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1. Introduction

Friction Stir Welding (FSW) was patented in 1998 by The Welthsgtute in
Cambridge, Englandl1] Friction Stir Welding is a steaestate processtilizing arotating
axially-loaded tool tacreatefriction to form a solidstate bondThenon-consumable tool
commonly has a shoulder and pin. The shoulder is thacguthat distributes much of the axial
force to the material, and the pin is a raised cylinder in the center of the shoulder that is used to
plastically deform the materials being welded. Commamirol parameters of friction stir
welding are tool rotationate, the plunge depth of thaol, and the traverse rate of the tool in
relation to the materiaDther process parameters include heat flux, torque, axial force,

transverse force, and strain réeggure 1 shows the components and process of FJW.
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Figure 1 - FSW Components

FSW has demonstrated the ability to join materials with less weight, less eeeargy,



restrictions, and at higher strengths. FSW does not reffjlérematerialsyesulting in welds that
weigh less thatraditional methodsThis weight reductioand the ability to join higher strength
alloys like the 2000 and 7000 series of aluminum allogkes FSW popular in the aerospace
industry. FSWrequiredess energy and is cheaperoperatehan traditional métods requiring
large power supplieznd filler materialsFSW is not restricted by materials, as it easily welds
materials difficult or impossible to weld using traditional methods like certain aluminums or
dissimilar metals. This makes welding of aluminum components to steel femm@smicain

the automotivendustry. The possibility of welding undesaterhasbeen demonstratexhd
theoretically possible in spaamaking it popular in the marine and space industries.

This thesiswill discuss the basics of W& modeling and layout the progress of FSW
models over time. This will include the progress of heat generation, material flow, the eventual
addition of localizednaterial flowbands, and how weld seam input energy affects the
thermomechanical conditions thfe weld. Welding parameter maps will be introduced that help
estimate correct welding parameters and how weld strengths are affectéuedibwill then
discuss tool features and how they may affleethermomechanical conditions of the weld in
the conext of the models and weld parameter maps discu$sedb this, it will explore a
simplified pseudemodel based on the idea that there is a critical viscosity that determines if the
material will flow and conduct several welds to verify that this modelpredict the width of
material flowing around the pitt will then outline the experiments conducted with four
different tool designgsliscusghe results of these weldand draw conclusions on how tool

features affect the thermomechanical conditiord @trengths



2. Heat Generation and Flow Modeling

2.1 Rosenthal Solutions

Rosenthal developed a thermal model for traditional arc welding. His model described
guaststeady state temperature fields in a serfinite plate from a moving, line heat sourgg]

The Rosenthal equation is described&quationl. [3]
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Equation2 describes the Peclet number. It describes the relative rates of heat transfer by
convection and conductido determine if heat transfer is dominated by convection or
conduction If this valwe is much less than one, it means that isotherms around the pin become

near circul ar and Rosenthal's solutions are v

convection occurs at a significant magnitudig [ 5]
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When FSW is referred to as a sedihte welding process, it distinguishiegsom

traditional arc welding. In traditional arc welding, extreme heat creates a liquid form of the



materials to be joined. Several unwanted effe@gresult. Liquifying the materials

significantly changes the microstructure and lowers the weld $trefige extreme heat also

creates high residual stresses in the materials. This pr@essot work for some metals and

does not work fomanydissimilar metalsndplastics. Soliestate welding joins materials that

maintain their formas asolid. FSWele t hi s by maintaining temper a
solidus temperaturandapplying pressure and high strain rates.

Modeling the process of FSW has proven elusive over its almostdboaele history,
despite the dramatic increase in computing pawer the same time. It is understood that the
material state is in a plastic region somewhere between solid and liquid. Some techniques have
tried to adapt solid mechanics techniques to describe the process, and some have tried adapted
fluid mechanics appaches. Two main questions dominate the modeling efforts:ttkine
peak temperature dominated by heat generation from friction or plastic dissgadicn
material plasticized by the formation of adiabatic shear bands or a decrease of viscosity below
critical value?

The dominant question in thermal models is whether the peak temperature is dominated
by heat generated from friction or plastic dissipation. Another way to characterize this question
is by determining the velocity of material at the timdérface.Three described possibilitiese
sticking, slipping, or partial sliding and sticking.

2.2  Schmidt and Hattel Heat Generation Model

In a slipping condition, the material velocity near the tool is zero, meaning the tool
rotation does not cause adgformation and only creates frictional heat caused by the contact of
two metals sliding past each other. This condition will occur if the contact shear stress is less

than the material yield shear stress. The material will deform slightly but will reztzesitic.[ 6]



In a sticking condition, a boundary lay&rmaterial is formed around the pifihe
material nearest the tool tras¢he same speed as the tool, trepa boundary layer of
intermediate velocities within a band until tmaterial velocity is zero agaiifthis condition is
valid wherethe frictional shear stress is greater than the yield shear stress of the njé}erial.

In the remaining possible condition, a combination of both are present. Like in the
sticking condition, a boundary layer is created in the material. Unlike the sticking contigon
velocity of material nearest the pin will be traveling at a velocity below the tool velocity. In this
case, a dynamic contact shear stress equals the material shear yield stress and comes to an
equilibrium dependent on the plastic deformation I&ie.

The contact state variable, describes whether the tool is sticking, slipping, or the
amount of partial sticking. It is defined as the material velocity nearest the pin divided by the tool
velocity, Equation3. [6]

[
Equation 3 - Contact State Variable

A value of one would describe sticking, while a value of zero would describe slipping.
Schmidt et al concluded that the contact state variable was one or very near one, indicating that a
sticking condition is most likelf6].

Schmidt and Hattel are often cited for developing the generally adopted equation for total heat

generationEquationd. [6]
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This early research recognized that as the temperature approaches the solidus temperature
and acts more like a liquid, the yield stress decreases and consequently generates less heat. While
Schmi dt and negeettstraihratesdeparaeneelin tiheaterial flow model, they
identified that the process is se#fgulating to a degree. Heat from plastic dissipation depends on
the material’'s flow stress at the current tem
stress will be equal to theaterial yield shear stress during steathte conditions.7]

Assuming a sticking condition, the contact state variable equals one and the contact shear
stress is estimated to be the material yield stress divided by the square root &ghatienS
represents the resulting equation for heat generation assuming a sticking cédoddifiat

shouldered, threadleps tool [6]

”
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I7|nguation 5 - Heat Generation from Sticking Condition

Separatingequations into heat generation from shoulder, probe shoulders, and probe
bottom allows contributions from eatthbe quantifiedSchmidt and Hattedeterminecheat
generatiorto be 83% from the shoulder, 16% from the probe sides, and 1% from the probe tip

for AL 7075and86% from the shoulder, 11% from the probe sides, and 3% from the probe tip

for AL 2024[7]. Analytical estimates for tools with threaded probes by Colegrove estimate heat



generation from the probe as high as 2@. [
2.3 Mendez Heat GenerationModel

Mendez et alnoted that the heat generation from the shoulder does not significantly
affect the peak temperature near the pin. The shoulder acts as a distribultedtiog
mechanism that initially softens material, but does not significantlgtetie plasticization of
the metal. The peak temperature is dominated by plastic dissipation by the pin. This insight
allowed modeling to uncouple shoulder heat generation from pin plastic dissipation heat

generation. ]



3. Material Flow Modeling

3.1 Colligan Material Flow Experiments

Colligan first attempted to measure material flow by imbedding steel balls into a butt
weld of AL 6061 and AL 7075 to act as tracers. Steel balls that struck the pin on the advancing
side of the weld were deposited on the retreating side behind thegehb&lis that struck the
pin on the retreating side of the weld were also deposited on the retreating side behind the weld.
Small vertical displacements towards the shoulder were observed. He concluded that material
flow behind the pin washaracterizetty bot h “stirring” and extrusi
advancing side was stirred into the void by the pin, and the material on the retreating side was
extruded between the pin and the parent matéajal.
3.2  Reynolds Material Flow Experiments

Reynolds used arsilar tracer technique but used thin sheets of AL 5054 during a butt
weld of AL 2195. He used the data to create 3D maps of the flow to improve visualization of the
material flow. He concluded that the material was extruded on both sides of the piatahd th
role of the pin was to provide frictional heating to create the conditions for successful extrusion.
[10]
3.3 Arbegast Extrusion Model

Arbegast suggested an extrusion model that divided the material up into four zones. Zone
| was material on the advangiside near the pin, Zone Il was material on the retreating side
near the pin, Zone Il is material dominantly influenced by the shoulder, and Zone IV was the
materi al underneath the pin he called the *"Vo
sysem where motion of material from one zone affected motion of material in an adjacent zone.

[11]
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Figure 2 - Arbegast Flow-Partitioned Zones

3.4  Ulysse Material Flow Model

Ulysse introduced a model that related the deviatoric dassr to the strairate
tensor. This assumes that the material is a-kigido-plastic material highly dependent on
temperature and strain rates. This led to the conclusion that flow stress is the requirement driving
material flow, and that it can belged for using an inverse hyperbekme relationship and the
ZenerHollomon parametdrl2]. The ZeneiHollomon parameter represents temperature
compensated strain rdi4. This method was used by Sellars and Td&jtand was modified
by Sheppard and Wright4]. It treats the material like a viscous Adewtonian fluid with
negligible strain hardening effec{d5]
3.5 Nunes Rotating Plug Model

Nunes et alsuggesttat a “plug” of material rotates
travels with the tool. The width of this plug of material is at a maximum at the retreating edge

and can be approximated Bguation6.
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Equation 6 - Nunes Shear Band Width [L6]

The idea that material is rotating with the pin has been widely accepted, though the cause
has not been agreed upon. Hiéerent models can be categorized as adiabatic shear bands,
Couette flow, and viscosity. These models are summarized in the following sections.

