding the actual
structures or their causes. Menges and Zohren only stated that the zones were caused by
thermal affects during the weldng process.

Barber concluded that five zones exist in the butt welds, rather than four (Figure
5). Observing differing rates of attack by chromic acid for each of the zones, he proposed
that different crystal structures existed in each region (Barber 1972).

Work by Atkinson and DeCourcy gives perhaps the most detailed explanation of
the formation of zones. They concluded that the zones represent areas of molecular

orientation. (Atkinson 1981). The degree of orientation varies for each regon, and the
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rate of etchant attack depends on the degree of orientation. DeCourcy theorized that
shear forces during the welding process formed these zones (DeCourcy 1976). Asthe
weld is brought together under pressure, the molten material within the weld zone is
forced to flow. The amount of flow determines the extent of orientation, most markedly
when there is substantial flow of material having alow melt index. Near the center of the
weld where the least amount of flow occurs, there is the least molecular alignment. Near
the outer surface of the weld, the material flows furthest, and is aligned to a higher
degree.

Zone 1

Zone 2

Zone 3

Zone 4
Zone 5

Figure 5- Microstructure zones in hot plate
butt weld of HDPE (Barber 1972).
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CHAPTER 3
Experimental Procedure

3.1 Introduction

Thiswork proceeded in several stages. First, the parametersto be studied and
their levels were selected. Next, a number of tools were created specifically for the
various feedrates and pressure times. The welds were then made, and the three-point
bend tests were performed. The microstructural study was the find major step in the

research. This chapter describes and discusses the procedures used throughout the work.

3.2 Experi mental Desi gn

Preliminary research revealed severd parameters which affect the quality of the
weld. Weld performance was high over broad ranges of shoe temperaures and feedrates.
However, weld performance was very sensitive to spindle rpm. In this microstructure
study, the author included two parameters which had never been considered (pressure
timeand pin diamete) and two which had been examined in cursory fashion (feedrate
and shoe temperature). Spindle speed was held constant because of the af orementioned
sensitivity.

During this research each parameter was studied in a one-at-atime fashion. Each
parameter had multiple levels. Pin diameterswere 6.4, 9.5, and 12.7 mm. Feedrates of
51, 102, 203, and 305 mm/min were investigated. Shoe temperatures of 110, 127, 143,
160, and 177 °C were examined. Pressure time had values of 30, 60, 90, and 120
seconds. The rotational speed of the pin was held constant at 1080 rpm. Welds were
made at the parameter combinations listed in Table 5.

This one-at-a-time design was selected in place of afull factorial design for two
major reasons. First, thiswas the first research of itskind. Because no previous work

had been performed there no knowledge of how each parameter would affect the material
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Table 5- Weld parameter levels and run order

Weld Run Spindle Pin Feedrate | Pressure Shoe
Number Order Speed Diameter Time Temp.
RPM mm cpm seconds °C
P.D. 9a 19 1080 9.5 102 90 160
P.D.9%b 23 1080 9.5 102 90 160
P.D. 12a 9 1080 12.7 102 90 160
P.D. 12b 26 1080 12.7 102 90 160
P.D. 6a 16 1080 6.4 102 90 160
P.D. 6b 12 1080 6.4 102 90 160
F.R.5la 7 1080 9.5 51 90 160
F.R.51b 1 1080 9.5 51 90 160
F.R. 102a 22 1080 9.5 102 90 160
F.R. 102b 2 1080 9.5 102 90 160
F.R. 203a 11 1080 9.5 203 90 160
F.R. 203b 28 1080 9.5 203 90 160
F.R. 305a 21 1080 9.5 305 90 160
F.R. 305b 32 1080 9.5 305 90 160
P.T. 30a 8 1080 9.5 102 30 160
P.T. 30b 13 1080 9.5 102 30 160
P.T. 60a 10 1080 9.5 102 60 160
P.T. 60b 6 1080 9.5 102 60 160
P.T. 90a 30 1080 9.5 102 90 160
P.T. 90b 4 1080 9.5 102 90 160
P.T. 120a 25 1080 9.5 102 120 160
P.T. 120b 27 1080 9.5 102 120 160
S.T.110a 17 1080 9.5 102 90 110
S.T.110b 20 1080 9.5 102 90 110
S.T.127a 18 1080 9.5 102 90 127
S.T.127b 29 1080 9.5 102 90 127
S.T. 143a 5 1080 9.5 102 90 143
S.T. 143b 14 1080 9.5 102 90 143
S.T. 60a 3 1080 9.5 102 90 160
S.T. 160b 15 1080 9.5 102 90 160
ST.177a 24 1080 9.5 102 90 177
ST.177b 31 1080 9.5 102 90 177
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microstructure. Weld parameter levels were selected to represent a wide range of
possibilities. Second, the factorial design was rejected due to the large number of welds
needed to fully populate the design. With repetition, the one-at-a-time design allowed us
to explore the influences of 4 parameters with 32 welds. A full factorial design populated
with the same number of parameters, levels, and repetitions, would require 480 welds.

In decreasng the number of welds, there were drawbacks. Nointeraction effects
could be studied; only the individual effects of the parameters were determinable.
Interaction effects will need to be explored in the future. Thiswork helped determine the
bounds for each parameter. If absolute optimization were desired, the results of this study
would serve as a foundation upon which to build afactorial design of fewer parameters

and levels.

3.3- Equipment

As mentioned earlier, one of the great advantages of FSW is the simple machinery
and tooling required. At BYU, all polymer FSW is performed using a standard Lagun
Model mill. Themill used is shown in Figure 6. Only three minor modifications were
made to the mill in preparation for FSW use. First, a collar was clamped around the quill.
This collar held the shoe stationary and applied forging pressure through the shoe.
Second, a small temperature controller was bolted to the side of the mill head. Thefinal
modification was to replace the mill’ s vise with the anvil which secured the part during
welding. Thisanvil will be discussed in detail |ater.

Thetooling used for this research was very simple. Asindicated in Hgure 7, the
tool consisted of ashoe, pin, heater, and thermocouple. The shoe was sdid aluminum,
with ahole for the heater drilled in front of the pin. The pins used for this work were
turned from H13 tool steel. They were tapered at the tip, with a decrease in diameter of 3
mm over the last 6 mm of the pin. The pinswere also threaded to avery coarse 4.2 mm

pitch. Dimensioned drawings for the various pins and shoes used in this research are

found in
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Figure 6- Milling machine used for FSW of polymers.

Figure 7- Typical FSW tool for pdymers.

3.4 Welding

Friction stir welding of the PP plates was quite easily accomplished withthe aid
of asimplefixture. Thisfixture, commonly known as the anvil, provided a stiff backing
against which the tool could apply forging pressureand securely held the plates together,

as shown in Figure 8. The following simple steps were followed to make each weld.
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First, the machine parameters were set. With the spindle stopped, the bed height
was set such that the pin would run .08 mm above the anvil. The spindle speed and weld
feedrate were set to the desired level. A closed-loop temperature controller was used to
set and monitor the shoe temperature.

Second, the plates to be joined were fixtured. Clamps applied vertical holding
force to both plates. Set screws were used to apply horizontal pressure to thejoint. Once
clamped tightly onto the anvil, the jointline was checked for parallelism to the bed of the
mill. The pin was brought close to the surface of the plates and centered on the weld.
The length of the joint was then traversed to verify that the pin was centered on the joint

along the entire weld length.

Figure 8- Anvil with PP sheets clamped for
welding.

The third step was to plunge the pin into the joint and initiate the FSW process.
With the spindle spinning at the desired speed, the pin was slowly plunged into the joint.
Once full depth was achieved, the tool was allowed to heat the material, creating a pool of
semi-molten material. This usually required 10-15 seconds. When the pin was plunged
into the material, solid chunks of material were trapped under the shoe. Asthetool and

workpiece heated up, those solid chunks began to soften and melt. When sufficiently
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heated, this material was extruded from under the shoe Once this occurred, the tool could
be advanced to form the weld.

Fourth, the bed feed was engaged, and the pin traversed the joint. The wdd was
formed and allowed to cool somewhat under pressure. After the rear of the shoe passed
the end of the workpieces, the spindle and bed feed were stopped. The shoe was cooled
with compressed air until it reached 37 °C. All welds were allowed to cool for 10

minutes while still clamped in the fixture.

3.5 Specimen preparation

The welds were allowed to cool for 24 hours before testing began. Astherewere
two distinct types of testing carried out, the specimen preparation procedures will be
given for each type. All specimens were taken from prescribed locations along the weld.
To eliminate the effects of initiating and ending the FSW process, no specimens were
taken from the first or last 30 mm of the weld. Microscopy specimens were staggered
between the bend test specimens, so that microscopic data was directly relaed to the bend
test data. A diagram of the specimen locations and typical identification numbers ae

found in Figure 9.

i

Bl | B2|| B3 B4/ | B5| | B6

Figure 9- Layout and identification of specimens.
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3.5.1 Bend Test Specimens

The preparation of three-point bend test specimens was governed by DV S 2203-5.
As shown earlier, there are standard dimensions for the specimens (see section 2.4-
Mechanica Testing Standards). Bend test specimens were rectangular, measuring 200
mm long by 20 mm wide The specimens were machined to ensure acceptable and
consistent surface finish. Before machining, the specimens were marked for
identification. This marking not only allowed easy recording of data, but also enhanced
the analysis of data. By recording the location of the specimen along the weld,
information regarding process trends could be gathered.

After machining, the specimen’ s width and thickness were measured to the
nearest .01 mm. To ensure consistency and repeatability, the measurements were taken at
the center of the weld, directly over theroot. At this point the specimens were
conditioned for aminimum of 8 hours. Conditioning required exposure to an ambient
temperature of 18- 21 °C with not more than 50% relative humidity. The three-point

bend testing wasthen carried out under identical anbient conditions.

3.5.2 Microscopy Sections

Preparation of the microscopic sections was much more involved. Inorder to
acquire usable images, the sections had to be very thin, very flat, and properly mounted
on microscope slides. Several steps were followed to create usable specimens.

The cut lines for the microscope specimen blocks were drawn directly onto the
weld. At the sametime, an indicator line was drawn parallel to the advancing side of the
weld. Thisallowed the sections to later be aligned properly on the slides.

The blocks cut from the weld were mounted on a Sorvall JB-4 microtome,
equipped with a Tungsten carbide knife. The surface to be sectioned was cut repeatedly.
The first several cuts were intended to true the surface rather than creee usable sections.
Once aflat, straight surface was established, usable sections were cut. Each section was
cut .008 mm thick. A total of nine sections were cut from each block.

Immediately after being cut the individual sections were placed on microscope

dlides. A drop of water on the slide served to hold each section in place. Each weld had a
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separate dlide, and all sections were placed on the slide such that the advancing side was
on the right when viewed from above. The slides were placed in a60 °C oven for 24
hours. During this time the water evaporated from the slide, and the sections relaxed.
Sectioning the PP weld left residual stresses that occasionally caused the sections to curl.
The warm oven allowed the sectionsto release the residual stresses.

Once the sections were dry and flat, a cover dlip was goplied to the slide with a
sealing agent. In thisresearch, Permount® (toluene solution) was used. It effectively
sealed dust and other environmental contaminants out of the slide. Permount® was
selected because it could do this without interfering with the optical observation of the
sections under polarized light. Slight pressure was applied to the coverslip over a 24 hour
period while the Permount® cured.

When the Permount® was dry, the sections were ready for miaroscopic
examination. Care was taken to store the slides in a clean environment, and they were

cleaned prior to use.

3.6 Three-Point Bending

For thisresearch, all three-point bend testing was performed on an Instron model
4204 mechanical testing machine. Data acquisition was performed using National
Instruments software and firmware. All datawas collected at afrequency of 5 Hz. This
frequency was shown to yidd accurate results without taking excessive amounts of data.

A three-point bend fixture was condructed accordng to the dimensions given in
DV S 2203-5 (see section 2.4). Namely, the support roller diameter was 50 mm, the
rollers were spaced 90 mm on center, and the ram had a nose diameter of 8 mm. As
shown in Figure 10, the specimen acted as a simply supported beam, with asinge point
load at its midpoint. The fixture was designed to apply the load directly to the welded
joint. For each weld, three specimens were tested such that the weld root wasin
compression, and three such that the root was in tension. This was accomplished simply
by placing three specimens in the fixture such that the ram contacted the top of the weld,
and three such that the ram contacted the bottom of the weld.
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Figure 10- Three-point bend test fixture.