3.6  Pei and DongAdiabatic Shear Band Model

Adiabatic shear bands are possible in materials with microstructbcahogeneities or
defects[17] For example, pure aluminum does not have microstructural inhomogeneity, and has
not been reported to experience shear bands. Alumalloys create microstructural
inhomogeneities and allow shear bands to form. High strain gradients are a principal cause for
shear band formation. Observations suggest that high strain rates cause massive elongation of
grains along the shear band prgaion path, orientation of the elongated grains along shear

flow direction, and eventual fragmentation of the grains into smaller grairjs. [

10
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Figure 3 - Adiabatic Shear Banding Grain Structure

A significant increase in the material strength over strain rates of about 10,0006curs
and is caused by a change in dislocation motion mechanism. At low strain rates, the deformation
rate is thermally activated. At these low strain rates, influehtiee temperature of the material
on flow stressan be neglected. At high strain rates, the glide kinetics are controlled by viscous
phonon and electron drgd.8] This means at high strain rates, heat generation due to plastic
dissipation occurs and thermally softens the local material. Since flow stress is dependent on
temperature and strain rate, multiple phenomena are present.

The flow strength increaseselto higher strain rates but decreases due to temperature.
Overall, the local rise in temperature due to plasticization dominates and greatly reduces the flow
stress where strain rates are high. This means that shear bands require strain rates bagreater t
10,000i to form.[18] Shear bands are highly influenced by the strain hardening ability of the

material. A material with a higher strain hardening ability requires a higher temperature for

11



thermal effects to start dominating strain rate effectsvareversa[19] Adiabatic shear bands
are harder than the associated buliterial butare also more prone to cracking. They can be
elimnatedfron a materi al’ s microst@d@dgcture through

Pei and Dong initially assumed that the material behavior can be modeled by the
Johnso-Cook law because of its dependency on temperature, strain, and strain rate. This model
predicted temperatures above the melting point of the material which experimental results show
to be unlikely. They suggest that this temperature increase is frastraivehardening term,
which hot forming research has found to be minimal at temperatures present iflBEW.

Pei and Dong proposed an interesting model of shear localization in relation to FSW
parameters. They only considered the process duringeontition of the tool at steady state.

As the tool begins its rotation, the slipping condition is assumed. Frictional heat generation
causes thermal softening according to the Zét@iman model and the material near the pin
begins to change to a sticgicondition. The velocity of the material near the pin quickly
approaches the velocity of the tool causing high strain and strain rates. The heat generation due
to Coulomb friction disappears and localized heat generation due to plastic dissipation
dominages.

The localized plastic heat generation continues to plasticize material and the width of the
shear band of material traveling at the velocity of the pin increases. To satisfy mass balance and
continuity conditions, the width of the shear band must batgr than or equal to the width of
the void created by the pin. If the shear band width is less than the max material flow, void
defects are predictef20]

3.7  Crawford Couette Flow Model

Crawford compared a traditional thermigcoplastic model to a Couette Flow model

12
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originally developed by North et al. The Couette Flow Model is a fluid mechanics approach that

describes the flow of a viscous fluid between two plates. In the case affritii welding, the

plates are concentric cylinders. The inner cylinder is the tool, and the outer cylinder is the parent

materi al . The di stance between the t

WO

pl at es

referred to in thishesisas the sheaband thickness. This distance is describe&dpyation?. [2]

: |
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Equation 7 - Crawford Third BodyFI)?egion Width
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Crawford also modeled the torque in FSW. The welding power is equal to the torque

multiplied by the rotation rate. The welding torque can be broken down to represent torque from

the pin and torque from the shoulder. The first terfaaiation8 represents torque from the

shoulder, and the last two terms represent the torque contribution of the pin.

0 ¢‘i Qi ¢ Q, c¢‘1 , Qi
Equation 8 - Welding Torque
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| f we neglect the torque from the
is represented bgquation9.[2] Cr awf or d concl uded t hat

represented roughly a fourth of the total torque required by the machine.
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Equation 9 - Torque Contribution of Tool Pin

Crawford ultimately concluded that the Couette Flow Model works best for high weld
pitch welds, defined as the rotation rate divided by the translational rate. Overalcitie vi
plastic model was more accurate over a broad range of weld pitches. At higher weld pitches, the
Couette flow becomes more predictive than the vpastic model high temperatures increase
t he materi al ' s abilikely woyks heshs rhatenahacts mooedike tiquic but | o w
less at lower temperatures.
3.8  Nandan Critical Viscosity Model

Nandan proposedraodel formaterial flowthat isdependent on the viscosity of the
material. The temperature and strain rate of the material lower the viscosity of the metal until a
critical viscosityis reached allowinghaterialto flow. Once the material flows, forces on the
material are releasetémporarily lowering both temperature and strain rates until the viscosity
rises above the critical viscosity and the process restarts. The iterative process results in the
banded structure known as onion rings behind the weld z4ne. |

Viscositycan be found with just knowledge of the flow stress and strain r&guation
13 andEquationl6. The viscosity was found to be dependent on both strain rate and
temperature, but strain rate was a more dominant factor for FSW theeuobanical conditions.
Nandan et al. determinghle critical viscosity for AL6061T6 to be 5x10Pas. This value was

confirmed by Franke et al]]

”

O‘.
Equation, 107 }/i‘s,cgf,itAy
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The critical viscosity model is differentiated from the adiabatic shear band model by the
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method of material transport. While strain rate contributes to material flow for both models
adiabatic shear bands suggest strain rate dominatesatkeal flowprocess and causes a
change in dislocation mechanism and is influenced by strain hardé&wglikely involves a
range of microphysical processes involved in both elastic and aoelegirmation.22] The
critical viscosity model suggests more of a balance between strain rate and temperature that is
thermally activated by the heat generated by plastic dissipation and is not affected by strain
hardeningSmall shear bands may be forgjmut they are on a small scale and do not dominate
material flow.
3.9 JohnsonCook Model

There are many models of material strength at high pressures and strain rates- Johnson
Cook, ZerillFArmstrong, mechanical threshold stress, thermal activation phaagn d
SteinbergLund, Steinbergsuinan, and PrestehonksWallace to name a feJ23] Most
research in relation to FSW has focused on the Joh@isok model because of its applicability
to high strain rate loading and its ease of use. The Jol@®sok modedetermined material
parameters over a relatively low range of strain, strain rate, and temperature data. This leads to
yield stresses much larger than experimental data at plastic strain values260180-oom
temperature. This suggests that the Joh@@ook is a strain hardening dominated material
model, but hot forming research suggests that material at temperatures approximate to FSW
show little evidence of strain hardening abil{t¥9] Assuming that plasticization is occurring,

thenEquationllrepresents the flow stress according to the Joh@smk model[18]
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Equation 11 - Flow Stress
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3.10 Zener-Hollomon Parameter and HyperbolicSine Model
Ulysse introduced a model that related the deviatoric stress tensor to theagérain

tensor. This assumes that the material is a-kigido-plastic material highly dependent on
temperature and strain rates. This lead to the conclusion that flow sttesgequirement
driving material flow, and that it can be solved for using an inverse hypedioéiaelationship
and the ZeneHollomon parametef12] The ZemerHollomon parameter represents temperature
compensated strain rafd] This method was used by Sellars and Telddtand was modified
by Sheppard and Wright4]. It treats the material like a viscous Adewtonian fluid with
negligible strain hardening effeciBhe temperatures calculated usingquationl.

Equation 12 - Zener-Hollomon Parameter
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Equation 13 - Hyperbolic Sine Relationship for Flow Stress
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3.11 Onion Rings
The banded structure left behind welds is oftenrefemedas “ oni on rings”’”.

structure is formed by alternating layers of high strain rate bands and average strain rate bands
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deposited into the void behind the gi24] These different bands have also been explained by
high strain rate bands on the adeing side of the weld and extruded material on the retreating
side of the weld[25]

At high rotational rates and low transverse rates, onion ring structures cover a small
width of the weld and have irregular material flow including chunks of shearemt material.

As translational rate increases, material flow becomes more regular and onion ring structures
extend further across the weld until an optimal translation rate is reached and then begin to
recede[26]

Onion ring bands have thickness appnogit el v equal to tool’'s tra
revolution for cylindrical tools. This thickness is divided by the number of faces of the pin for
noncylindrical tools (three for triangular tools for examp[@4] When this value is small, the
distance between onion ring bands is small and it is difficult for the plasticized material to be
deposited because the area between the tool and the presmublis hoo small. As this value
increases, more plasticized material can be deposited across the width of the weld. This
phenomenon depends mainly on the shape of the
slipping condition is preseri26]

Onion ring structures start on the retreating side and compete with tunnel defects
originating on the advancing side of the weld. More pronounced oniostringures mean
fewertunnel defects in the weld. After material passes by the pin, the void behind the pin creates
a “low pressure zone” that dfthematersalisanotfludr ce on
enough to flow into the void, void detsare formedMore pronounced onion rings may signal
that enough plasticized materiabisingproducedo fill the voidbehind the pin andvoid tunnel

defects][24]
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An oscillation in the axial force applied to the material occurs during welding. The
frequency has been found to be equal to the rotation rate per second times the number of faces of
the tool {.e. 1 for a circle, three for a triangle). This suggests that the deposition of material into
the void behind the tool causes a momentary reduction in forces required until the void has been
filled. The efficiency of material deposition can therefore be iateby the regularity and
frequency of this oscillation in welding forc¢24] [27]

Onion rings must not be confused with flow band widths. Oriiays are dominated by
the shoulder and only occur if there is transverse movement. There is still plastic material flow
with spot welding, even though there is no onion ring formation. Onion rings are likely formed
when excess plastic material escapesalidation and is wiped by the shoulder behind the weld.
An absence of onion rings in a weld means that not enough plastic material is being formed. Too
much plastic material will form flasf.he correlation between onion rings and flow band width
ends thee. There is no proof of a proportional relationship between onion ring width and flow
band width.