The Instron machine allowed easy control of the test parameters and recording of
key data paints. Thetravel rate of the ram was set at the specified rate of 20 mm/min
(DVS, 1999). Asthe welding process tends to leave a bend in the specimen, the start
point differed for each specimen. For thiswork, the point of O deflection was defined as
the point of contact between ram and specimen resulting in not more than .5 kg load.
Displays on the machine recorded the loads and displacements of the ram & the yield and
break points for the specimen. These points were used to calculate fiber stresses and
strains.

Bend tests were run to either specimen rupture or crack initiation. If acrack were
estimated to be 1.25 mm deep, the test was stopped. In the case that the specimen bent
without crack initiation to a bend angle of 160°, “no failure” was entered as the break
point of the specimen. In the case of rupture without previous yielding of the specimen,
yield and break were |abeled as the same poirt.

The most stringent DV S standard required a bend angle of 85° for classification as
agood weld. For sake of simplicity, several bend anges were converted to ram
displacements empirically. Five specimens were tested, and the ram displacement was
recorded for observed bend angles of 0-160° in 5° increments. Thefirst case was for a
straight specimen— representative of non-welded material. The second specimen had a

high positive initial angle, the third had a high negative initial angle; these represented the
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welds with the highest initial angle. The fourth and fifth specimens had low initial
angles— representing awelds with the lowest initial angle. Thistable of values was then
used to determinethe bend angle for each specimen tested during thisresearch. The full
table isincluded

Welding the PP plates caused them to deflect somewhat. Asaresult, the ram
displacement necessary to achieve a bend ang e of 85° was not the same for every weld.
Furthermore, the specimens tested root-up required a different digplacement than those
tested root-down. The angle of deflection was measured for all welds before testing, and
was found to be between 8° and 13° in all cases. It was determined that the required ram
displacement would vary by a maximum of 3.4 mm at 85°, and 6.8 mm at 160°. Two
categories of initial angle were established— low (8-10°) and high (11-13°). The welds
were judged according to the tabulated angles for the appropriate range. Ram
displacements required to pass the DV S standard are shown in Table 7.

Table 6- DV S ram displacement requirements.

Initial Weld Ande Root Ram displacement, 85° | Ram displacement, 160°
Direction | (mm) (mm)
Up 22.8 45.6
Low (8-10°)
Down 215 43.0
Up 26.5 53.0
High (11-13°)
Down 231 46.2

3.7 Optical Microscopy

Thiswork centered around the study of weld microstructures. This study
exclusively used a Nikon OPTIPHOT2-POL microscope The microscope was equipped
with a Nikon FX35-A camera. Under cross-polarized light, the characteristic

microstructures of the weld sections were identified and captured photographically.



Because of the size of the specimens, it was not possible to photograph the entire
weld area at once. Instead, multiple photographs were taken of each weld and digitized.

Collages were then made for each weld using an image editing software package.

3.7.1 Cross-Polarization of Light

The OPTIPHOT2-POL offered the capability of using cross-polarized light.
Polarization of the light allowed us to see much greater detail than whitelight. It was
possible to distinguish between crystalline and amorphous regions. Regions of diffeing
crystal orientations could be identified, and at higher magnificaions individual
spherulites could be seen.

Polarization is the process of sygematically eliminating light waves which vibrate
in particular planes and preserving others. In our case, we diminated all waves which did
not oscillate along either the x or y axis. Asthese waves passed through agiven
specimen, they were diffracted from their orignal planes. Viewing the transmitted light
we observed areas of contrasting light and dark along a grayscale. Where the waves
canceled each other there was darkness. To the extent that they reinforced one another,
the image became brighter.

Rotating the stage caused the specimen to interact differently with the light. The
degree of crystallinity of any region determined the degree of light or darkness observed.
If an area could be made to oscillate between light and dark as the stage is rotated, it was
determined to be a crystalline region. If azone were constantly dark, the polymer was
known to be highly amorphousin that region.

Polarization of the light dramatically increases the contrast and detail seen in the
section. Thisisreadily apparent in the two figures below. Figure 11 is anon-polarized
image of a portion of afriction stir weld specimen. Figure 12 is an image of the identicd

specimen, this time viewed with cross-polarized light.

35



Figure 11- FSW specimen viewed und Figure 12- FSW specimen viewed under
plain light cross polarized light

=,
o o

= e

3.7.2 Magnification

For the purposes of thiswork, high levels of magnification were unnecessary.
Because this was a qualitative rather than quantitative investigation, highly resolved
individual spherulites were not needed. All images were collected using a 2x objective
lens. The cameralens aso provided some magnification, resulting in atrue magnification

of 13x.

3.7.3 Linear Measurement

Limited linear measurements were performed in the course of my research. Such
measurements consisted of the measurement of microstructure zones and features. A one
millimeter bar was photographed under identical conditions to the welds and
subsequently digitized. Thisdigtal image was overlaid on all weld collagesto fadlitate

measurements.
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CHAPTER 4
Effects of Friction Stir Welding on Polymer Microstructure

4.1 Introduction

Friction Stir Welding is a new process for joining polymeric materials. Since
1998, major research assessing the feasibility of the process has been ongoing at Brigham
Young University. Severa polymers have been successfully welded, retaining over 90%
of base material tensile strength. However, very little has been known regarding the
effect of the process on the polymer microstructure. This research sets forth the
relationships between several key operational parameters, the resulting wdd

microstructure, and flexural properties of the welded joint.

4.1.1 Brief History of Friction Stir Welding

Friction Stir Welding (FSW) is arelatively new joining process, first performed
successful ly on Aluminum aloysin 1991 at The Welding Ingtitute (TWI) in England. It
has become widely accepted in the metals manufacturingrealm. Extensive research has
been performed on tool design, joint geometries, process parameters, and materials.

Meanwhile, the processis still in itsinfancy among polymer processors. Few
groups have attempted and reported work with FSW of polymeric materials. Of the
thousands of polymersin existence, less than a dozen have been tested for compatibility
with FSW technology. Very little is known about the process, including the effects of

FSW processing on the microstructure of polymers.
4.1.2 FSW of Polymers

Friction stir welding of polymersis accomplished with afew simple steps. A

rotating tool is plunged into the joint between two tightly held workpieces. The friction
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between the pin and workpiece causes the material to heat up and the tool is moved along
thejoint line. The material isstirred asit is moved around the tool within the weld zone.

FSW tooling consistsof apin and ashoe The pinisarotating body, and is
primarily responsible to produce frictional heating of the workpieceand to stir the
softened material. The shoeis primarily responsible to trap the material displaced by the
pin and hold the weld under pressure as it beginsto cool. Additionally, the shoe smooths
any defects in the top surface of the weld.

During the process, the primary generaor of heat is the friction between the
workpiece and the tool. However, because many polymers tend to be self-lubricating at
elevated temperatures, it is often necessary to provide additional external heat. For this
work, asimple resistive heater is embedded in the shoe.

It is very important to promotea uniform cooling rate throughout the weld volume
asthe welded joint cools. If the outer material cools much quicker than the inner, a hard
shell isformed. Asthe inner layers subsequently cool, the materid contracts and puls
away from the shell. Largevoids are formed which detract greatly from the mechanical
performance of the welded joint. Increasing the shoe length allows pressure to be
maintained as the weld cools through a greater temperature change. Because more
cooling and solidification of the weld occurs under pressure, material shrinkage is more

uniform, and void formation is reduced.

4.2 Literature Review

Little formal research has been reported regarding friction stir welding of
polymeric materials. The few published reports on the subject focus on the successful
joining of polymers with the process. Essentially no work has been reported regarding
the mechanics of the process or the effects of the process on the microstructure of the
polymer itself.

Because friction stir welding of polymersis so new, it isnot surprising that very
little has been published about it. Very few groups are performing research into the

process, and even fewer have reported results. The leading research groups are working
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at TWI and BYU. An extensive search revealed published resultsin only three areas- tool

design, process parameters, and weldable materials.

4.2.1.1 Tool Design

Only preliminary work has been reported with regard to tooling issues. Johns
reports several iterative attempts to create a functional FSW tool for polymers (Johns
1999). A standard aluminum style tool could form aweld, but with very poor mechanical
and visual properties. Rather than holding the material within the weld volume it dragged
it out, resulting in large voids throughout the weld.

Johns' final tool iteration proved much more successful, and is the model for the
current toolingused at BYU. Asshown in Figure 13, it consists of arotating pin, athrug
bearing, and a stationary “shoe”. The shoe dlows pressure to be applied over alarge area
of theweld asit cools, limiting the formation of voids. It can be heated if additional

energy is needed for proper fusion of thejoint.

Heater ¢

Pin

Thrust Bearing

Figure 13- Final iteration of Johns' tool (Sorensen 2001).

Johns concluded that in order to increase tool life, the pin needs to be kept
as short as possible This minimizes the moment acting on the tool, thus helping to
overcome the effects of cyclic loading.

TWI has only reported the shape of their tool. They have reported the successful
welding of polypropylenewith “an airfoil shaped reciprocating tool” (ASM International,
2000).

39



4.2.1.2 Process Parameters

Researchers at BY U are the only group to have reported successful operating
parameters. Various parameters including shoe temperature, spindle speed, weld feedrate,
tool offset depth (distance from the bottom of the pin to thetop of the anvil), and pin
geometry were studied. The rotational speed of the tool was found to bevery critical, as
was the feedrate of the weld. In generd, higher spindle speeds (1500-1800 rpm) resulted
in higher tensile strengths. Lower feedrates (10-25 gom) were found to yield superior
properties (Nelson 2000).

4.2.1.3 Materias

To date, very few of the thousands of available polymers have been investigated
for compatibility with FSW. Polymers for which data has been reported include various
grades of polyethylene (PE), polypropylene (PP), polyamide (PA), polycarbonate (PC),
polymethylmethacrylate (PMMA), and polytetrafluoroethylene (PTFE). While some
niche markets can be entered with these material's, widespread acceptance and use of
FSW will only occur when a greater selection of materids can be joined.

TWI reported success in joining PP, with above 90% of the base materid tensile
strength (ASM International 2000). Johns reported that acryionitrile butadiene styrene
(ABS) could be readily joined by FSW, achieving 75% of the base material tensile
strength. He also found however, that PTFE was not weldable with FSW given the
present state of technology (Johns 1999).

BY U research has shown promising results in welding various materials. Most
materials have undergone some optimization of operating parameters. Others have
received only cursory attention thus far. Welded specimens have been tested under

tensile loading, with the results shown in Table 7.
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Table 7- Tensile test results for various polymers. (Sorensen 2001)

Material Base Material Friction Stir Welding Results
Ultimate Tensile Ultimate Tensile % base material
Strength (M Pa) Strength (M Pa) Tensile Strength

ABS 34.1 32.7 96

HDPE 22.5 21.5 95

PA 724 284 39

PC 68.3 57.1 83

PMMA 42.0 215 51

PP 31.3 30.6 98

UHMWPE 28.8 20.0 69

4.2.2 Microstructure in Welded Polymer Joints

While no research has been reported regarding the microstructure of FSW joints
in thermoplastic materials, severa published reports were found regarding the
microstructure of hot-plate butt welds. These reports identified not specific structure
types but zones of common structure within aweld.

In 1967 microscopic studies identified four zones of common microstructure
within hot plate butt welds in HDPE (Menges 1967). Menges and Zohren offered no
details on the microstructural features seen or their causes, stating only that they were
caused by thermal affectsof the welding process.

Barber concluded that five zones exist in the butt welds, rather than four (Figure
14). Observing differing rates of attack by chromic acid for each of the zones, he
proposed that different crystal structures existed in each region (Barber 1972).

Work by Atkinson and DeCourcy gives perhaps the most detailed explanation of
the formation of zones. They concluded that the zones represent areas of moleaular
orientation (Atkinson 1981). The degree of orientation varies for each regon, and the
rate of etchant attack depends on the degree of orientation. DeCourcy theorized that
shear forces during the welding process formed these zones (DeCourcy 1976). Asthe
weld is brought together under pressure, the molten material within the weld zoneis

forced to flow. The extent of flow determines the extent of orientation, most markedly
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when there is substantial flow of material having alow melt index. Thus, near the center
of the weld where the least amount of flow occurs, thereis the least molecular alignment.

Near the outer surface of the weld the material flows furthest, and henceis aligned to a
higher degree at a singular orientation.

Figure 14- Microstructure zones in hot
plate butt weld of HDPE (Barber 1972).

4.3 Experimental Procedures
Thiswork was performed in severa stages. First, the parameters and levels were
selected. Second, the tools needed were created. Third, the welds were made. Fourth,

the three-point bend tests were performed, and the final step was to study the
microstructure.
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4.3.1 Experimental Design

During this research each parameter was studied in a one-at-atime fashion. The
one-at-a-time design was selected in place of afull factorial design for two major reasons.
First, because no previous work had been performed there was little knowledge of how
each parameter would affect the material microstructure. Weld parameter levds were
selected to represent awide range of possibilities. Second, the factorial design was
rejected due to the large numbe of welds needed to fully popuate the design. With
repetition, the one-at-a-time design allowed us to explore the influences of 4 parameters
with 32 welds. A full factorial design populated with the same number of parameters,
levels, and repetitions, would require 480 welds. In decreasing the number of welds,
there were dravbacks. No interaction effectscould be studied; only the individual effects

of the parameters were determinable.

Table 8- Weld parameter combinations and run order.

Weld Run Spindle | Pin Feedrate | Pressure | Shoe
Number Order | Speed Diameter Time Temp.
rpm mm mm/min | seconds °C
PD6a& b 19,23 1080 9.5 102 90 160
PD9a& b 9,26 1080 12.7 102 90 160
PD12a& b 16,12 1080 6.4 102 90 160
FR51a& b 7,1 1080 9.5 51 90 160
FR102a& b 22,2 1080 9.5 102 90 160
FR203a& b 11,28 1080 95 203 90 160
FR305a& b 21,32 1080 9.5 305 90 160
PT30a& b 8,13 1080 9.5 102 30 160
PT60a& b 10,6 1080 9.5 102 60 160
PT90a& b 304 1080 9.5 102 90 160
PT120a& b 25,27 1080 9.5 102 120 160
ST110a& b 17,20 1080 9.5 102 90 110
ST127a& b 18,29 1080 9.5 102 90 127
ST1l43a& b 5,14 1080 9.5 102 90 143
ST160a& b 3,15 1080 95 102 90 160
ST177aé& b 24,31 1080 9.5 102 90 177
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A total of sixteen weld parameter combinations were explored in this research.
Two welds were made for each combination. A listing of the parameter combinations,
their corresponding weld numbers, and the actual weld run order are found in Table 8.
Pressure time is herein defined as the length of time (in seconds) the weld is held under
the shoe after the weld has been formed.

4.3.2 Equipment

As mentioned earlier, one of the great advantages of FSW is the simple machinery
and tooling required. At BYU, all polymer FSW is performed using a standard Lagun
Model mill, shown in Hgure 15. Only three modifications were made to the mill in
preparation for FSW use. First, a collar was clamped around the quill. This collar held
the shoe stationary and applied forging pressure through the shoe. Second, asmall
temperature controller was bolted to the side of the mill head. The final modification was

to replace the mill’ s vise with the anvil which secured the part during welding.

Figure 15- Milling machine used for FSW of
polymers.

Thetooling used for this research was very simple. Asshown in Figure 16, the
tool consisted of ashoe, pin, heater, and thermocouple. The shoe was sdid aluminum,
with ahole for the heater drilled in front of the pin. A bearing was pressed into the shoe.
The pins used for thiswork were turned from H13 tool steel. They were tgpered at the
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tip, with adecrease in diameter of 3 mm over the last 6 mm of the pin. The pins were

also threaded to avery coarse 4.2 mm pitch.

Figure 16- Typical FSW tool for pdymers.

4.3.3 Welding

Friction stir welding was quite easily accomplished. A simple fixture held the
workpieces tightly together during the process. This fixture called the anvil, also
provided a stiff backing against which the tool could apply forgng pressure. Several
simple steps were followed to make each weld.

First, the machine parameters were set. The parameters controlled as part of this
work were the weld feedrate, shoe temperature, pressure time, and pin diameter. With the
spindle stopped, the tool depth was set such that the pin would run .08 mm above the
anvil. Second, theplates to be joined were secured onto the anvil. The third step was to
plunge the pin into the joint and initiate the FSW process. With the spindle spinning at
the desired speed, the pin was slowly plunged into the butt joint. Once full depth was
achieved, the tool was allowed to heat the material and create a pool of semi-molten
material. Thisusually required 10-15 seconds. When the pin was plunged into the
material, solid chunks of material were trapped under the shoe. Asthetool and

workpiece heated up, those solid chunks began to soften and melt. When sufficiently
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heated this material was extruded from under the shoe. Once this occurs, the tool could be
advanced to form the weld.

The fourth step was to engage the bed feed and move the pin along the joint. The
weld was formed and allowed to cool somewhat under pressure. After the rear of the
shoe passed the end of the welded plates, the feed was disengaged and the spindle
stopped. The shoe was cooled with compressed air until it reached 38 °C. For the sake of
uniformity, all weldswere alowed to cool for 10 minutes while still clamped in the

fixture.

4.3.4 Specimen Preparation

Once the weld was made and allowed to cool for 24 hours, testing could begin.
For this research two distinct types of testing (three-point bending and microscopy) were
carried out. All specimens were taken from prescribed locations along the weld. To
eliminate the effects of initiating and ending the FSW process, no specimens were taken
from thefirst or last 30 mm of the weld. Microscopy specimens were staggered between
the bend test spedmens, so that microscopic data was drectly rdated to the bend test
data. Thelayout and relative positions of the specimensis shown in Figure 17. Six bend

test specimens and 3 microscopy blocks were taken from each wdd.

MI

B1||B2||B3 B4||B5|| B6

Figure 17- Test specimen layout.
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4.3.3.1 Bend Test Specimens

The preparation of three-point bend test specimens was governed by DV S 2203-5.
Each specimen was marked for identification accordi ng to weld number and location. By
recording the location of the specimen along the weld, important information regarding
process trends could be gathered.

The width and thickness of the specimens were measured to the nearest 0.01 mm
at the center of the weld, directly over the root. Before testing the specimens were
conditioned for a minimum of 8 hours by exposure to an ambient temperature of 18-
21°C with not more than 50% relative humidity. The three-point bend testing was then

carried out unde identical ambient conditions.

4.3.3.2 Microscopy Sections

A Sorvall JB-4 microtome equipped with a tungsten carbide knife was usad to
section the welds. Nine 8 um thick sections were cut from each microscopy block and
placed on microscope slides. A drop of water on the slide held each section in place.

Each weld had a separate slide. The slides were placed in a60°C oven for 24
hours. During this time the water evaporated from the slide, and the sections relaxed.
Sectioning the wdd left many residual stresses that occasionally caused the sections to
curl. Thewarm oven allowed the sections to releasethe residual stresses.

A cover dlip was applied to seal dust and other environmental contaminants out of
the dide. Permount® (Toluene solution) was used to affix the coverdlip because it filled
those needs while not interfering with the optical observation of the sections under
polarized light.

The sections were placed on the slide so that the advancing side of the weld was
alwaysto theright. The“advancing” side is where the pin is rotating against the direction
of the weld feed. Thiswas done so &as to enable the comparison of processing effects

across the weld.
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4.3.4 Three-Point Bending

For thisresearch, all three-point bend testing was performed on an Instron model
4204 mechanical testing machine. Data acquisition was performed using National
Instruments software and firmware at afrequency of 5 Hz. A three-point bend fixture
was constructed (Figure 18) according to the dimensions given in DVS 2203-5. The
travel rate of the ram was set at the specified rate of 20 mm/min. The point of O
deflection was defined as the point of contact between ram and specimen resulting in not
more than .5 kg load.

During the test the specimen acted as a simply supported beam with a single point
load at its midpoint. The fixture was designed to apply the load directly to the wd ded
joint. Six specimens were tested from each weld. Three were placed in the fixture so the
ram touched the root or bottom of the weld. The other three were placed so that the ram
touched the top of the weld.

Bend tests were run to either specimen rupture or crack initiation. If acrack were
estimated to be 1.25 mm deep, the test was stopped. “No falure” was entered in the case
that the specimen bent without crack initiation to a bend angle of 160°. In the case of
rupture without previous yielding of the specimen, yield and break were labeled as the

same point.

Figure 18- Three-point bend test fixture.



4.3.5 Optical Microscopy

Thiswork centered around the study of weld microstructure. This study
exclusively used a Nikon OPTIPHOT?2- POL microscope, equipped with a Nikon FX-
35A camera. Under polarized light, the characteristic structures of the weld sections
could be identified, measured, and captured photographically.

Polarization of the light allowed us to distinguish between crystalline and
amorphous regions. The orientation of various regions could aso be investigated.
Polarization of the light dramaticdly increased the detail seen in the section. Thisis
readily apparent in the two figures below. FHgure 19 is anon-polarized imageof a FSW

specimen. Figure 20 is an imageof the same specimen viewed under polarized light.
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F|gure 19- FSW specimen vi ewed under Figure 20- FSW specimen viewed under
plain light. cross polarized light.

4.3.6 Measurements
Several measuraments were taken during the course of the three-point bend tests
and microscopic studies. These included the bend angle, ram displacement, loads on the

specimen, and microstructure zones and features.
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4.4 Results

Three distinct sets of results were collected and analyzed as part of this research.
First, the welds were evaluated according to their DV S bend angles. Second, the flexural
properties were compared using maximum fiber stresses and strains. Third, the

microstructures of the welds were examined.

4.4.1 DVSBend Angles

In testing the welds made for this work, tests only ended by rupture or by non-
failure. No crack initiation was observed. In al cases of weld rupture, thefailure
occurred along the weld/ base material interface on the advancing side of the tool.
Failuresin root-up tests initiated under the flash on the top surface of the weld. In those
tested root-down, the failure initiated at or very near theroot. In all cases observed under
the microscope, the failure occurred outside of the weld region, within 0.5 mm of the
interface.

Welding the PP plates caused them to deflect somewhat. The angle of deflection
was measured for all welds before testing, and was found to be between 8° and 13° in all
cases. It was determined that for this range of initial angles, the required ram
displacement would vary by a maximum of 3.4 mm at 85°, and 6.8 mm at 160°. Two
categories of initial angle were established— low (8-10°) and high (11-13°).

To evaluate the DV S bend angle, the maximum ram displacement before failure
was recorded. Ram displacements were converted to a bend angle empiricdly. The
average ram displacements and bend angles achieved by root-up and root-down
specimens for each weld are given in Table 9. Due to the geometry of the test fixture, the

maximum bend angle possible was 160°.
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Table 9. DV S bend angle results

Weld ID Initial Ram displacement before failure Bend angle before failure
deflection (mm) (degrees)
(degrees)
Root up |Root down| Average | Root up |Root down| Average

PD6a 10 15.7 10.9 13.2 58.5 43 50.7
PD6b 8 9.1 9.9 9.7 34 39.8 36.9
PD9a 9 57.9 16.3 37.1 160 64.4 112.2
PD9b 9 53.8 16.3 35.1 160 64.7 112.4
PD12a 10 56.3 15 34.3 160 59.9 110
PD12b 9 49.8 12.7 31.2 160 50.9 105.4
PT30a 10 24.4 14 19.1 90.1 55.7 72.9
PT30b 9 35.6 15.2 25.4 131.9 60.8 96.4
PT60a 9 50 13.7 31.8 160 54.1 107.1
PT60b 8 41.1 15.2 28.2 153 60.5 106.7
PT90a 9 57.9 16.3 37.1 160 64.4 112.2
PT90b 9 53.8 16.3 35.1 160 64.7 112.4
PT120a 9 16.8 11.9 14.5 62.5 47.4 55

PT120b 10 13.5 13.2 13.5 50.3 52.2 51.3
FR51a 9 41.1 17 29.2 153.2 67.8 110.5
FR51b 11 49.8 20.3 35.1 160 72.8 116.4
FR102a 9 57.9 16.3 37.1 160 64.4 112.2
FR102b 10 53.8 16.3 35.1 160 64.7 112.4
FR203a 10 15.2 7.6 11.4 56.7 30.2 43.5
FR203b 10 18 9.4 13.7 67 37.2 52.1
FR305a 8 14.5 10.7 12.7 53.6 42.9 48.2
FR305b 10 18 8.6 13.5 67.3 34.8 51

ST110a 8 14.2 12.2 13.2 53 48.1 50.5
ST110b 9 15.2 15.7 15.5 56.8 63 59.9
ST127a 8 19.6 13.5 16.5 72.6 53.2 62.9
ST127b 10 16.3 15.2 15.7 60.4 60.2 60.3
ST143a 10 447 16.3 30.5 160 64.2 112.1
ST143b 10 33.8 17.5 25.7 125.5 69.5 97.5
ST160a 11 57.9 16.3 37.1 160 58 109
ST160b 10 53.8 16.3 35.1 160 64.7 112.4
ST177a 11 47.2 16.5 32 160 59.2 109.6
ST177b 13 44.5 16.5 30.5 160 58.8 109.4

4.4.2 Three-Point Bend Tests

Maximum fiber stresses and strains were used to evaluate the flexura

performance of the welds. All valuesin Table 6 were calculated at the point of maximum

|oad.
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Table 10- Three-point bend test results.