3.12 Dynamic Recrystallized Zone Shape

At lower welding speeds, the shape of the weld zone tends to be basin shaped. At higher
welding speeds the shape tends moveards a round or ellipsaaishape. 28] This could
signify the impact that the shoulder has on the weld beneath. At toavsiversespeeds, the
shoulder can deposit more energy intovledd, but the basin shape signifies that this depth is
limited. At highertransversepeeds, this energy does not have as much time to deposit and the
weld zone narrows.

This behavior of the weld zone seems to indicate that plasticization is due to viscosity of

the material and not adiabatic shear bands. At higher rotation rates, shear rates are expected to
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increase, and shear band widths should increase. This relatishshig not be affected much
by translational velocity. This does not appear to be represented experimentally. It is more likely
that an increase in temperature from an increase in heat generation at the shoulder is decreasing
the viscosity of the materigllowing it to flow in the weld zone. At high transverse velocities,
the shoulder heat generation does not have time to condiet z directionresulting in an
ellipsoid. At low transverse velocities, more heat generation can reach deeper inttatlzend/e
the diameter of the weld nugget approaches the diameter of the tool shoulder.
3.13 Precipitate Depositing Effects

One last detail on material flow is the impact of precipitates on weld strength. It has been
observed that at low transverse rates orlesser degree high rotation rates, coarseSvig
precipitates tended to dominate the tensile fracture mmbA& 6061 This may be caused by
high energy deposition values melting the material and allowing these precipitates to flow to the
outside of the wel zone. This disruption in microstructure lead to lower yield strengths at the

edge of the weld zone on the retreating Ji2i8.
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4.Current Model
4.1  Modelling Summary

The purpose of discussing the progression of models for FSW ithésisis not to delve
deepy and develop another model. The purpose is to discuss all the conceptual models and unify
concepts that appear to be experimentally proven to develop simple algebraic formulas based on
the welding parameters that can predict steady state conditions the'ivwgld. There are two
large questions that define how the process of FSW ad2aes heat generation occur through
plastic dissipation or solely through frictional heatamgl @n material flow be modeled as a
solid or a liquid?

So far, thighesishassuggested that heat generation can occur as both friction and plastic
dissipation, and that material flow can be modeled as both a solid and a liquid, depending on the
welding parameters that create the welding themmeghanical environment. Thereforesth
thesiswill make assumptions for the optimal thesmechanical environment. Thisesis
assumes a sticking condition at tool interface, a heat generation model accoEtjngtion5,
the material yields at a flow stress that can be calculat&dimtion13, and that material is
deposited into the void througixtrusion of high strain rate material on the advancing side and
extrusion of lower strain rate material on the retreating side.

It is possible that the pin has a slipping condition for part of every revolution, or it may
have several slipping revolutiobgfore returning to a sticking condition. It is expected that the
process is selfegulating to a degree. As the material is plasticized by high strain rates possible
because of high pressure between the tool and the material, the material viscosatsedeamnd
there is less pressure between the tool and the material. Additionally, when material is deposited

into the void, this would also reduce the pressure between the tool and the material, leading to a
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slipping condition. Nevertheless, a return tdieking condition is assumed because the sticking
condition causes the dominant influence on temperature near the pin and is the dominant
influence on material flow outside of extrusion.

The heat generation model may not be the most accurate modelstagstimed that it
is accurate enough to model heat deposition at steady state. The key concepts behind the model
is that it assumes a sticking condition and that shoulder heat generation can be thought of as a
preheating mechanism for the weld, and thatgin generates heat from plastic dissipation that
dominates the temperature near the tool. This nezatebe usetb determine if excess heat is
being produced in the weld. If excess heat is produced, it is assumed that the material changes
state, and camore accurately be represented as a liquid. This change of state will decrease
resulting weld strengtiThe temperature, like the contact condition, is-ssdjulating, though. If
excess heat is produced, the viscosity of the material decreases ungiténal flows, which
decreases the plastic heat dissipation and the resulting temperature. This model assumes that the
process selfegulates around the solidus temperature of AL 6061, 852K.

Adiabatic shear bands are not likely created during FSW.r8ady} discussed, they
require strain rates of 10,000 . Peak strain rates reported are between 1.7 andi 1000L5]
Even at the largest strain rate reported, adiabatic shear bands are not likely,tthoaglrthe
temperature compensated strain rates (Zelmdiomon Parameter) is on the order of 1%ffom
experimental calculation&xpected shapes of the weld zone at higher strain rates do not follow
expectations of adiabatic shear band growth. There is a band of material that surrounds the pin
and travels at the same velocity, but there is no evidersgpport that this material was formed
by the process of adiabatic shear banding.

The flow stress calculation lBquationl3 assumes that the machirs applying torque
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until the material yields, and that the flow stress can be inferred from this torque by assuming
that 25% of the torque is from the pin. If the torque is not knownttltessassumes that the
temperature selfegulates around the shlis temperature. Some peak temperatures reported are
reportedly at or higher than 98% the solidus temperature and support this hypfibg3ise

flow stress is then calculatedjast undetthe solidus temperature and the strain rate is iterated at
different flow band widths and the result used to calculate viscosity until the viscosity converges
to the critical viscosity. We can calculate #tmin rate based on velocity of the material.

Viscosity can then be solved for usiBguationl10.

The strength of the weld is highly dependentone wel d’ s abi l ity to d
the void behind the pin. It is assumed that higher strength welds maintain a temperature below
but near the solidus temperature. The material is frictionally heated until it flows, and enough
plasticized materiglows to fill the void behind the pin. If too much heat is deposited into the
weld, this material becomes weaker due to a phase change in the plasticized material leading to
lower strength welds. If enough heaht deposited into the weld, not enouglaterial
plasticizes to fill the void behind the pin leading to tunnel defects.

4.2  Velocity Field Calculation

The material velocity equations used in tiissisare the same used by Nanddh This
model accounts for material recirculation and a range of tool slip values dependent on the
rotational speed and distance from the pin. These equations also account for the possibility of
Friction Stir SpowWelding (FSSW) in which a tool plunges but does not translate. The tool
creates a “boundary |l ayer” of unextruded mat e
to form. Research has supportbi idea of material recirculation. When welding tdiéferent

alloys of aluminum together, it was discovered that initial material surrounding the pin remains
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near the pin for nearly the entire wel@9] Equationl4 describes the velocity field used in this
thesisin the radial and transverse directions respectively.
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Equation 14 - Material Velocity Near Pin
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4.3  Strain Rate Tensor

The strain rate can be found from an estimate of the strain rate tensor. The strain rate
tensor is found from an estimate of the velocity of material flow relative to the tool surface at the
pin neglecting velocities in the z directilm Equation14. Equationl5 andEquation16

describe how the strain rate tensor and effective strain rate were calculatedtfedisif]

To Tea e Tae
Equation 15- Strain Rate Tensor
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Equation 16 - Effective Strain Rate

4.4  Critical Viscosity

Viscosity is calculated for a range of distances from the pin. Assuming that the material is
sticking to the pin of the tool, the velocity of material at a given distance from the pin is
calculated usingquationl4.. The velocity is then used to solve for the strain rateguation

16. The strainate is used iEquation12 andEquation13to find the flow stress at thedation.
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Finally, strain rate and flow strease used to calculate viscositykiquationll. Viscosities
above the critical viscosity of 5 MPamearthat the material is not flowing. Viscosities below
the critical viscosity mean that the material is flowing.
45  Flow Band Width
The distance from the pin where the viscosity equals the critical viscosity for AL 6061
T6 equals the flow band width for the givevelding parameterincreasing rotation rate appears
to increase flow band width to an optimal value and then start to decrease at rotation rates over
1400 RPMFigured4 andFigure5d emonstrate the calculated fl ow
rotation rate and traverse rate respectivEhese figures represent calculated flomdavidth

using data fronkim et al.
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5. Weld Parameter Mapping
5.1  Current Weld Parameter Metric
Weld Parameter maps are a useful method to help understand the friction stir welding
processThe figures given in the paper from Pei and Dong describe how welding parameters
affect weld quality[20] The mapping of successful welds is based on physical models, and these
insights can be used to describe how tool features may affect the weld process. The experimental
data was taken from Lim et.§P8] and Trueba et a]30]. A contour map of the welds was

created that describes the yield strength of the welds is shdvigure6.
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Figure 6 - Pei and Dong Welding Parameter Metric

The first boundary provides a minimum rotation rate, below which a sufficient

temperature cannot be sustained through heat generation from plastic dissipation work because
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the plastic strain rate is too low. For AL6061, the rotation rate should be &2808aRPM and
the features considered in thiesisdo not affect the limit meaningfully20]

The second boundary sets the upper limit of rotation speed dependeserse rate.

Above this boundary at lower rotation speeds, defects due to insufficient plastic flow and voids
located in the advancing side of the stir zone o4&1j.Scrolling on tool shoulders may

increase temperature near the pin so that thénwidthe shear band increase which allows
increased plastic flow at lower rotation rates and the material stays plastic long enough to be
consolidated into the void behind the pin. Threaded pins also cause material flow in the Z
direction which increasesrain on the material and may also increase the width of the shear
band.[20] Above this boundary at higher rotation speeds causes defects from abnormal stirring.
High rotational speeds cause aamform velocity fields and as a result thinner shear bands that
do not allow enough plastic material flow into the void behind the pin. These void formations are
more likely at the advancing side of the stir zdaé]

The third boundary sets a lower limit for traverse rate. Below this boundary, the contact
pressure between the pin and the material is too low. The resultingrfigtnot enough to cause
the material to “stick” to the pin and cause
friction still causes heat, but a shear band
tearing of metal at the top tfe weld occur[20] [31] Threads provide more surface area to
induce the material to stick to the pin, and it also may increase strain by inducing vertical
material flow.

The final boundary sets an upper limit otatemn speed above which excessive surface
flash is predicted. Surface flash happens when the weld temperature approaches the material

solidus temperature because too much energy has been deposited into the weld. This is often
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caused by too much axial feren the Z direction[20] It has been shown that increasing traverse
rate can decrease the required axial [@&l, but the amount that the traverse rate can be
increased is limited by the strength of the tool used. Shoulder scrolls may increase frictional
temperature and contribute to excessive flash occurring at lower rotational speeds.
5.2  Proposed Weld Parameter Metric

While this is a useful tool to compare diffatavelds, it neglects the possibility of
different shoulder and pin sizes from different tools. This allows the possibility that two separate
welds with the same welding parameters could have drastically different results. A better way to
characterize weldg parameters would be something that directly compares the thermal model to
the material model. While this method would couple the effects of changes in welding
parameters, it is not as straight forward. Its utility more than makes up for this weakness.

A proposed weld parameter matrix compares heat generation and flow band width. The
heat generation considers tool dimensions as well as rotation and transver &) uatgsnS is
used for the heat generation and assumes a sticking condition at thiegomethod described in

sectiond is usedo find the flowband width. The@roposed metric is shown Hgure?7.
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Figure 7 - New Welding Parameter Map

As can be seen, there is a clear area where high strength welds appear. Furthermore, there

seems to be a trend that larfleww bands allowower energy deposition, while smalléow

bands toleratenoreenergy depositiorfigure8 illustratesthis trend by plotting the energy

deposition versus strength for groups of welds with the same shear band width. There are strong

relationships within the same shear band grouping between energy deposition and strength.

For welds with higher energy dejitosns, the material may experience melting, in which

case a different, nesolid-state joining phenomenon may be occurrifige process is still self

regulating around a certain set of thermechanical conditions, it is a question of where the

process iselfregulating from. Most models consider the material approaching a plastic state

from a solid state. The temperature is increased through both frictional and plastic dissipation

until the solidus temperature is reached, and viscosity decreases tetibhipws and

30



pressures on the material are released and the process repeats.

The process can also approach a plastic state from a liquid state, though. The plastic
material closest to the pin can begin to melt while plastic material towards theemfttie flow
band remains in a visegalastic state. The melting of the material decreases the density and
resulting pressures resultimgan increase in the slip rate of the tool. The temperature then falls
to the solidus temperature because the temyerat material near the pin is dominated by
plastic dissipation and there is no plastic dissipation if slipping is domi@ané the material
returns to a plastic state, a sticking condition occurs again and the process repeats. Higher
temperatures meanore phase changes and a lower weld strength if this fmefting process
is occurring.

Crawford noted that a Couette Flow model correlated better than aplesta flow
model weld pitches greater than 210 revolutions per {2t his corresponds to about 8.33
revolutions per millimeter. Like before, this does not consider the dimensions of the tool and is
not a physical explanation. A weld pitch of about38&volutions per minute for his tool
corresponds to an energy deposition of about 750 Joules per millimeter using the tool dimensions
in Crawford’s experi ment. I nterestingly, this
arc welding when coparing arc length to weld width. It is explained in arc welding as the limit
where higher arc length increases heat distribution without significantly altering heaf3hput.
This phenomenon appears to occur at around 400 Joules per millimeter in the data given by Lim
et al.If the flow band graphs are then split into energy depositionghlybelow and abové00
Joules per millimeter, precise relationshgpartto appearThese relationships asbownin

Figure8.
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Figure 8 - Energy Deposition vs Strength

So far, we have discussed optimal weldingapzeters and an upper limit on energy

deposition for a giveflow band width. From the earlier discussiorflofv bands, a lower limit

on energy deposition can be given below wthiiotv bands will not formThis limit will be

different for every tool and &lding setup butwill be dependent on lowering viscosity below the

critical viscosity.

Using the experimental welding parameters, a yield strength of approximately 140 MPa

with no defects is predicted by first metric. It is relatively difficult to make this interpolation

given the metric. The proposed metric can give an equation for pngdsttengthSince the

experimental welds in thihiesisdeposit much more than 750 J/mm, it is well within the Couette

Flow Model zoneUsing calculations that will be developedsection9.1to verify the viscosity

mode] the estimated flow band width is about 5 millimet&stimating a strengtfor Couette
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Flow usingan energy deposition of 2231 J/namd a flow band width of B1m, thepredicted
strength idower thanl35 MPa.The line is projected using only two data points, and such a
drastic energy deposition suggests the actual strength will be aesr.importantly, it
provides an intuitive way to evaluate how tool feadwreuld affect weld quality in the scope of
the models given above.
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Figure 9 - Generalized Welding Parameter Map
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6. Tool Components
6.1  Shoulder

The shoulder generates frictional heat that is distributed into theawdlécts as a
preheating mechanism. It also contains plasticized material from the pin and consolidates it into
the weld. Shoulder diameter is typically three times the diameter of thpin.

Early shoulder designs were concave that trapped escaping plasticized material until it
can be deposited into the void behind the weld. These tools required the tool to be tilted to allow
material into the concave shouldgrape. This required load to be applied in directions both
perpendicular and parallel to the weld direction to keep the tool from rising out of the material.
This requirement also limited the transverse speed. Finally, the tool tilt angle causes material
flow out of the material resulting in excess fld&3]

The first attempts to make a convex shoulder were made bybottheywere
unsuccessful because the convex shape pushed material away from the welding zone. Scrolls
were eventually introduced and éia this problem. Convex shoulders did not reqailead
angle because the outer edge of the shoulder did not contact the material allowing for rapid
changes in weld directioiit also provides more flexibility in weld height changes, so that the
amount ofshoulder engagement does not affect weld quality as amatkallowed for control by
varying shoulder engagement
6.2 Pin

Pin heageneration is dominated Ipyastic dissipation and affects peak temperature near
the pin more than the distributed frictional hganeration by the should¢b] Typical pin
diameters are the same as the thickness of plates to be WB]ddte pin deforms and shears

material at the faying surfaces of the welded materials and the large strain rates, strains, and heat
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generation plasticize the materials. Concurrently, the pimsports the material around the tool
and deposits it in the voifl33] This material is extruded between the pin and the parent material
on the retreating sid@n the advancing side, the material can become entrained in a rotation
zone like a boundary layer and eventually flows into the void behind the pinshaped

features[25]

Figure 10- TWI Trivex tool (a) and MX -Trivex tool (b)

The most common shape for pins is aHattom cylindrical pin because it is easy to
machine. Rourdbottom pins can reduce tool wear upon plunging and impte/eveld root
guality but are harder to machine. Truncatede pins have lower transverse loads and can be
used to weld thicker plates at faster speeds. Where threads are not possibkempegature
materials like ceramics, a stepped spiral profle be used. TWI has developed a Whorl pin, the
Triflute pin, and the Trivex pin. The Whorl pin has a helical ridge on the pin surface like an
auger that directs material flow downward. This pin reduces the displacement volume by 60%
and reduestraverse lads. The Triflute pin contains three flutes cut into the helical ridge of the
Whorl and further reduces the displacement volume of the pin by 70% over the Whorl. The

Trivex pin has a triangular shape and reduced traverse forcesabpd&nd normal forcdsy
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12% over the Triflute pin34] [35
6.3 Material

The materiabf the pin can affect welding parameters in several minor ways. The
material of the tool must withstand maximum forces at welding temperatures. For welding at
lower temperaturesike the welds considered in thisesis H-13 tool steel, Ferrd@iC SK, and
MP-159 can be used with maximum working temperatures around 550 degrees Celsius. For
higher temperature welds of steel or similar metals, Rheniumgstenand Polycrystalline
CubicBoron Nitride toolsare often considered because of their maximum work temperatures of

almost 2000 degrees Celsiuz] [36]
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7. Tool Component Features

7.1  Shoulder Scrolls

Shoulder scrolls pushed plasticized material from the outside of the shoulder back
towards the pin. This allowffat or convex tools to be used reduced welding forces and
increase traverse spe@dhout pushing all the material awayimn the weld zone or needing to
operate with a tool anglg30] Scrolls also allow material displaced by the probe to escape
without being displaced as flash by directing it back toward the pin where it can eventually be
deposited back into the void ldfy the pin[6] Shoulder scrolls also allow flat shoulders to be
used over concave shoulders and reduce welding forces required and increase traverse speed.

Scrols have two suspected effects on material with respect to weld parameters. Scrolls
may increasthe friction coefficient andesultingenergy deposition. If there is no evidence of a
higher friction coefficient, this may suggest that a sticking conditoear r s at t he shou
surface. If there is a significant difference in weld strength between scrolled assdroted
tools, this would confirm theories that scrolls improve material flow toward the pin and prevent
material from being pushed away.
7.2  Pin Threads

The main function of threads is to induce vertical material f[@]. [2] [25] Threadsdo
not affect maximum temperature or temperature contf@8sThe threads are rotated in a
direction that drives material downwa#ksk the material reaches the bottom of the material, it is
then forced away from the pin and tretarts movement back upward toward the shoulder. This
induced vortex moves hot material away from the shoulder and may prevent material on top
from receiving too much energil2] [25] It also increases strain rate and strain on the material

near the pin, which may increa$@w band width. This vortex may improve matefialw to the
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root of the weld, decreasing the likelihood of root or tunnel defects. It has also been observed
that the addition of threads reduces traverse fof2gs.