Max Fiber Stress (Mpa) Max Fiber Strain (mm/mm)
Weld ID Root Up | Root Down overall Root Up | Root Down overall
PD6a 73.6 46.6 60.1 0.085 0.037 0.061
PD6b 50.5 47.8 49.1 0.042 0.046 0.044
PD9a 74.4 66.3 70.4 0.110 0.070 0.090
PD9b 72.6 65.0 68.8 0.105 0.071 0.088
PD12a 74.0 70.1 72.0 0.091 0.061 0.076
PD12b 74.0 64.3 69.2 0.087 0.064 0.076
FR51a 79.0 72.4 75.7 0.104 0.076 0.090
FR51b 73.4 72.3 72.9 0.104 0.085 0.095
FR102a 74.4 66.3 70.4 0.110 0.070 0.090
FR102b 72.6 65.0 68.8 0.105 0.071 0.088
FR203a 65.7 35.4 50.5 0.035 0.068 0.052
FR203b 67.0 42.5 54.7 0.042 0.075 0.059
FR305a 61.0 45.5 53.3 0.050 0.065 0.057
FR305b 65.0 40.4 52.7 0.039 0.077 0.058
PT30a 66.1 58.5 62.3 0.093 0.070 0.081
PT30b 69.3 59.0 64.1 0.122 0.067 0.094
PT60a 75.0 67.2 71.1 0.092 0.057 0.074
PT60b 75.2 67.8 71.5 0.099 0.063 0.081
PT90a 74.4 66.3 70.4 0.110 0.070 0.090
PT90b 72.6 65.0 68.8 0.105 0.071 0.088
PT120a 66.4 51.7 59.1 0.070 0.054 0.062
PT120b 61.4 54.6 58.0 0.058 0.059 0.059
ST110a 64.6 60.3 62.4 0.074 0.043 0.058
ST110b 68.9 61.1 65.0 0.068 0.068 0.068
ST127a 68.8 57.8 63.3 0.059 0.081 0.070
ST127b 67.2 60.6 63.9 0.067 0.070 0.069
ST143a 72.1 64.9 68.5 0.093 0.064 0.079
ST143b 72.6 67.9 70.2 0.088 0.074 0.081
ST160a 74.4 66.3 70.4 0.110 0.070 0.090
ST160b 72.6 65.0 68.8 0.105 0.071 0.088
ST177a 72.1 66.4 69.2 0.091 0.065 0.078
ST177b 71.6 68.0 69.8 0.093 0.063 0.078

4.4.3 Microstructure
Sections of each weld were photographed and examined microscopically. The
sructure of the wel dswere compared aga nst that of the unweded PP. In thisstudy,

several structure types were found to exist. Anexample and description of each follows.
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4.4.3.1 Spherulites

Spherulites are the basic building block of PP microstructure. Asthe polymer
chains form, they are folded and twisted about themselves and each other. Where they
fold neatly, a crystalline region forms. Where they twist, an amorphous structure is
created. The chains are further organized into small spheroids, or spherulites. Figure2l
isamicrograph of as-extruded PP. The spherulites are visible as black or white areas,

differentiated by their level of crystallinity and the crystal orientation.
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4.4.3.2Voids
Voids are empty volumes within the weld. They arethought to be created when
the outer material cools quickly, and the inner material shrinks away from the resulting

shell during coding. They were common in preliminary welds, but none were found to
exist in the welds used for the current work.

4.4.3.3 Flow Line
Flow lines are areas of organized materia apparently showing flow patterns.
Flow lines are defined as layers of material with similar molecular strucure and

orientation. Apparently showing the pattern of material flow during FSW, they look like
parallel layers, as seen on the right side of the weld in Figure 22.
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Figure 22- Weld showing flow lines.

4.4.3.4 Onion Ring

Onionring is aspecial case of flow line that arises when the flow lines form
complete, concentric circles. A typical example of onion ring is shown as figure 23.
Through the central section of the weld, the flow lines have created closed |oops.

Figure 23- Typical onion ring structure.

4.4.3.5 Root Defect
Root defects were common to every weld created inthis research. A root defect is
defined as an area at the bottom of the joint that is not welded (Figure 24). Because the

welds were madewith the pin raised .08 mm from the anvil, the bottom of each joint
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was not stirred, and thus left unwelded. In most cases, a small portion of the molten
material was extruded into this gap, helping to bond the workpieces, but this extrusion

weld was far weaker than the FSW region.

Figure 24- Root defect in FSW weld.

4.4.3.6 Weld Zones

Four zones werefound to exist in FSW joints. Figure 25 shows atypicd FSW
joint in PP. The four weld zones are labeled, being the bottom disturbance, advancing
interface, retreating interface, and central zones.

The bottom disturbance is an area of apparently turbulent flow. In this zone, the
flow lines are pronounced, and show random swirls. The extreme bottom edge of this
zone shows the bottom of the material displaced by the pin.

An interface zone exists on both the advancing and retreating sides of the weld.
These interfaces show the area of transition from base material to displaced, stirred
polymer. It iscommon to see very fine flow linesin these zones.

Thefinal zoneisthecentral zone, covering the vast mgority of theweld. This
region is made up entirely of material that has been displaced and stirred by the pin.

M easurements of flow line severity, onion ring severity were only madein these areas.
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Figure 25- Weld Zones in FSW butt weld.

4.4.3.7 Microstructure M easurements

For each weld section several microstructural measurements were made.
Subjectively, the flow lines and onion ring wereassessed as to thar severity. Severity
was based on the density of flow lines (number of flow lines crossing a1 mm line), the
degree of contrast between adjacent flow lines, and the visibility of the lines. A scale of
none (0), mild (1), moderate (2), and severe (3) was employed. Physical messurements
were made of the area covered by the flow lines, onion ring, and three key disturbance
areas.

The average width of the interface disturbances were reported for both the
advancing and retreating sides of the weld. In addition, the average depth of the bottom
disturbance was reported. Table D gives the measurements recorded for the

microstructure gpecimens.
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Table 11- Microstructural observations.

Weld Bottom Onion ring Flow lines Interface
depth area severity area severity | Retreat | Advance
mm mm? mm? mm mm

FR51a 8 0 0 11 1 0 4
FR51b 9 0 0 7.4 1 0 4
FR102a 11 8.8 2 27.5 1 2 2
FR102b 4 14.7 3 32.9 3 1 2
FR203a 6 0 0 32.9 3 1 1
FR203b 5 7.9 1 4.5 1 2 3
FR305a 5 4 1 11.3 1 1 2
FR305b 7 7.8 1 20 2 1 2
PD6a 7 3.4 3 14.5 3 3 3
PD6b 6 3.7 3 13.2 3 3 3
PD9a 11 8.8 2 27.5 1 2 2
PD9b 4 14.7 3 32.9 3 1 2
PD12a 8 0 0 0 0 0 2
PD12b 8 0 0 0 0 0 2
PT30a 9 1.2 1 10.9 2 2 2
PT30b 8 4.7 2 10.6 2 2 3
PT60a 10 5 3 20 2 2 3
PT60b 4 0 0 0 0 1 2
PT90a 10 8.8 2 23.5 1 3 2
PT90b 5 15.2 3 21.9 3 1 1
PT120a 11 4.2 2 20.4 2 1 1
PT120b 11 8.8 3 18 2 1 3
ST110a 12 0 0 3 1 1 2
ST110b 11 0 0 1.7 1 1 3
ST127a 8 1.8 1 1.8 1 1 3
ST127b 5 2.2 1 0 0 1 3
ST1l43a 5 0 0 0 0 1 3
ST143b 5 0 0 0 0 1 3
ST160a 11 9 3 24 1 2 2
ST160b 4 14.4 3 20.8 3 1 2
ST1l77a 4 0 0 0 0 1 2
ST177b 5 0 0 0 0 1 2

4.5 Analysis and Discussion

Statistical analyses of variance were performed using the data from the DV S bend
angle, three-point bend, and microstructural investigations. A one-way analysis of
variance (ANOV A) was used to deermine the effect of each parameter and its
significance. No interactions could be studied because of the one-at-a-time design of the
experiment. Unless otherwise specified, al statistical means and standard deviations are
overall values- the analyses were performed using all six specimens, not only root-up or

root-down.
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4.5.1 DVSBend Ange

A strong relationship was discovered between the root orientation of the specimen
and the DV S bend angle achieved. With few exceptions, those specimens tested root-up
outperformed those tested root-down. This difference is attributed to the open root
condition of the welded specimens. When the root is not welded, a stress concentration
developsimmediately as astressis applied to the joint. In the root-down configuration,
the discontinuity in the material does not allow stress to be distributed over the thickness
of the part and a crack forms at the root. Once some critical stressis reached, rupture
ocCurs.

There was an average difference of 61.8° between root-up and root-down
specimens. Because of this dramatic difference, analyses of DV S bend angles were made
only for the root-up specimens for each parameter. Theroot-down tests do not shed
additional light on the effects of the parametersbecause they are overwhelmingly
influenced by the root defect.

4.5.1.1 Pin Diameter
Pin diameter has a very significant relationship with the DV S bend angle. The
average bend angle for 6.4 mm pin welds was 46.2°, with a standard deviation of 21.84°.

For pin diameters of 9.5 and 12.7 mm, all welds achieved a bend angle of 160°.

4.5.1.2 Feedrae

Feedrate had a stepped effect on the DV S bend angle of the wdd. The lower
feedrates (51 and 102 mm/min) showed high bend angles, while the higher feedrates
investigated (203 and 305 mm/min) resulted in much lower angles.

The means were very similar for feedrates of 51 and 102 mm/min, with one
significant difference. Welds made at 51 mm/min bent to an average of 156° then
ruptured. For those made at 102 mm/min, no failures were recorded in any of the six
specimens tested root-up. All 102 mm/min welds bent to 160° without crack initiation.
Welds created at 203 and 305 mm/min were very nearly equivdent in terms of DV S test
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performance. At 203 mm/min, amean of 61.9° was calculated, with a standard deviation
of 7.9°. At 305 mm/min, the mean fell only 1.5°.

4.5.1.3 Shoe Temperature

Shoe temperature also had a stepped effect on the DV S bend angle of the welds.
Lower shoe temperatures (110 and 127 °C) produced welds of low bend ande capability.
Welds produced in this range had means of 54.9° and 66.5°, respectively. Welds made at
higher shoe temperatures (143 to 177 °C) showed dramatic improvementsin mean DVS
bend angle. Welds at 160 °C all surpassed the required 160° bend angle. No statistical
difference existed between welds made at 143 and 177 °C.

It isimportant to note that 143 °C seemed to be atransitional temperature.
Among the shoe temperature welds these were those of highest standard deviation, and

hence greatest variation among themselves.

4.5.1.4 Pressure Time

Looking at the boxplot for the pressure time experiment (Figure 26) shows the
impact that cooling under pressure can have on weld performance. At 30 seconds, the
mean is low and the variation among specimensis high. The characteristics improve as
thetimeisincressed to 60 seconds. At 90 seconds, the distribution shows athe mean is
160° with no deviation.

The drop in weld performance observed in the 120 second welds is attributed to
the lack of any pressure monitoring system. As the shoe length increased, the absolute

force and pressure applied through the shoe were unknown.
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Bend Angle vs Pressure Time
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Figure 26- Boxplot of bend angles for pressure time
experiment.

4.5.2 Three-Point Bending
4.5.2.1 Root Orientation

It was quickly seen that the root orientation of the specimen dso had a marked
impact on the performance of the weld in three-point bend tests. Specimens tested root-
up outperformed those tested root-down in every case. To examine this effect, the six
specimens for each weld were set up as three pairs having one root-up spedmen and one
root-down. The differences in maximum fiber stress at the point of maximum load were
taken, and averaged for the three pairs. The resulting average differences in maximum
fiber stress are plotted in Figure 27. There was an average difference in maximum fiber
stress of 9.8 MPa. The average differencesin the pin diameter, pressure time, and shoe
temperature welds were fairly constant, being 7.3, 8.8, and 8.9 MParespectively. For the
feedrate welds, the average difference was 30.3 MPa. Themaximum difference was seen
inweld F.R.5, being 14.8 M Pa.
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R oot orientation stress differences, by weld
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Figure 27- Average root-up/down differencein maximum fiber stress.
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Figure 28- Average root-up/down difference in maximum fiber strain.
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A similar analysis was performed with the strain-at-failure results for the three-
point bend tests. There was again a distinct difference between the specimens tested root-
up and root-down. In this case, two welds showed negative average differences, meaning
that the root-down specimens out performed the root-up. The average differencesin
strain (plotted by weld) are shown in Figure 28. The overdl average maximum fiber
strain was .026 mm/mm. The parameter averages were as follows: pin diameter .028,

feedrate .030, pressure time .033, and shoe temperature .0170 mm/mm.

4.5.2.2 Pin Diameter

The normal probability plot for the maximum fiber strain in the pin diameter
experiment is shown as Figure 29. It istypical of the normal probahility plots of this
research. There are deviations from a straight line, but the general trend islinear. The
existence of outliers near the top of the graph was common throughout the research, and

isnot initself an indicator of abnormality.
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Figure 29- Normal probability plot for maximum fiber strain,
pin diameter.
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A strong trend exists in the mean maximum fiber stress. Asthe pin diameter
increases, so does the flexural strength of the weld. From 6.4 to 9.5 mm diameter thereis
a 27% increase in maximum fiber stress. From 6.4 to 12.7 mmdiameter, theinaeaseis
35%. Simultaneously, there is a marked decrease in the standard deviation of the
specimens. Over the same range of pin diameters, there was a 87% drop in standard
deviation. Not only isthe weld becoming stronger under bending loads, it is becoming

more consistent. Thisisvery easily seen in aboxplot of the pin diameter data, Fgure 30.

Max Fiber Stress vs Fin Dia.
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Figure 30- Pin diameter effect on maximum fiber stress.

Statistically, the change in maximum fiber stressis very significant. A P score of
0, and an F scoreof 19.97 indicatethat there is very little chance that random variationin
the material or process as responsible for such a change in the maximum fiber stress.

Examining the maximum fiber strain shows a stepwise difference in performance.
From 6.4 to 9.5 mm diameter, there was a 69.7% increase in maximum fiber strain at the
point of maximum load. From 9.5to 12.7 there was a 7.9% decrease. This stepped effect
indicates that over the range of tools investigated, there is a dramatic improvement from

diameters of 6.4 and below to 9.5 and above.
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4.5.2.3 Pressure Time

Analyzing the effect of pressure time on the weld flexural properties only left the
author with many more questions than at the start. Thereisatrend in the maximum fiber
stress data that is completely counter-intuitive. It was expected that therewould be a
rapid increase in the properties from low to medium times, which would then turn toward
some asymptotic maximum value. Instead, we observed that the maximum fiber stress of
the material peaked at 60 seconds, then decreased until at 120 seconds it was lower than
at 30 seconds.

Some of the counter-intuitiveness in the data may be explained by examining the
research tooling. In thiswork, no force measurement or control was conducted on the
shoe. Without such measurement, there was no guarantee that the pressure being applied
to the weld was consistent from weld toweld. Thisis particularly trueas the shoe length

increased by 4x when the pressure time changed from 30 to 120 seconds.

4.5.2.4 Feedrate

The results of the feedrate experiment were very much what would be expected—
as feedrate inareased, weld strength declined. There was avey linear decreasein
maximum fiber stress for feedrates of 51- 203 mm/min. Over that range, the mean
maximum fiber stress declined by 14 Mpa for each 10 mm/min increase in feedrate.
Then the decline ended, and at 305 mm/min the maximum fiber stress had not decreased
further. In terms of feedrate’ s effect on maximum fiber strain, once again we see a
stepped affect. There were two distinct levels of performance. For feedrates of 102
mm/min and less, the mean strain was 0.090 mm/mm. For feedrates of 203 mm/min and

more, the mean strain was 0.019 mm/mm.

4.5.2.5 Shoe Temperature

Of al welds made during this work, those made for the shoe temperature
experiment were the most consistent. They were divided into two groups, one (110-127
°C) with amean fiber stress of 63.6 MPaand strain of 0.066 mm/mm, the other (143-177
°C) with amean stress of 69.5 MPa and strain of 0.017 mm/mm. The stepwise
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Anal ysis of Variance for Max Fi ber Stress

Sour ce DF SS MS F P
C 4 490. 7 122.7 7.09 0. 000
Error 55 951.1 17. 3

Tot al 59 1441.9

I ndi vi dual 95% Cls For Mean
Based on Pool ed St Dev

Shoe Tenp N Mean StDev ------ R IR oo i +

110 12 63.722 4.720 (------- LI )

127 12 63.610 5.140 (-------F-c-m--- )

143 12 69. 367 3.531 (------- Koo )

160 12 69. 600 4.260 (------- LS )

177 12 69. 536 2.674 (------- [ )
------ T T

Pool ed St Dev = 4.158 63.0 66. 0 69.0

Figure 31- ANOVA table for shoetemperature maximum fiber stress.

improvement in flexural strength was an increase of 5.9 MPa. Figure 31 shows the
confidence intervals created during the ANOVA. ltisclear that the two low temperature
welds have the same strength, and the three higher temperature welds haveequal and
higher flexural strengths.

The mean maximum fiber strains of the welds were divided into the same two
groups, the lower temperature (110-127 °C) welds averaged 0.066 mm/mm maximum
fiber strain while the higher temperature (143-177 °C) welds had more than twice the
strain, 0.017 mm/mm average. However, while thereis astatistical differencein the

means for maximum fiber strain, it is not a significant one.

4.5.3 Weld Microstructures

“Average” microstructures corresponding to each FSW parameter combination
were plotted as seen in Figures 32 and 33. The plots allow the visualization of process
windows. The effect of the parameter change can be seen by visually comparing the
overall microstructural changes are evident. In this section overdl changes will be
discussed. The effects of the parameters on specific microstructural features will be
discussed later.
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Asthe pin diameter increases, the gructure of the weld region moreclosely
resembles the base material. While the weld made with a 6.4 mm bears no resemblance
to the base PP, the vast majority of the 12.7 mm weld maintains a spherulitic structure
similar to the base material.

Only adlight difference in overall weld structure ocaurs as the feedrate increases
from 51 to 305 mm/min. The majority of the weld has a spherulitic structure at all levels
(excluding 102 mm/min). The area of non-spherulitic material decreases slightly as the
feedrate increases.

There is no well-defined change in microstructure as the pressure time increases.
Thisis attributed to the lack of proper control or monitoring of the pressure time during
welding. Therefore, pressure timeis not included in subsequent statistical analyses of
weld microstructure.

Shoe temperature shows a stepped improvement in weld microstructure. At or
above 143° C the majority of the weld region shows that the spherulitic structure of the
PP has been maintained, with narrow disturbances along the sides and bottom of the
weld. Below this temperature, the disturbance areas are much more pronounced, and the

area of preserved spherulites shrinks.

4.5.3.1 Bottom Disturbance Depth

Strong relationships were found between the process parameters and the depth of
the bottom disturbance zone. Feedrae had a positive efect on the zone depth while pin
diameter had a negative effect. Shoe temperature showed no statistically significant
effect on the depth of the bottom disturbance zone.

The mean depth of the bottom disturbance decreased from 0.95 mm to 0.55 mm
when the feedrate increased from 51 to 305 mm/min. There were two distinct sets of
means in the distribution. Feedrates of 51 and 102 mm/min resulted in “deep” bottom
disturbances of 0.95 to 1.16 mm. Feedrates of 203 and 305 mm/min resulted in
“shallow” bottom disturbances, of 0.55 to 0.59 mm. The ANOVA table (Figure 34)
shows the stepped distribution clearly. The P value of 0.008 and F value of 18.78 give
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strong indications that changing the feedrate does have a statistically significant effect on

the bottom disturbance zone.

Anal ysis of Variance for Bottom Depth

Sour ce DF SS MS F P
Feedrate 3 0.51344 0.17115 18.78 0.008
Error 4 0. 03645 0. 00911

Tot al 7 0.54989

I ndi vidual 95% Cls For Mean
Based on Pool ed St Dev

Feedrate N Mean StDev -------- I I R
51 2 0. 9450 0.0071 (------ oo )
102 2 1.1600 0. 0849 (------ oo - )
203 2 0. 5500 0.0707 (----- oo )
305 2 0. 5900 0. 1556 (------ oo )

-------- T T
Pool ed St Dev = 0. 0955 0. 60 0. 90 1.20

Figure 34- ANOVA table for feedrate effects on bottom disturbance depth.

Pin diameter also proved to have a statistically significant effect on the bottom
disturbance zone. In this case, the 6.4 mm pin resulted in the shallowest disturbance
zone. Thedisturbance zones created by 9.5 and 12.7 mm diameter pinswere nearly 3
times as deep, measuring 1.16 and 1.19 mm respectivdy. The P value for the pin
diameter experiment was 0.004, and the F score was nearly 58.

Shoe temperature showed a somewhat complicated effect. Thereisageneaal
trend of decreasing zone depth as the temperature increases. The meansfor 110, 127,
143, and 177 °C are 1.13, 0.62, 0.55, and 0.52 mm. Observing these four points (Figure
35) we see that not only does the mean depth of the zone decrease, but the variation from
weld to weld decreases simultaneously by afactor of 4. The calculated P value is 0.004,
and the F valueis 17.66, both very strong indicators of a statistically significant effect.
All of this changes, however, at 160 °C. The welds made at this level had a mean bottom
depth of 1.16 mm. Thisis double what would be expected according to the other four

temperatures.
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Bottom Depth vs shoe Temp
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Figure 35- Shoe temperature effect on bottom disturbance.

4.5.3.2 Advancing Interface

The averagewidth of the advancing interface was significantly affeced by pin
diameter, shoe temperature, and feedrate. Asin the case of the bottom disturbance, no
significant effect was calculated for pressure time. Increasing any of the three significant
parameters decreased the average interface width.

Pin diameter was extremely significant. The 6.4 mm pin created thelargest
interface, while the 9.5 and 12.7 mm pins resulted in much smaller (and nearly equal)
interface zones As seen in Figure 36, the mean drops by 0.11 mm, or 33% when the pin
diameter incresses from 6.4 to 12.7mm. At the same time, there is a marked decrease in
the variation between welds, witnessed by the narrowing of the quatile rangesin the
boxplot. For the pin diameter experiment, the P value was 0.005 and the F value was
calculated to be 51.3. Both of these values indicate that changing the pin diameter was
responsible for the change in observed microstructure, and that that change was indeed
significant.

Feedrate only affected the advanang interface width over asmall range. A
feedrate of 51 mm/min resulted in an average interface width of 0.44 mm. Increasing the

feedrate to 102 mm/min decreased the interface to 0.23 mm. Beyond this, there was no
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further change in the mean. Feedrates of 102 to 305 mm/min all resulted in virtually

identical advancing interface zones.

Interface Disturbance vs Pin Dia.
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Figure 36- Pin diameter effect on advancing interface.

The final parameter to have a significant effect on the advancinginterface was the
shoe temperature. In this case, the width of the interface could also be deareased by
raising the parameter level, i.e- increasing the shoe temperature. Once agan, a stepwise
improvement was observed in the microstructure. Temperatures of 110, 127, and 143 °C
resulted in wide interface zones, of at least 0.29 mm. Temperatures of 160 and 177 °C
resulted in narrower interfaces, at most 0.24 mm. The P value was still low at 0.032, but

was more than 6 times that calculated for the pin diameter experiment.

4.5.3.3 Retreating Interface

There was alinear relationship between the measured interfacewidth and the pin
diameter, seen in the ANOVA table for the experiment (Figure 37). As pin diameter
increased, the average width of the retreating interface decreased. A pin diameter of 6.4
mm resulted in arereating interface of 0.35 mm, a 9.5 mm pin 0.17 mm, and a12.7 mm

pin did not create a measurable interface disturbance zone. The significance of the
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parameter’ s effect is emphasized by the low P value of 0.009 and the high F value of
32.76. Therewas aso little variation observed between repeated welds. The standard

deviations calculated for the experiment were never greater than 0.07 mm.