Threads may help decrease energy deposition for a set of welding parameters by
transporting hot material netlre heat generationaused byhe shoulder down into cooler
material. Weld strengths indicative of lower energy deposition would confiemypiothesis. It
has also been suggested that increased material flow from threads can increase the strain rate and
theflow band width. Weld strengthmoportional taflow bandswidths could confirm this
hypothesis
7.3  Triangular Pin

It was predicted thabiver ratios between tool area and swept area would lead to lower
traverse force at a modest increase in required torque. The triangular pin required lower traverse
and axial forces. Interestingly, the threaded triangular pin required more traverse[8fces.
[35] Triangular shaped pins may provide pockets for plasticized material to be regularly
distributed into the void behind the pin as the tool rotates. Since they are depositing plasticized
material three times per revolution as compared to once per revolatioindular pins, they are
maintaining a lower average pressure on the tool. Thisamaynt for lower traverse forces.

The triangular pin tool will be compared to the other tools in terms of weld strength,
traverse forces, and axial forces. Higher stilerngelds would suggest that material flow is
improved using triangular pins. The claims of decreased axial and traverse forces will be verified

or rejected.
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8. Experimental Configuration

8.1  Machine Setup

Welds in thisthesiswere conducted at the Vanderbilt University Welding Automation
Laboratory with a Milwaukee #2K Universal Milling Machine that has been retrofitted with
motors and instrumentation to control spindle speed, transverse speed, lateral speed, and vertical
postion. A Kistler dynamometer measures forces in x, y, and z direcaodsorque. The
sensors and motors are connected to a Dell Precision 340 théd As€éd A Bimalink Real
Time to generate a control signal that interfaces aitbaitime target TheVUWAL FSW set
up is pictured irFigurell.

Three butt welds of aluminum 60916 were performed with each tool at a rotation rate
of 1400 RPM and a travse rate of 152.4 mm/min. Plunge depths were iterated until
approximately 80% of the shoulder maintained engagement in the material. These values were in
the range of 5.4102 to 5.461 millimeters. The dimensions of the plates were approximately 406.4
X 762 x 6.35 millimeters. The nominal composition of aluminum 6061 is 1.0% Mg, 0.6% Si,

0.3% Cu, and 0.2% Cr.
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Figure 11 - VUWAL FSW Machine [32]

8.2  Anvil Topography

This project began when it was noticed that weld quality during the second half of welds
was poor. Specifically, excessive flash increased as the weld progressed, aobvilas taking
too much material from the advancing side. Original hypotheses for the origin of these defects
were a loose or misaligned tool causing it to wobble, otdbegraphyof our anvil was no
longer flat causing the tool to engage more materitiiesveld progressed.

To rule out a misaligned tool, the angle of the tool in relation to the anvil was examined
using levelsand image processindNo misalignment was found. To examine the existence of a

tool wobble, a higkspeed camera was used to reiceeveral welds looking down the traverse
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axis. An image processing program was written to identify the tool from background noise, and
then track the position of the top and bottom of the tool. From this information, an angle was
determined and trackedrtiughout a weld. The max deflection of the tool was found to be about
0.5 degrees with a dominant frequency of 24.78 Hz. The tool was rotating at 1400 RPM, or 23.33
Hz. This was deemed most likely too small to affect weld quality.

Next, thetopographyof both the anvil and the specimen clamped onto the anvil were
mapped by lowering the tool until an axial force was detected by the dynamometer. The height
was recorded at various locations on the anvil alone and with specimentaptbaaphycould

be intepolated.Thetopographyof the anvil is shown ifrigurel12.
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Figure 12 - Anvil Topography
8.3  Specimen Topgraphy
Next, thetopographyof the specimen clamped onto the amalsmappedusing the same
methods used to find the topography of the afivik specimertopographyis shown inFigure

13
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Figure 13- Specimen Topgraphy

There is an obvious low spot on our anvil that translates to the specimen when it is
clamped to the anvil. This spot was most likely caused over years of FSW plunges all at
approximately the same logat. It was estimated from past experimental observations that a
height change of around 0.005 inches could affect weld quality. The difference in height on the
specimen from the lowest point to the highest point is 0.0051 inches. While this differeltte cou
start affecting welds, it should only affect welds at the highest point, or the extreme end of the
weld, and then only slightly. Excessive flash in previous welds began to become a problem
around halfway through the weld, or at about 20 inches indkierse direction on the figure. To
rule out weldtopographya weld in the opposite direction was conductelere flash was still
reported, though it was noticed earlier in the weld.
8.4 Tools

Four different tool designs were used in thissis All tools were manufactured of-H3
steel heat treated to Rc-88, had one inch (25.4mm) diameters, shoulder angles of 7 degrees,

0.25 inch (6.35 mm) pin diameters, and 0.185 inch (4.699 mm) pin height. The first tool had a
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round, threaded pin and a slbed shoulder. The second pin had a round, threaded pin but no
scrolled shoulder. The third pin had a scrolled shoulder but no threads on the circular pin. The
final tool had a threaded pin, scrolled shoulder, and a triangular shap&tigiaols are

pictured inFigurel4from left to right: TPS 9545, TP 9545, PS 9545, TPS 9545 t

Figure 14 - Tools used in experiment§TPS $B45, TP 9545, PS 9545, TPS 9545 t)

8.5 Weld Data

A Kistler Rotating quartz fou€omponent Dynamometer (RCD) measured forces and
torgue on the tool. The output voltages of the dynamometer were digitized and transnatted
stator connected to a computer. Ttet@ was rigidly, concentrically mounted 2 mm away from
the RCD.

A custom C# package is used for data collection. This package records the output data
from the dynamometer and outputs a CSV text file. This data is then imported into MATLAB for
post procssing.

8.6  Optical Testing Methods

Several optical methods weatemptedn analyzing and testing the welds. Videos were
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taken of some welds to measure shoulder engagement. Since the diameter of the tool is known,
the image can be processed to determine ttihwf the shoulder in contact with the material.
This is a potentially easy method to control for changes itofhegraphyof the weld or thermal
expansion of the material, but vibrations made calculations difficult. If the camera can be reliably
dampened, this may be a way to control the shoulder engagement without knowledge of the
system.

Optical methods were also used toreprecisely measure distances. By using a
reference length in photos of the dynamic recrystallized zone, pixels were related to distances
and precise widths of flow bands could be measured. This was especially useful when the
recrystallized zone was difult to see, but post processing of the image could increase contrast
between the recrystallized zone, heat affected zone, and parent material.
8.7 Tension Testing Methods

Welds were tested in an Instron Tensile Testing machine. Five specimens were removed
from each weld, 60 specimens in all. A sample showing where tensile test specimens were taken
is shown inFigurel5. Three of the five specimen were pemgicular to the weld and spaced
along the weld. The remaining two were parallel with the weld and were in the weld zone. Only
tests perpendicular to the weld are included in the results, as all the parallel samples failed in the

l nstron machine’s grips.
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Figure 15 - Sample showing locations of tensile test specimen
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9. Results
9.1 Flow Band Model Verification
Tot h e a knbwledge, theere has never been a test of the critical viscosity theory
proposed by Nandan et al. To verify the Nandan model, three welds were completed with
rotation rates rangingdm 1200 to 1600 RPM and a fixed transverse rate of 254 mm/min, and
threewelds were completed with a fixed rotation rate of 1400 RPM and transverse rates ranging
from 101.6 to 203.2 mm/mif.ablel summarizes the weld parameters and reguftow band

widths for the verification welds.

Table 1 - Verification Weld Parameters and Results

Name Rotation Rate (RPM)Transverse Rate (mm/mirf)Measured Flow Band Width (mm)Predicted Flow Band Width (mm]) Error
Verification Weld 1200 254 4.23 4.79 13.139
Verification Weld 1400 254 4.34 4.62 6.379
Verification Weld 1600 254 4.37 4.45 1.839
Verification Weld 4 1400 101.6 5.31 5.20 2.10%
Verification Weld 1400 152.4 4.94 4.99 1.049
Verification Weld 1400 203.2 4.72 4.79 1.499

The pin was stopped and quenched after steady state conditions were met. Specimens
were then taken just behind the keyhole lefthmypin in the materialhese specimengere
watersanded, polished, and etched with Kellers reagent. The resulting etch of the weld was
analyzed to determine the width of the flow bafikde measured flow band width was found by
measuring the width of érecrystallized zone caused by the pin through the center of the area
(shown by white arrows on image3he thickness of the specimisrknown to be 6.35 mm and
is used as a reference distance to convert the pixel width to a width in millimeters. Ultieges
width in millimeters is then divided by two because the flow band is theoretically symmetrically
created on both sides of the plilme etches of the six verification welfiltered using

MATLAB' s ADAPT HireSholnQrFiguiel6t e r
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Figure 16 - Verification Weld Etches

One trend identified from these images is the relationship between rotation rate and the
angle of the recrystallized zone due to the pin on the retreating side of the weld. As rotation rate
increases from 1200 RPM in Weld 1 to 1600 RPM in Weld 2, the ataylis near 45 degrees
and approaches vertical. This trend seems to be dependent on rotation rate and not energy
deposition because there is no noticeable change in the angle amongtesisilar energy
depositions such as welds 4 to 6

Predictions fo flow band width were calculated using the methodology described in
Chapterd. The temperature was assumed constant at the solidus temperature at the interface
betveen the pin and the material ahé Rosenthal equations were usethtalel the
temperature radially from the interfa&rain rate and flow stress were calculated at all

distances using the ZerEollomon method. These values were used to calcuistesity at a
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range of distances from the pin until the critical viscosity was exce@&tedesultsare

summarizedn Tablel.