Anal ysis of Variance for Retreat Interface

Source DF SS MS F P
Pin dia. 2 0.11903 0. 05952 32.76 0.009
Error 3 0. 00545 0.00182

Tot al 5 0.12448

I ndi vi dual 95% Cl s For Mean
Based on Pool ed St Dev

Pin dia. N Mean StDev ------- R N o me e
6.4 2 0. 34500 0.02121 (----- X oo )
9.5 5 0.17000 0.07071 (----- koo )

12. 7 2 0. 00000 0. 00000 (----- *oooo. )
------- S SRS

Figure 37- ANOVA table for pin diameter effect on retreatinginterface.

Feedrate showed a marked effect on the retreating interface over a small range of
levels. At 51 mm/min, no measurable interface disturbance is created. However, at 102
mm/min the interface is at its largest observed value. Above this, the width decreases
once again. Thus, asmall change in feedrate can have a dramatic effect on theweld
microstructure. The effect of the parameter may not be as drastic, however, when we
examinethe ANOVA table. A Pvaueof 0.081 isnot small enough to state with
certainty that the parameter studied istotally responsible fo the change in microstructure.
A low F value, 4.85, also introduces uncertainty as to the cause of the change in mean.

Changing the shoe temperature had virtually no effect on the width of the
retreating interface. With the exception of 160 °C, all temperatures from 110 to 177 °C
resulted in 0.11- 0.12 mm wide retreating interfaces. The P value calculated for the shoe
temperature welds was 0.421. Thisisvery high, and is a strong indicator of the absence

of asignificant effect on weld microstructure due to changing the levd of the parameter.
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4.5.3.4 Flow Line Severity

Flow lines were only measured within the central regon of the welds. They were
sorted by the area covered by the flow lines, and the severity of the flow lines observed.
Flow lines occurring in the bottom disturbance or interface zones of the weld were not
included in thisanalysis.

A similar affect was observed for pin diameter as in the preceeding experiment.
Asthe diameter of the pin increased, there was an approximately linear decrease in the
severity of the flow lines. Welds created with a 6.4 mm pin had severe flow lines
covering the entire weld regon. Welds made with a9.5 mm pin showed mild to
moderate flow lines, covering most of the central weld zone. Those welds made with a
12.7 mm diameter pin showed no observable flow lines.

Shoe temperature had some effect on the creation of flow lines, but to the same
extent as pin diameta. Aswas seen in the retreating interface observations, there was a
general trend of decreasing flow line severity as the shoe temperature increased. The 160
°C welds were again an anomaly. As seen in Figure 38, the flow line severity drops from
mild in welds of 110 and 127 °C to none in wdds of 143 and 176 °F. At 160 °C, thereis
a sudden increase to moderate severity in the observed flow lines. For this sudden
change, the author has no explanation.

Too much variation existed between weld repetitions to establish the effect of
feedrate on the severity of flow linesin the weld regons. Thereis no statistical
difference in the means between the various feedrates, and in all cases the differencein

means is less than one standard deviation.
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Flowline Severity vs. Shoe Temperature

[means are indicated by solid cinclas)
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Figure 38- Shoe temperat ure effectson flow line severity.

4.5.3.5 Onion Ring Severity

As defined earlier, onion ring isa specific type of flow line. Therefore, itis
expected that the efect of any one parameter will be much the samefor both
microstructure types. Thiswas the case in the current work. The effects observed for
onion ring were not as strong as those in the flow line observations, but they did follow a
similar pattern. Increasing the pin diameter decreased the severity of the onion ring
structure. However, shoe temperature and feedrate showed no significant effed.

The severity of the onion ring structures observed in welds made by 6.4 and 95
mm pins were roughly the same- moderate to severe. Welds made with the 12.7 mm pins
showed no measurable onion ring formation.

No clear relationship could be established between feedrate and onion ring
structures. Asfeedrate increases, there is aslight increase in the severity of observed
onion ring structures. However, this general trend does not hold true for the 102 cpm
feedrate. At thislevel, moderate and severe areas were seen.

Onion ring structures were only observed in welds made at two shoe
temperatures- 127 and 160 °C. In the welds made with the 127 °C shoe, mild onion ring

areas were present. Severe areas of onion ring wereidentified in the welds made with a
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160 °C shoe. Because of the oscillating pattern seen in the data (Figure 39) no
relationship could be established.

Onion Ring Severity vs Shoe Temp

(mears are indicated by =solid circle =)

3o ST

Cinion

1o
ua_l.
160
173

Shoe
Temp

£C

Figure 39-Shoe temperat ure effects on onion ring severity.

4.6 Conclusions
4.6.1 Effects of Process Parameters on Flexural Properties

Three of the four parameters studied had statistically significant effects on the
DV S bend angle performance of the welded joint. A large pin diameter was favorable,
resulting in a 25% improvement in bend angle before failure. A slow feedrate proved
best, a setting of 51 mm/min showing an increase of 13% over the next best. A high shoe
temperature was best, with atemperature of 177 °C being 20% better than 110 °C.
However, it isimportant to note that only a slight improvement (2%) was achieved by
increasing from 160 to 177 °C. Therefore, it isthe conclusion of the author that welding
with a 160 °C shoe will be most efficiert.

All FSW joints surpassed the minimum performance for “good weld”
classification. Every weld parameter combination created a“good weld” according to the
50° requirement (hot-gas, extrusion, etc.) Of the thirty two welds created, twenty
surpassed the required 85° for “good weld” classification for hot-plate welds, the mog
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stringent DV S requirement. Thisis significant in that even relatively poor performing
FSW joints will perform aswell as welds produced by most traditional welding
processes.

Asto the mechanical performance of the welded joint, the results are the same. A
large pin resulted in welds of superior maximum fiber stress and strain. Shoe temperature
also had a positive effect; as the temperature increased, so did the weld performance.

Low feedrates resulted in the best performance, both in terms of maximum fiber stress

and maximum fiber strain.

4.6.2 Effect of Process Parameters on Weld Microstructure

Four common microstructural zones were found to exist inthe FSW joint. These
are a bottom disturbance zone, an interface zone along the tool edge on both the
advancing and retreating side of the tool, and the central zone.

Three typical weld microstructure types were identified. The base material is
made up of spherulites, individual entanglements of multiple polymer chains. Each
spherulite has both crystalline and amorphous regions. This spherulitic structure isthe
principle microstructure of the material. Flow lines were identified as areas of organized
microstructure, consisting of aternating bands of crystalline and amorphous material.
Onion ring was defined as a specid case of flow lines, where the lines formed complete
concentric annular rings.

The hypothesis that the weld which most closely approximated the microstructure
of the base materia would demonstrate the best performance was proven correct. In
terms of both DV S bend angle before failure and maximum fiber stress and strain at
ultimate flexural load, the weld that looked most like the base material did in fact have
the best performance.

Three of the four parameters studied had significant effects on the microstructure
of theweld. A large pin diameter (12.7 mm) resultedin a superior microstructure in all
cases. Using the large pin resulted in the smallest bottom and interface disturbance
zones, and eliminated the formation of flow lines within the weld zone. A low feedrate

was also desirable, resulting in the least severe flow lines, onion ring, and retreating
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interface. In three of the five microstructurd observations, shoe temperature had little
effect. Inflow lines and advancing interface, where strong effects were found, a high

(160- 177 °C) shoe temperature was favorable.
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CHAPTER 5

Recommendations for Future Work

Friction Stir Welding has only begun to be developed as a viable joining option
for polymeric materials. Thisisthefirst work dedicated to the processing effects on the
microstructure of the material, and to attempt to establish the relationships between
operational parameters, weld micaostructure, and mechanical properties.

Many opportunities exist for the improvement of the process, and the enlargement
of its capabilities. Here the author lists only four areas of research. They are the vital
areas of work if FSW of polymersisto become awidely accepted, widely used polymer

welding technique.

5.1 Molecular Weight

One of the fundamental properties of any polymer is molecular weight. Questions
regarding how FSW affects the average molecular weight and the molecular weight
distribution of the polymer must be answered. Many physical, chemical, and mechanical
properties aredirectly rdated to the molecuar weight of the polymer, and if those are to

be preserved, the effects of the process on this issue must be known.

5.2 Spheruite Size

In the course of the microstructure study reported herein the author often
wondered what the true average spherulite size was— both of the base material and the
weld zone. If the theory is correct that the maximum joint efficiency is achieved when
the weld materid and base material are the same, then knowing thespherulite sizeis
crucial to the success of a FSW joint.

Simply knowing how the current technology (tooling, speeds, feedrates, etc.)

changes the spherulite size would be a great step forward. However, even more powerful
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would be an understanding of why the process changes the spherulitic structure, and how
to control those changes. Preserving the spherulitic structure may well involve a
fundamental evolution in FSW technology. New tooling may be required, as well as new

techniques.

5.3 Tooling Issues

As stated earlier, the only tool parameter considered in this work was the major
diameter of the pin. Much work lies ahead in developing arobust, industrial tooling
scheme. So many parameters of the tooling need to be addressed— pin size, shape,
material, thread style and geometry; all these and many more must be studied and
understood.

Methods of tool condruction also need to be revisited. The current technology is
functional, but has a very short useable lifetime.

The author believes that one of the most critical tooling issuesto addressis that of
applying pressure to the weld as it cools. Whether manufacturing discrete parts or

continuous, this technology will be vital to the success of the process.

5.4 Microscopy Technique

At the outset of this research, no methodology for the microscopy of polymer
welds could be found. Thus, all the techniques employed herein were devd oped
principally by the author, with very valuable assistance from a few associates. Itishighly
recommended tha this foundation bebuilt upon, and that abetter method for microscopic
evaluation be developed.

Of particular benefit would be the development of an optical system capable of
imaging the entire weld region in asingle photograph. The creation of collagesis not

only time consuming, but results in non-uniformly lit images.

78



APPENDIX 1

Tool Drawings
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APPENDIX 2

DV S Bend Angle Conversion



Base material Root-up, 8° Root-up, 13°
Bend Angle Angle Ram Disp. Angle Ram Disp. Angle Ram Disp.

@) ) (mm) @) (mm) ) (mm)
0 180 0.00 188 0.00 193 0.00
5 175 1.09 183 1.17 188 1.63
10 170 2.41 178 2.54 183 3.12
15 165 3.68 173 3.89 178 4.62
20 160 4.95 168 5.28 173 6.22
25 155 6.22 163 6.71 168 7.57
30 150 7.49 158 7.98 163 8.99
35 145 8.73 153 9.35 158 10.64
40 140 9.99 148 10.67 153 12.11
45 135 11.25 143 12.03 148 13.62
50 130 13.61 138 13.38 143 15.12
55 125 14.63 133 14.72 138 18.01
60 120 15.65 128 16.07 133 19.28
65 115 17.27 123 17.42 128 20.80
70 110 18.64 118 18.77 123 22.10
75 105 19.91 113 20.12 118 23.39
80 100 21.18 108 21.47 113 24.79
85 95 23.22 103 22.81 108 26.52
90 90 24.40 98 24.17 103 28.25
95 85 25.85 93 25.51 98 29.82
100 80 27.30 88 26.86 93 31.39
105 75 28.76 83 28.21 88 32.96
110 70 30.21 78 29.56 83 34.53
115 65 31.66 73 30.91 78 36.10
120 60 33.12 68 32.26 73 37.67
125 55 34.57 63 33.61 68 39.24
130 50 36.02 58 34.96 63 40.81
135 45 37.47 53 36.31 58 42.38
140 40 38.93 48 37.65 53 43.95
145 35 40.38 43 39.00 48 45.52
150 30 41.83 38 40.35 43 47.09
155 25 43.29 33 41.70 38 48.66
160 20 44.74 28 43.05 33 50.23
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Root-down, 8° Root-down, 13°
Bend Angle | Angle |Ram Disp. Angle Ram Disp.
) ) (mm) ) (mm)
0 172 0.00 167 0.00
5 167 1.37 162 1.27
10 162 2.39 157 2.64
15 157 3.66 152 4.17
20 152 4.98 147 5.46
25 147 6.27 142 6.76
30 142 7.60 137 8.05
35 137 8.89 132 9.65
40 132 10.09 127 10.62
45 127 11.36 122 12.01
50 122 12.62 117 13.59
55 117 13.89 112 15.09
60 112 15.15 107 16.36
65 107 16.42 102 17.66
70 102 17.69 97 19.02
75 97 18.95 92 20.38
80 92 20.22 87 21.74
85 87 21.48 82 23.10
90 82 22.74 77 24.45
95 77 24.00 72 25.80
100 72 25.26 67 27.15
105 67 26.52 62 28.50
110 62 27.79 57 29.86
115 57 29.05 52 31.21
120 52 30.31 47 32.56
125 47 31.58 42 33.91
130 42 32.84 37 35.27
135 37 34.10 32 36.62
140 32 35.36 27 37.97
145 27 36.63 22 39.32
150 22 37.89 17 40.68
155 17 39.15 12 42.03
160 12 40.42 7 43.38
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APPENDIX 3

Weld Micrographs
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APPENDIX 4

Statistical Analysis. DV S Bend Angle, Root Up
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APPENDIX 5

Statistical Analysis. Three-Point Bending
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Error

Tot al

Pin Di a.
6.4
9.5
12. 7

Vari ance for

DF

2
31
33

N
12
12
10

Pool ed St Dev

Max Fiber Strain

Mormal Probabilty Plot of the Residuals

[ma x fiber =rain]

Mormal Score

-2

o o -ob1 obe ol ol ody ode ols

R esidual

Mazx Fiber Strain vs Pin Dia

[means are indicated by =solid circlas)

01z 4
011 4
0o -
oo -
oo o
oov¥ -
0oe 4
ong 4
on4 o
oo 4

Fin [ia.