Viecosity {MPa-s)
N\

0 1 2 3 4 5 6 0 1 2 3 4 5 6
Distancea from Pin (m 107 Cistance from Pin (m) TR

Vanhoaton Wela 1

Strain Rate {3-1)
=

Flow Stress

0 1 2 3 4 5 G 0 1 2 3 4 5 a8
Distance fram Pin (m) 10 Distance from Pin (m)

Figure 17 - Flow Band Width Calculations

The resulting flow band width model dependent on critical viscosity is highly dependent
on energy depositioigure20 demonstrates ih relationship. The three tightly grouped data
points in the lower left section of the graph have a fixed transverse rate, and rotation rates
ranging from 1200 to 1600 RPM. The three data points that are more dispersed have fixed
rotation rates with travee rates ranging from roughly 100 to 200 mm/riimere are not enough
data points to make any firm observations, but it appears that higher rotation rates will eventually
result in less increase in flow banidths butreducing traverse rates will linegiincrease the
flow band width.The energy deposition is dependent on the tool dimensions, rotation rate, and
transverse rate. The relationship for both the rotation rate and the transverse rate with the flow
band width is described figure19 andFigure20. Linear relationships with slopes similar to

the trendlines shown but wishifted yintercepts are predicted for data where only one data
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point is shown.

5.4
)
5.2
5
[ ]
€
E
= 4.8
=
B
=]
c
]
o
2 4.6
o
[
4.4 e
........................... °
L JTTRRE
e
4.2 -
y = 0.000353x + 3.821617
R2=0.901056
4
1100 1200 1300 1400 1500 1600 1700
Rotation Rate (RPM)
e TR=254 e TR=101.6 e TR=152.4 TR=203.2 =wweeeeee Linear (TR=254)

Figure 18- Verification Welds Rotation Rate vs Flow Band Width
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Figure 19 - Verification Welds Rotation Rate vs Flow Band Width
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Figure 20- Energy Deposition vs Flow Band Width

Error between predicted flow band widths and measured flow band widths for
verification welds ranged from 1% to 13%. Errcasndiscovered to be largely influenced by the
wel d’ s energy deposition. Lower energy deposi
This errorsplit is between welds with more or less than 1600 J/mm energy depositien and

depicted graphicallyniFigure21.
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Etches were also made of specisom welds using the tools T35, PS 95.45, and
TPS 95.45. These specimens were analyzed to determine the impact of tool parameters on the

flow of material in the weldTable2 demonstrates that both threads and scrolls have an impact
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Figure 21 - Flow Band Prediction Error vs Energy Deposition

on increasing flow band width, though threads have a much larger impact.

Table 2 - Flow Band Width by Tool Feature

Name Rotation Rate (RPM)Transverse Rate (mm/mirf)Measured Flow Band Width (mm)Predicted Flow Band Width (mn}) Error
PS Sample 1400 152.4 3.81 4.99 30.89
TP Sample 1400 152.4 4.44 4.99 12.369

TPS Sample 1400 152.4 4.49 4.99 11.069

9.2 Axial Force

Several trends or observations that spameewelds will be made here, but this data will

later be localized to the area where each specimen was taken to find the mechanical conditions
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that contri but ed tToreekbyobsanatorsican benade alsotit the axiglt h .
force measuremées The first is the rank of the magnitude of the axial forces between the tools.
The TPSt tool has axial force results on the order of half of the values for other tools, ranging

from as low agl000 N to 2,000 N. TheTPSt tool also sees the largestiiease in axial force

between individual welds. THeStool ranges from 6000 to 14,000 N with weld three differing

greatly from the first twoThe TPtool ranged from 8000 to 12,000 Rinally, the TPS tool had

the largest axial forces, ranging froi,@00N to 17,000 N.
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Figure 22 - Raw Axial Force Weld Data

Most welds exhibit an increase in axial force over the course of the weld. This has been
attributed to thermal expansion of the material earlier inttigisis Weld 1 using the TP tool was
purposely wel ded at a | ocat i otopogtaphsgaexaming | i zed
the effect this may have on weld quality. The dip in the dapibgraphyoccurs at about 10
inches for reference iRigure22. The increase in axial force across most individual welds is

approximately 2000 N, but some of this can also be attributed to rising@mgraphy

53



It is obvious fronthe force data that the pin broke off around a transverse location of 19
inches on the third weld for TPS 9545The axial forces during the second weld were nearly
double the first weld which may have contributed to the pin breakimgforce datdor the third
weld has a discontinuity increase from about 6000 N to 8000 N, but otherwise seems unaffected
by the event. The process seems to attempt toesgifate with the new circumstances of the
weld. It is unknown but interesting why an absence ohayaiuld increase the axial force.

The final observation concerns the magnitude of periaxial forceoscillations between
the tools. Again, the TRBtool exhibited behavior drastically less than the other tools, at no
more than 1000 N oscillations. TH@ tool exhibited oscillations roughly 2000 N in magnitude.
The PS and TPS tools both exhibited oscillations roughly 4000 N in magnitude.

Interestingly, when the axial force at the specimen locations is compared with the
specimen yield strength, there atear areas that each tool existshat become even clearer in
measurements belowhe TP9545 tool generally experiences more axial force at about 12,000
N, the TPS tool experiences about 10,000 N, and the TPS9545 _t tool experiences the least at a
rangefrom 50069000 N. The PS 9545 tool is very nonuniform with axial forces ranging from
7000-12,000 N.There does not appear to be an optimal value for axial force concerning resulting

yield strength.
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Axial Force vs Yield Strength
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Figure 23- Axial Force at Specimen Locations

9.3 Transverse Force

Forces are measuredth an axis rotating with the todl’he transverse force can be
calculated using both the rotating x and y force measurements, but oscillations at various
frequencies make the rdsuquestionable. fe measured magnitude should be at a maximum
valuewhen the measured force in the x direction lines up with the stationary axis of the moving
tableand at an equally negative value when the axis is 180 degrees out ofTiteas@ximum
and minimum values averaged over every 100 data points is shdviguire24. The maximum
magnitudes were usddr transverse forces exhibited at the specimen locafidresmagnitudes
of the maximum and minimum values are not equal, and the magnitude of the minimum value is
usually greater. This could be caused by a slight misalignment of the tool in relation to the anvil

or descriptive of the material sticking to tlo®lt for part of the rotation.
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Figure 24 - Transverse ForceMinima and Maxima

Transversdorces are much more constant across the length of a weld, from one weld to
another, and across different to@d@®th TPS 9545 and PS9545nhit transverse forces around
1500 N, while TP 9545 only exhibits transverse forces around 1000 N. Scrolls appear to increase
the required transverse force by 500TRetriangular pin tool exhibits much lower forces than
the circular tools. The firgtvo welds oscillated between about 250 N-&00 N, displaying a
much more pronounced asymmetry than the other tools as well. The pin breaking is very evident
in thethird weld, and an unexpected transient behavior is displayed after thisBueng the
second weld, at about the 18 inch location the transverse force data becomes more erratic
signaling the initial weakening of the joint between the pin and the shouldgpears an
internal fracture occurred in the pin during the second weld, buirtheidonot actually break off
until the third weld.

When the transverse forces at the specimen locatiomxaneined there is a similar
grouping of tool values found as was noticed in axial forces at specimen loc@tieri32545

and TP®545tools demastrate théargest magnitudef transverse forces ranging fraki00to
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1600N and1500 to 200N respectively. The TB545and TP545 t transverse forces

demonstrate much lowenagnitudes af00 to 110N and150 to 30 N respectively.

Transverse Force vs Yield Strength
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Figure 25- Transverse Force at Specimen Locations
9.4 Torque
Torque across an entire weldried slightly between circular pins and drastically for the
triangular pin. The TP 9545 tool exhibited the leaakimumtorque at 20 Nm, followed byPS
9545 at 30 Nm, and finally TPS 9545 at 35 to 40r\l The triangular pin exhibited much lower

maximum torques at around.5 N-m, with the effects of the pin breaking off very apparent.
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Figure 26 - Torque Minima and Maxima

Thetorque oscillates between two torque values, andhib@mumtorque value is
potentially the more interesting value. The tool applies torque until the material yields while the
material is sticking to the tool. The tool then either slips or the visaoisibe material decreases
until it is plastic enough to flow. Thmaximumtorque would be the torque appliedsithieve
the flow stress of the material. The torque for PS 9525 ie 32 N-m, TP 9545 is arounti6 to
22 N-m, TPS 9545 i®rraticvarying fran 28to 41 N-m. The first weld for the triangular tool has
auniform maximumorque around.1.5N-m, thelowestof all the toolsand the lowest
difference between maximum and minimum torque values. The second weld displays similar
behavior to the first weld untilbout the 18 inch mark and thgimows increasing magnitudes of
oscillation. The third weld demonstrates torque values similar tordtevield until about the 19
inch mark when the pin obviously breaks and the torque magnitude of oscillation and maximum
torque values greatly reduce to negligible values.