SS
0.008933
0.009875
0.018808

Mean
0. 05250
0. 08908
0.08210

0.01785

G4 |
a5 |
12.7 |

Pin Dia Max Fiber Strain

VS F P
0.004466 14.02 0.000
0.000319

I ndi vidual 95% Cls For Mean
Based on Pool ed St Dev

StDev ----H--------- Femmmmenn temn
0.02062 (------ oo )
0.01955 (-----
0.01050 (--n--- T
i oo - oo -
0.048 0. 064 0. 080



Anal ysi s of

Sour ce
S.T.,
Error
Tot al

S. T.
110
127
143
160
177

C

DF

4
55
59

N
12
12
12
12
12

Mormal Score

Fiker

Mormal Probabilty Plot of the Residuals

(maxfiber stress)

e H
1 J,-*:
r
f
0] - o
-r’ll.
1] o
2 E
1o k i 4
Fesidual
Max Fiber Stressvs Shoe Temp
[means are indicated by solid circlas)
75
@ 85 |
15}
=
5]
55 |
T T T T T
= -~ = =
G = &= ¥ = =
Temp., G
Vari ance for Shoe Tenmp Max Fi ber Stress
SS MS F P
490.7 122.7 7.09 0. 000
951.1 17.3
1441.9
I ndi vi dual 95% Cl s For Mean
Based on Pool ed St Dev
Mean StDev ------ Fommmme - Fommmme - Fommmme - +
63.722 4.720 (-------F------- )
63.610 5.140 (-------%------- )
69. 367 3.531 (------- MR )
69. 600 4. 260 (------- MR )
69. 536 2.674 (------- oo )
------ S
4.158 63.0 66. 0 69.0 72.0

Pool ed St Dev



Mormal Probability Plot of the Residuals

[rmax; fiber straim)
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1 &
: {
1y} o __.r"'"-
Tﬁ T -.J
E ¥,
=] ’
S . r
H
T T T T T T T T T
05 005 9Qo0é 003 002 001 o0oo 0ot ooz
Residua
Max Fiber Strain vs Shoe Temp
[means are indicated by solid cinclas)
0.0 4
: é E H
W
B
[
T oos |
o
i
ooo - »
T T T T T
shoe. 2 5 ¢ 2 =
Temp., C

Anal ysis of Variance for Shoe Temp Fiber Strain
Source DF SS MS F P
S.T., C 4 0.004837 0.001209 4,36 0. 004
Error 55 0.015257 0.000277
Tot al 59 0.020094
I ndi vi dual 95% Cls For Mean
Based on Pool ed St Dev
S. T. N Mean StDev ----- R R R +-
110 12 0. 06300 0.02133 (----- oo )
127 12 0.06942 0. 00991 (----- oo )
143 12 0. 08000 0.01526 (----- oo )
160 12 0.08908 0.01955 (----- Koo )
177 12 0.07792 0.01479 (----- Fooo-- )
----- o m e e e e e e e e e e
Pool ed StDev = 0.01666 0. 060 0.075 0. 090 0. 105



Anal ysi s of
Sour ce

F.R.

Error

Tot al

F. R.
51
102
203
305

DF

3
44
47

N
12
12
12
12

Mormal Score

Max Fiber Stress

Mormal Probability Plot of the Residuals

(&edrate max fiber stre=s)

7
N -
:’ )
.7
i 2
.t*
-1 J zll
2 T
2% Jn 5 b & 4 4 b 5 s
R esidual
Max Fiber Stress vs Feedrate
[means are indicated by solid cinclas)
20 *
0 _|
0
40
30 4
T T T T
— o [l o
FR. ° = = =
Vari ance for Feedrate Max Fi ber Stress
SS MS F P
4535 1512 14.51 0. 000
4585 104
9120
I ndi vi dual 95% Cls For Mean
Based on Pool ed St Dev
Mean StDev ----4--------- Fommmme - Fommmme - +- -
74. 30 3.19 (----- oo )
69. 60 4,26 (----- Fooo-- )
52.62 15. 27 (----- Fooo-- )
52.98 12. 47 (----- Fooo-- )
B T T R [ S, [ S, +- -
10. 21 50 60 70 80

Pool ed St Dev
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M ax Fiber Strain

Anal ysi s of

Sour ce DF
F. R 3
Error 44
Tot al 47
F. R N
51 12
102 12
203 12
305 12

Pool ed St Dev

Momal Score

0
0.
0

[cNeoNoNe]

Marrmal Prabahbility Plot of the Residuals

[max; fiker straim)
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1 < - l,-"- Y
l'l
0 G
-'. ! 3
-1 .-
T T T T T T
0.03 0.0 a0l 000 0 0.02 003
Fesidua
hax Fiber Strain vs Feedrate
(mears are indicated by =solid circle =)
0.12 4
0.1
0.10 -
0.00 |
0.08
0.07
0.06 |
0.05
0.04 -
0.03
0.02
T T T T
= a b &
FR - o Ll
Vari ance for Feedrate Max Fiber Strain
SS MS F P
.014211 0.004737 14.57 0. 000
014301 0.000325
. 028512
I ndi vi dual 95% Cl s For
Based on Pool ed St Dev
Mean StDev  ---+--------- Fom e
. 09217 0. 01440
. 08908 0. 01955 (
. 05500 0. 01949 (----- W )
. 05767 0.01819 (------Feeee o - )
e I
0.01803 0. 048 0. 064 0.

Mean
Fomm e +---
(------ e
----------- )
Fom oo - - - +- - -
080 0. 096
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APPENDIX 6

Statistical Analysis. Weld Microstructure



Anal ysi s of

Source DF
pin dia 2
Error 3
Tot al 5
pin dia N
6.4 2

9.5 2
12. 7 2

Pool ed St Dev

Mormal Score

R oot

Mormal Probability Flot of the Residuals

(pin dia, root)
1
. by
-1
005 oo 005
R esidual
Boxplats of Root by Pin Dia
[means are indicated by =solid cinzles)
06
=
05 |
0.4 |
03 |
0z |
o4
T T T
=+ L=} r—
Fin [ria =
Variance for Pin Dia, Root
SS MS F P
0.20587 0.10293 26.41 0.012
0.01169 0. 00390
0.21756
I ndi vi dual 95% Cls For Mean
Based on Pool ed St Dev
Mean StDev --------- LRI LRI to---- -
0.16909 0.06943 (------ oo )
0.56624 0.01511 (------ oo )
0.17765 0.08153 (------ oo )
--------- B T I T T I S
0.06244 0. 20 0.40 0.60
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Mormal Probability Flot of the Residuals

(pin dia, o area)

1
o
[w]}
[}
LR [
o
E
o
=
-1
o8 0.lo 0.5
Residual
0 Areavs Fin Dia
(mears are indicated by =solid circle =)
0.2 o
i
T 0.1
]
0.0 o —_— = o
T T T
= 1 r
Fin Dia o - Lo

Anal ysis of Variance for Pin dia, O Area

Source DF SS MS F P
pin dia 2 0. 03000 0. 01500 9. 00 0. 054
Error 3 0. 00500 0.00167

Tot al 5 0. 03500

I ndi vidual 95% Cls For Mean
Based on Pool ed St Dev

pin dia N Mean StDev  ---------- R S TR S S
6.4 2 0. 00000 0. 00000 (-------- R )
9.5 2 0.15000 0.07071 (-------- REEEEEE )
12. 7 2 0. 00000 0. 00000 (-------- R )
---------- Sy
Pool ed StDev = 0.04082 0. 00 0.10 0. 20
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Mormal Probability Plot of the Residuals

(pin dia, o s=were)

1
L1k}
o]
[}
wvoop
o
E
=
=
-1
05 0D 0%
R esidual
2 Severe vs Pin Dia
[means are indicated by =solid circlas)
3 e -
2
o
L
Pl
[iy]
L=
[ig
T T T
Fin Dia = 5 =
Anal ysis of Variance for Pin Dia, O Severe
Source DF SS MS F P
pin dia 2 10. 333 5.167 31.00 0. 010
Error 3 0. 500 0.167
Tot al 5 10. 833
I ndi vi dual 95% Cls For Mean
Based on Pool ed St Dev
pin dia N Mean StDev ------- Fomm - - -
6.4 2 3.0000 0. 0000 (----- oo )
9.5 2 2.5000 0.7071 (----- oo )
12.7 2 0. 0000 0. 0000 (----- oo )
------- Fom e e e e e e e e e e e e e e m o
Pool ed St Dev = 0.4082 0.0 1.5 3.0
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Mormal Score

F Ares

Mormal Probabilty Plot of the Residuals

[pin dia, farea)

Anal ysis of Variance for Pin Dia, F Area

Sour ce DF
pin dia 2
Error 3
Tot al 5
pin dia N
6.4 2

9.5 2
12. 7 2

Pool ed St Dev =

i
-1
obs o.lo o.bs
R esidual
F Area vs Pin Dia
[means are indicated by =solid circlas)
0.4 |
0.3 4
0.2 4
0.1 4 o o
0.0
T T T
Pin Dia = 5 =
SS MS F P
0.13000 0. 06500 39. 00 0. 007
0. 00500 0.00167
0. 13500
I ndi vi dual 95% Cls For
Based on Pool ed St Dev
Mean StDev ------- R +----
0.10000 0. 00000 (----- *oo--- )
0. 35000 0.07071
0. 00000 0. 00000 (----- ¥oo--- )
i, . e,
0.04082 0. 00 0. 15
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Mormal Probabilty Plot of the Residuals

[pin dia, f s2were)

1
k]
]
[ ]
oo
w
E
=]
=
-1
05 0D 0%
R esidual
F Severe vs Pin Dia
[means are indicated by =solid circlas)
3 = o -
z ]
o
o
Pl
[iy]
oo
i
T T T
=, Wy r=
Fin [ria = - o
Anal ysis of Variance for Pin Dia, F Severe
Sour ce DF SS MS F P
pin dia 2 9. 000 4,500 27.00 0.012
Error 3 0. 500 0.167
Tot al 5 9.500
I ndi vi dual 95% Cls For Mean
Based on Pool ed St Dev
pin dia N Mean StDev ------- Fomm - - -
6.4 2 3. 0000 0. 0000 (----- oo )
9.5 2 1.5000 0.7071 (----- Fooo-- )
12. 7 2 0. 0000 0. 0000 (----- Fooo-- )
------- T
Pool ed St Dev = 0.4082 0.0 1.5 3.0
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Mormal Score

Bottom

Anal ysis of Variance for

Sour ce DF
pin dia 2
Error 3
Tot al 5
pin dia N

6.4 2

9.5 2
12. 7 2

Pool ed St Dev =

Mormal Probability Flot of the Residuals

(pin dia, bottarm)

i
-1
005 oo 0.5
R esidual
Bottom vs Pin Dia
[means are indicated by =solid circlas)
1.3 5
1.2 EEEH
1.1 4
1.0
09 |
0.8 4
0.7 4
0G|
0.5
W] B
" A -
Pin Dia = - o
Pin Dia, Bottom
SS MS F P
0.66803 0.33402 57.92 0. 004
0.01730 0. 00577
0.68533
I ndi vi dual 95% Cls For
Based on Pool ed St Dev
Mean StDev -+--------- Fommmme - +-
0. 4650 0.0778 (----- o)
1.1600 0.0849
1.1850 0.0636
e e e oo Fom oo +-
0.0759 0. 30 0. 60 0.90
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Anal ysi s of