The strongest relationship betweefpitocessneasurementasnd resulting yield strerig

occurs for torque. There is averselyproportional relationship between torque and yield
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strength. As torque increases, yield streritreasesThe values ifrigure27 arethe maximum
torque values where the specimen was takba tools exhibit distinct, vertical bands of torque
values.The triangular tool exhibits the widest range of torque values from D Nbrf, but only
because of the pin breakingifitet h i r d valeslaré discounted, the triangular tool has the
most uniform valueat11.5with a standard deviation of only 0.27Ml The TPS tool fron81

to 36N-m, the PS tool fron26 to 29N-m, and the TP tool frorh6 to 20N-m.
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Figure 27 - Torque at Specimen Locations

9.5 Yield Strength
Yield strengths were calculated using the 0.2% offset method and the following figures
show each -straiharvesandsassociatedsoffset intersect fiime modulare

geneally similar among the same welds and across different welds with the same tool. This
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demonstrates that the data is acceptable overall and is a factor for excluding outliers when this is
not true. For example, in weld 2 Bigure29 the center specimgiP 9545 2VCj)s much
greater than the strengths of all other specimen for the same tool. This data was excluded as an
outlier for many reasons including the large difence i n t hi s $hplefti men’ s
specimen irFigure30 (TPS 9545 _5VL)vas also excluded as a low outlier for the same reasons.
The final weld for the triangar tool(TPS 9545 t 3VC, TPS 9545 t 3VL, TPS 9545 t 3VR)
was also excluded because a successful weld was not achieved after the pin broke.

It is likely that the erroneous data occurred during tensile te€hingsamples were three
inches in width, andhie extensometer used was a little over one inch wide. This did not leave
much material for the grips to affix to. This lead to some specimens failing at the grip interfaces

instead of in the material. Future specimens should be wider to avoid this issue.
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Figure 28- PS 9545 Tensile Test Results
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Figure 30- TPS 9545 Tensile Test Results
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Figure 31- TPS 9545t Tensile Test Results

A summary of moduli, strengths, and mechanical conditions for all specimens is shown
in Table3. The welds are color coded accoglito the number weld they were inession of
weldingto account for thermal affects that might occur if the tool and anvil had not returned to
room temperaturd-or example, all the TPS 9545 welds were conducted in one day during a
single session but raged two test welds were performed to test weld parameters. The two test
welds were weld numbers one and two of the session, and the first official weld was the third
weld of the session. No significant trends could be identified with the small amalattof

associated with weld number.
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Table 3 - Raw Specimen Test Data

N I
51601046 5EIrStWeld

Weld Weld|Modulus|ultimate Strength|Yield Strength| Torque Breal Z Force Break|X Force BreaI(
Name # Mpa Mpa Mpa N-m N
96864 200.918)0 120.013% 28.111§12695.312
66235 179.4390 95.2783 27.2404 12041.0156 1566.170
48103 187.2970 126.9649 28.1118 9951.171%1383.835
56944 193.5480 132.1117 29.124613144.53131504.8968
56922 203.0960 139.0914 27.174(13095.7031 1266.864
54326 139.7240 123.2600 29.124611113.28131411.647}
44014 202.5940 124.372¢ 25.823¢ 9990.2344 1311.779%
50928 199.487( 131.409¢ 27.7594 9365.2344 1130.633p
49084 180.873) 113.350] 25.823¢ 8115.23441157.032B
. 58157.89 187.44  122.87 27.59 11056.8¢ 1370.4]
Standard Dev 14971.62 18.92 12.03 1.19 170119  159.44
65150 196.0200 136.1708 34.9966 14218.750(1812.828p
66512 211.9330 156.9472 31.300313310.54691476.639B
64038 2122550 122.2392 34.996612373.04691478.7958
49324 193.493) 123.324] 31.857214130.85941776.242%
51409 185.668) 115.598(0 31.819613544.92191535.162(
53030 161.933) 127.0627 31.857412646.48441566.319%
40749 174.467Q 103.552% 35.339915332.03131939.318B
26265 151.6190 90.5838 36.191115322.26561608.1109
63291 188.6300 117.7268 35.339913769.53131730.5104
. 56687.8¢ 190.58 12533  33.74 13849.83 1658.2]
Standard Dev 8769.74 16.08 14.83 1.74 87751 162.24
63332 217.6280 134.917% 17.793310634.7656 742.093}
62236 213.9510 128.696] 16.093410263.6719 755.627
57517 197.0040 131.803% 17.793310263.67191105.871}
149091 237.227() 227.38949 19.755412363.2818 981.166
63135 218.6080 127.706(0 19.616911650.3906 779.051
38259 202.7650 147.7151 19.755410039.062% 687.735()
TP9545 3VC 2| 49137 225.7360 148.529¢ 20.162312128.90631067.277¢
TP9545_3VL 2| 84334 225.6100 140.838] 18.018411259.7656 818.760}
TP9545 3VR 2| 70003 215.8910) 142.8207 20.1623% 9843.7500 721.272%
Totals 60994.13 214.65 137.88  18.79 10938.59  850.94
Standard Dev 12782.16 9.50 7.72 1.38 77331 150.11
62747 208.8770 137.319¢ 11.9964 5878.9063 261.418%
53915 204.6270 135.102¢ 11.5203 5341.7969 237.920%
51494 1950510 132.689¢ 11.9964 5029.2969 215.017]
55737 200.7890 140.4433 11.381410283.203] 291.089%
45577 197.5390 136.5379 11.8173 9140.625() 347.455
57838 198.5140 131.297% 11.3818 7587.8906 134.632
TPS9545 t 3VIc 2| 35154 65.0990 63.8153 0.186] 8486.328] 269.078]
TPS9545 t 3Vl 2| 23744 65.116Q0 61.5101  4.3554 6250.0000 -162.294%
TPS9545 t 3VR 2 0.186] 5585.9375 -145.2658
Totals 54550.5 200.9 13557  11.68 721029  247.93
Standard Dev " 5319.11 4.63" 301" 0277 197199  65.79

Table4 shows a simple analysis of the average yield strength, standard deviation, and
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coefficient of variance across all tools. The TP 9545 tool resulted in the highest average, strength
the TPS 958 tool exhibited the largest standard deviation, and the TPS 9545 t tool exhibited the
lowest standard deviation. Coefficients of variance ranged from just over 2% for the TPS_9545 t

tool to almost 12% for the TPS 9545 tool.

Table 4 - Tool Result Analysis

AVG PS St De{Coef of VaJAVG TPS |St DeyCoef of VaJAVG TP St De{Coef of VafAVG TPS |6t Dev|Coef of Val
122.87 12.07 9.789 125.33 14.83 11.849 137.84 7.72 5.609 135.57 3.0 2.229

Finally, Table5 attempts to describe any effect of artgppographyon the strength of
welds across all tools. Overall, specimens takem fitee right side (near the beginning) of the
weld were weaker by-2 MPa. This trend was stronger for the TPS 9545 and TPS 9545 _t tools,
while the TP 9545 demonstratstionger than average strengths on the right. The strongest
location for all tools but PS 9545 was in the center, but the strongest location across all tools

was the left side.

Table 5 - Specimen Location Result Analysis

Mean Left|St DeViCoef of VajMean Centel|St DeVCoef of VajMean RightSt DeyV|Coef of Va
Overall

130.72 15.53 11.889 130.08 12.03 9.259 128.81 10.10 7.849
PS 9545

121.93 19.1¢ 15.679 125.50 5.00 3.99% 121.19 5.75 4.749
TPS 9545

136.27 20.67 15.179 121.04 13.42 11.099 122.34 3.81 3.129
TP 9545

132.41 5.97 4.519 141.72 6.81 4.809 140.74 6.65 4,739
TPS 9545 |t

135.82 0.72 0.539% 138.84 1.56 1.129 131.99 0.70 0.539

The relationship between location of specimen and strength may be better characterized

by Table6. The mean strengths at edabation were divided by the overall mean strength for

64



each tool. This allows better comparisons between different Tukstable makes it apparent

that the TP545 exhibits a unique trend from all other tools.

Table 6 - Percentage of Mean Strength by Specimen Location

Left Center [Right
Overall |100.68%100.19% 99.219

PS 9545 | 99.23%4102.14% 98.639

TPS 9545 [108.73% 96.56% 97.629

TP 9545 | 96.04%102.79%102.109

TPS 9545 [t100.19%102.45% 97.379
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10.Discussion
10.1 Tool Features Effect on Transverse Force

The standard tool for comparisons will be the BB85. The threadle$3S 954500l
exhibited transverse forces almost 300 N less than the standawdttoalstandard deviation
almost identical tehe standard toollhe threads increase strain rate by creating vertical flow.
This could decrease viscositf the material slightly and consequently decrease transverse
forces. This vertical flow is eventually impeded by the anvil and forced horizontally. This
horizontal flowseems to dominate the decrease in viscosity created and result in an increase in
transverse forces when using threatise almost identical standard deviation to the standard tool
signals thathreads do not contribute to orderly flow in the plasticized region.

The TP 9545tool without scrolls exhibited transverse forces more 8%hN less than
the standard tool with a standard deviation less than the standarthisalemonstrates that
scrolls play a large part in increased transverse fof¢esscrollgdirect colder material at the
outside of the weld zone towards the pin to bairs&d and warmed to lower viscosity. This
increases the flow band zone and affects the dynamic recrystallized zone shape which will be
further discussed in a later section. The cost of driving this colder material towards the pin is
increased transverserées, which is demonstrated by these results.