Sour ce DF
pin dia 2
Error 3
Tot al 5
pin dia N
6.4 2

9.5 2
12. 7 2

Pool ed St Dev

Mormal Score

Fet Int

Mormal Probability Flot of the Residuals

(pin dia, ret int)

i
-1
005 oo 0.0
R esidual
Ret Int vs Pin Dia
[means are indicated by =solid circlas)
0.4 4
=
0.3 4
0.z 4
01
0.0
T T T
=, Wy r=
Fin [ria o o o
Variance for Pin Dia, Ret Int
SS MS F P
0.11903 0. 05952 32.76 0. 009
0. 00545 0.00182
0. 12448
I ndi vi dual 95% Cls For Mean
Based on Pool ed St Dev
Mean StDev ------- Fommmme - Fommmme - Fommmme -
0. 34500 0.02121 (----- *oo--- )
0.17000 0.07071 (----- Foeoo- - )
0. 00000 0. 00000 (----- ¥oo--- )
------- T T T
0.04262 0. 00 0. 15 0. 30
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(pin dia, adwint)
1
k]
]
[ ]
oo
w
E
=]
=
-1
P o.lo o
R esidual
Ay Irt ws Pin Dia
[means are indicated by salid circles)
0,35 4
0,30 -
E
=
=
=N
0.zs |
=
0.20
T T T
Pin Dia = = S
Anal ysis of Variance for Pin Dia, Adv Int
Source DF SS MS F P
pin dia 2 0.017100 0.008550 51. 30 0. 005
Error 3 0.000500 0.000167
Tot al 5 0.017600
I ndi vidual 95% Cls For Mean
Based on Pool ed St Dev
pin dia N Mean StDev  -+--------- R S S
6.4 2 0. 34500 0.02121 (---
9.5 2 0.22500 0.00707 (----- Fooo-- )
12. 7 2 0. 24000 0. 00000 (----- RIS )
S [ SR, +o- - - -
Pool ed StDev = 0.01291 0. 200 0. 250 0. 300

Mormal Probabilty Plot of the Residuals




Mormal Probabilty Plot of the Residuals

(feedrate, roat)
1.5
1.0
w 0.4 4
g
U -
u 0.0
o o
E
E 0.5 4
1.0 4 )
1.5 #
T T T
-0 oo 0.1
Fesidual
Root ws Feedrate
[means are indicated by =solid cinzles)
0.7 4
=
0.5
0.5
k=)
=)
= 0.4 4
0.3 4
0.2
T T T T
= o [ar) Lo
Feedrate o =] =] =

Anal ysis of Variance for Feedrate, Root

Source DF SS MS F P
feedrate 3 0. 24486 0.08162 10. 54 0.023
Error 4 0.03098 0.00775

Tot al 7 0.27584

I ndi vidual 95% Cls For Mean
Based on Pool ed St Dev

feedrate N Mean StDev  --------- Fomm e oo Fom e e oo Fomeea
51 2 0.22020 0.00286 (------ * o eaa )
102 2 0.62393 0.09670 (------ [ )
203 2 0.53961 0. 14601 (------ [ )
305 2 0.66690 0.01747 (------ X oo )
--------- B T I T T I S
Pool ed StDev = 0.08801 0. 25 0.50 0.75
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Mormal Probability Flot of the Residuals

[feedrate , o area)

14
D
[w]}
[}
wvoop
o
E
o
=
q
o8 0.lo 0.5
Residual
0 Area ws Feedrate
[means are indicated by =solid cinzles)
0.2 |
&
I o1
]
0.0 SR
T T T T
— o (o) L v
Feedrate e = = =

Anal ysis of Variance for Feedrate, O Area

Sour ce DF
feedrate 3
Error 4
Tot al 7
feedrate N
51 2
102 2
203 2
305 2

Pool ed St Dev =

O oo

[cNeoNoNe]

SS MS F P
. 02375 0.00792 2.11 0.242
. 01500 0. 00375
. 03875
I ndi vi dual 95% Cls For Mean
Based on Pool ed St Dev
Mean StDev  -+--------- I +o--- - -
. 00000 0. 00000 (--------- R )
. 15000 0.07071 (--------- oo
. 05000 0.07071 (--------- R )
. 05000 0.07071 (--------- R )
S [ S, Fo- - -
.06124 -0.12 0. 00 0.12
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Mormal Probability Plot of the Residuals

[feedrate, o sewvers)

14
D
[w]}
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LR [
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E
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T T T
05 on 05
R esidual
0 severe vs Feedrate
[means are indicated by =solid cinzles)

34

.
o
L
ik}
ol
L s

o ot

102 4
0% 4
305

Feedrate @

Anal ysis of Variance for Feedrate, O Severe

Sour ce DF SS MS F P
feedrate 3 7.000 2.333 9. 33 0.028
Error 4 1.000 0. 250

Tot al 7 8. 000

I ndi vi dual 95% Cls For Mean
Based on Pool ed St Dev

feedrate N Mean StDev ------- Feom e e mm o Fom e e e e e e
51 2 0. 0000 0.0000 (------ oo )
102 2 2.5000 0.7071 (------ L )
203 2 0.5000 0.7071 (----- oo )
305 2 1.0000 0. 0000 (------ * oo )
------- Fom e e e e e e e e e e e e e e m o
Pool ed St Dev = 0.5000 0.0 1.5 3.0
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Mormal Score

F Ares

Sour ce DF
feedrate 3
Error 4
Tot al 7
feedrate N

51 2
102 2
203 2
305 2

Mormal Probabilty Plot of the Residuals

(#Eedrate, farea)

1.5
1.0 4
05 T
0.0 4
-0.5
1.0 -
15 -
0z 01 0D o oz
R esidual
F &Area ws Feedrate
[means are indicated by =solid cinzles)
0.4 | P
0.3 - EE}
0.z e
01 SR {E}
0o ||
T T T T
Feedrate @ E § §
Anal ysis of Variance for Feedrate, F Area
SS MS F P
0.0700 0.0233 1.04 0. 466
0. 0900 0.0225
0.1600
I ndi vi dual 95% Cls For Mean
Based on Pool ed St Dev
Mean StDev -------- Fommmme - Fommmme - T
0.1000 0.0000 (----------- [ )
0. 3500 0.0707 (----------- R )
0. 2000 0.2828 (----------- R )
0. 1500 0.0707 (-mmmmm e )
-------- Sy
0. 1500 0. 00 0.25 0.50

Pool ed St Dev =
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Mormal Score

Mormal Probabilty Plot of the Residuals

[Eedrate, fzeware)
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F Severe vs Feedrate

[means are indicated by =solid circlas)

F Sewere

1 —_ |
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F eedrate

Anal ysis of Variance for Feedrate, F Severe

Sour ce DF
feedrate 3
Error 4
Tot al 7
feedrate N
51 2
102 2
203 2
305 2

Pool ed St Dev =

SS MS F P
1.000 0. 333 0. 44 0.734
3.000 0.750
4.000

I ndi vi dual 95% Cls For Mean
Based on Pool ed St Dev

Mean StDev ------ Fom e o +
1.0000 0.0000 (------------- LS
1.5000 0.7071 (m--mmmmmm e e - o ooo.-
2.0000 1.4142 (m-mmmmmmme - - .
1.5000 0.7071 (m--mmmmmm e e - o ooo.-

------ T
0. 8660 0.0 1.2 2.4
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Mormal Score

Buottom

Anal ysis of Variance for

Sour ce DF
feedrate 3
Error 4
Tot al 7
feedrate N

51 2
102 2
203 2
305 2

Pool ed St Dev =

Mormal Probability Flot of the Residuals

(&Eedrate, battom)

1.5
1.0 4
05 .
oo -
0.5 4 "
1.0 4 )
154 -
- 0D o
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[means are indicated by =solid circlas)
126 4
115 EE}
105
nas | Sl
nas
075 |
055
055 EE}
045
T T T T
Feedrate E % §
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SS MS F P
0.51344 0.17115 18.78 0. 008
0. 03645 0.00911
0.54989
I ndi vi dual 95% Cls For Mean
Based on Pool ed St Dev
Mean StDev -------- Fommmme - Fommmme - T
0. 9450 0.0071 (------%-e-- )
1.1600 0.0849  (------ Fooo-- )
0. 5500 0.0707 (----- Koo )
0.5900 0. 1556 (------ Fooo-- )
-------- Sy
0. 0955 0.60 0.90 1.20
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Fet Int

Mormal Score

Fee

Mormal Probability Flot of the Residuals

(#edrate, ret int)

Anal ysis of Variance for Feedrate, Ret Int

Sour ce DF
feedrate 3
Error 4
Tot al 7
feedrate N

51 2
102 2
203 2
305 2

Pool ed St Dev =

0
0.
0

[cNeoNeoNe]

0
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005 oo 0.0
R esidual
Fet Int vs Feedrate
[means are indicated by =solid cinzles)
0.2 4
o1
0o 4 ot
T T T T
drate ® g g §
SS MS F P
. 03640 0.01213 4. 85 0.081
01000 0.00250
. 04640
I ndi vi dual 95% Cl s For

Based on Pool ed St Dev

Mean StDev  --------
. 00000 0. 00000 (-------
. 17000 0.07071
. 16000 0.07071
.11000 0. 00000
. 05000
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Mormal Probability Plot of the Residuals
(Eedrate, advint)
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[means are indicated by =solid circlas)
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Feedrate =

Anal ysis of Variance for Feedrate, Adv Int

Sour ce DF SS MS F P
feedrate 3 0.07164 0.02388 4,31 0. 096
Error 4 0.02215 0. 00554

Tot al 7 0. 09379

I ndi vi dual 95% Cls For Mean
Based on Pool ed St Dev

feedrate N Mean StDev ------ I - -
51 2 0. 44000 0. 00000 (-------- I )
102 2 0.22500 0. 00707 (--------- RIS )
203 2 0.21500 0. 14849 (-------- RIS )
305 2 0.22500 0. 00707 (--------- RIS )
------ Fom e e e e e e e e e e e e e e m o
Pool ed StDev = 0.07441 0.15 0. 30 0. 45 0. 60
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Mormal Probabilty Plot of the Residuals

(presstime, root)
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[means are indicated by =solid circlas)
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Fresz Time 2 > i
Anal ysis of Variance for Press Tinme, Root
Sour ce DF SS MS F P
Press. T 3 0.22262 0.07421 24.82 0. 005
Error 4 0.01196 0. 00299
Tot al 7 0. 23458
I ndi vi dual 95% Cls For Mean
Based on Pool ed St Dev
press time N Mean StDev -------- Fomm - - -
30 2 0.22967 0. 00155 (----%----- )
60 2 0.17219 0.08924 (----- Foo--)
90 2 0.56624 0. 01511 (----%----- )
120 2 0. 15660 0.06137 (----- Foo--)
-------- Sy
Pool ed StDev = 0.05468 0.20 0.40 0.60
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Mormal Probabilty Plot of the Residuals
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Anal ysis of Variance for Press Tinme, O Area
Sour ce DF SS MS F P
Press. T 3 0.01500 0. 00500 1.00 0.479
Error 4 0. 02000 0. 00500
Tot al 7 0. 03500
I ndi vi dual 95% Cls For Mean
Based on Pool ed St Dev
press time N Mean StDev -------- Fomm - - -
30 2 0. 05000 0.07071 (R R
60 2 0. 05000 0.07071 (R
90 2 0. 15000 0.07071 (---------- R )
120 2 0. 05000 0.07071 (R
-------- Sy
Pool ed StDev = 0.07071 0. 00 0.12 0.24
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Mormal Score

Mormal Probability Flot of the Residuals
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Error 4
Tot al 7
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I ndi vi dual 95% Cls For Mean
Based on Pool ed St Dev

Mean StDev ------ Fom e o +
1.500 0.707 (-------------- oo
1.500 2.121 (-------------- ¥
2.500 0. 707 (m-mmmmmmme - - L
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------ T
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Anal ysi s of
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Mormal Probability Plot of the Residuals
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