The triangular pin tool exhibited transverse foraesr 1500 N less than the standard tool
with a standard deviation mutdssthan the standard todtlow past aonfinedrotating circular
cylinder is proned vortex shedding which creatisctuating pressuresn t he cyl i nder’
[39] The high rotation rate and low Reynolds number tend to reduce vortex shedding and
increase Magnus effect forces which also affects flow behind th&pagh vortex shedding

maynot occur under FSW conditions, the inhibition of boundary layer separation has been
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shown. fi0] This explains the recirculation of material around the pin. Turbulence could result
from vortex shedding athe outer layer of recirculated material intgthag with stationary parent
material.This turbulence combined with oscillations between sticking and slipfmaotd

contribute to turbulent mechanical conditions behind the pin and high standard deviations
resulting in strength. In contrast, a triangylar separates plasticized material into orderly
packetswvith smaller vortices and smaller pressure fluctuationts wake.This lack of
turbulencecould translate ttower standard deviation in transverse foréastriangular pin

tools

10.2 Tool Features Hfect on Axial Force

The threadless PS 9545 tool exhibits axial forces almost 3000 N less than the standard
tool at a standard deviation almost twice that of the standardlitemtecrease in axial forces is
expected since threads drive material downveaudl increase axial forces. The threads also
create more predictable vertical flow, causing less variance in axial force.

The unscrolled TP 9545 tool exhibits axial forces almost 300 N less than the standard
tool ata standard deviation more than 100dds than the standard to®dhe scrolls direct
material back towards the pin which results in increased axial forces, but the results show that
this effect is not anywhere near the effect that pins have on axial force. The unscrolled tool
allows materiato escape the shoulder which slightly reduces axial forces.

The triangular pin TPS 9545 t tool exhibits axial forces more than 6500 N less than the
standard tool at a standard deviation over 1000 N more than the standard tool. The values for the
first weldalone, discounting the second weld that had a weakening pin, displays axial forces
more than 8000 N less than the standard tool and a standard deviation more than 500 N less than

the standard tool. The weakening pin obviously contributed to fluctuatiabfarces, but if the
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data from the first weld alone is usib@ TPS 9545 t tool has drastic reductions in magnitude
and oscillations of axial forcekike with the transverse forces, this may be a result of laminar
flow because vortexes are not formeadndth the circular pinThis explains why both the
magnitude and the standard deviation of axial forces is much lower.
10.3 Tool Features Effect on Torque

The threadless PS 9545 tool exhibited torques more tham@dss than the standard
tool anda standard elviation more than 0.54W less than the standard tobhe torque is likely
heavily influenced by the axial force, but this does not entirely account for torque Vdlad3S
9545 and TP 9545 tools had similar axial fovetues budiffer greatly in toque valuesWhile
the PS 9545 tool had the greatest standard deviation for axial force, only the triangular tool has a
smaller standard deviation for torqUée threads induce vertical flow and vertical strain which
can reduce viscosity. The reduced vE@tgomeans more material is plasticized and rotated with
the tool. This increased material requires more torque for the tool to Sitate.there is less
plasticized material without a threaded tool, the amount of plasticized material varies less and
reailts in a smaller standard deviation for torque.

The unscrolled TP 9545 tool exhibited torques almost-1® lEss than the standard tool
and a standard deviation almost 0.8rNess than the standard toBtrolls direct denser
material back toward the prequiring torque to rotate it. Without the scrolls, material is allowed
to escape which greatly reduces torque required by the machine. The parameters used in this
experiment likely produce too much plasticized material, so allowing material to escape is
beneficial at these conditions. If the heat input is reduced, an unscrolled tool may allow too much
material to escape and fail to be consolidated behind the pin.

The triangular TPS 9545 _t tool exhibited torques more than-22I&&s than the
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standard tooand a standard deviation about 15% of the standardTioislis likely a
compounding effect of both lower axial and transverse forces achieved through more laminar
flow when compared to circular pins.
10.4 Tool Features Effect on Yield Strength

The threadlesBS 9545 tool had the lowest yield strength of all the tools. This
demonstrates the importance of threads to effective material\Matvout threads to drive the
material downwargdexcess material accumulates at the top of the weld and is expelledhas flas
[38] This tool also had higher standard deviations for in process forces and yield strength
suggesting a correlation between turbulent flow and resulting streddgth. Interestingly, it had
a low standard deviation for torque. Torque magnitude may be a slight indication of weld
strength, though oscillations in weld magnitude do not seem to affect the pyoesbs

The unscrolled TP 9545 tool demonstratedhigdest yield strength of all the tools. This
result may be an outlier due to the welding parameters used for this experiment. In comparison
with welding parameters of similar experiments, this experiment had higher rotation rates
resulting in higher heanput. TheTP 9545 tool does not direct excess material back towards the
pin. This tool may not direct enough material back to the pin to be reconsolidated for lower heat
input experiments. Excessive flash was observed with the PS 954n¢g@sting thaallowing
some material to escape under these conditions is beneficial for flash reduction.

The triangular pin TPS 9545 _t taddmonstrated strengths comparable to the TP 9545
tool at 135.57 MPa compared to 137.88 MPa respectively. The standard denfisti@mgths
for the triangular tool was also less than 40% of the TP 9545 tool results. This follows the trends
from the earlier observations ofprocess force oscillations causing more predictable, laminar

flow.
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The overall strengths of the welds aae lbelow what a traditional welding parameter
metricmay predict. As was mention@tdsection5, the predicted weld strength using this
experi ment s abpuhli@MiPelctaal ssrengthasasige only from 122 to almost
138 MPa, and only 125 MPa for the standard tool. This was predicted by the proposed welding
parameter metric in sectidn This lower strength may be a result of the material acting more
like a liquid under such high heat input conditiohise temperature graph Figurel7 also
supports this idea. The temperature was held at the solidus temperature if the calculated
temperature was greater than the solidus temperature. The graph demonstrates that the
temperature is greater than the solidus temperature for a largepadrthe flow band and may
contribute to melting or phase changes in this region. Welding parameters should optimize the
heat input to minimize this high temperature region of the weld Zdng explanation matches
with previous conclusions by Crawfoed al andexplains the observations of excess flash
noticed using tool PS 9545. Tool TP 9545 may avoid excess flash by not drawing already heated
material into the weld zone to be reheated to excess temperatures.

10.5 Tool Features Effect on Dynamic Recrystaited Zone Shape

Figure32 shows the etches of the weld zone for all tools except TPS 9hbetching
was done for the TPS 9545 t td@cause a suitable sample could not be mEues was an
oversight and future work shoutdver the shape of the weld zone for a triangular pin. The heat
affected zones, shown in dark gray, are similar for all welds. This is expected because this area is
t hought to be mainly influenced by the heat f
specimen were the same. The right side of the dynamic recrystallized zone (DXZ), shown in the
lighter gray inside the heat affected zone, all seem siaslavell. The key differences between

all samples is found in the shape of the (edtreating)side of the XZ.
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Sample PS

Sample TPS

Figure 32 - Etches of Welds from Different Tools

The DXZ of the PS 9545 sample has an angle of about 45 degtddsalfway down to
the root of the weld where a small vertical section is observed. This suggests that shoulder
effects dominate the shape of the DXZ for this tool. This is expected since there are no threads to
influence flow from the pin. The resut & much narrower DXZ. Since the DXZ is not the
weakest part of the weld, a smaller cresstional area DXZ correlates to lower weld strength.

The DXZ of the TP 9545 sample is almost vertical eewddesear the top of the weld
near the shoulder. Thergmo indication of any effect from the shoulder in the DXZ. This wider
crosssectional area of DXZ may correlate to the
cannot be the sole reason because it was not the only tool with threads on the pin.

The DXZ for the standard TPS 9545 tool has a shape similar to the PS 9545 tool, but not
as narrow. The angle changes to be more vertical in about the top quarter of the weld, resulting in

more crosssectional area for the DXZ. The cross section is similar tmtifyreater than the



crosssectional area for the TP 9545 tdslis hypothesized that the lack of scrolls actually
benefitted the TP 9545 tool by not drawing in excess, overheated material to be consolidated into
the weld or expelled as flash. The TPEIS tool may produce superior welds if the welding
parameters lower heat input. Future work should be completed to confirm this hypothesis.
10.6 Tool Features Effect on Flow Band Width

Table2 shows the comparison of the predicted flow band widths at the experimental
welding parameters and the measured flow band widths for all tools except TPS 9545 t. These
results confirm the observations made about the shape of the DiXBdaS 9545 tool has the
smallest flow band width, followed by TP 9545, and finally the TPS 9545.

The prediction of flow band widths using the model in thesisis more accurate at
higher energy depositions as showifrigure21. This may suggest that the viscosity model most
accurately models that behave more like a fluid, similar to the Couette Flow model mentioned in
section3. This may also be caused by the assumption of a consameratur&eompensated
yieldst ress for calculating each weld’s kanat gen
eliminat this assumption is needed to fully analyze this error tfartdre work shoulélso
focus on flow band volume instead of just width for more accurate results.
10.7 Mechanical Conditions and Weld Parameter Map

The figures using uprocess forces from the apprmate location in the weld where the
specimen were taken is unique to the knowledge of the author. They provided more precise,
granular knowledge of mechanical conditions at the locations where the weld was actually tested
instead of vague forces averdder the entire weld. This data gave insights that was not

immediately apparent given then averaged forces data.
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10.8 Thermal Expansion Controller

In an uncontrolled weld, as th@pographyof the material rises and falls, it causes the
axial force to rise ahfall proportionally. The axial force is responsible for heat generation from
friction. The rise and fall will also change the amount that the shoulder of the tool is engaged in
the material. If theopographyof the weld is too high, excess heat and matengagement
occurs. If thaopographyof the weld is too low, not enough friction is produced and the weld
may not reach sufficient depth. From past experimental observations of our welding machine, the
change in height of the material thought necestaaffect a weld is 0.005 inchélsaditional
methods for controlling for this disturbance were to control the plunge depth motor to maintain a
constant axial force.

Longhurst et al[32] showed that plunge depth controllers struggle with axial force
oscillations when the tool contacts the material, predicting penetration depth, and slow force
calculations. A novel traverse speed controller was proposed thdtvaryltraverse rate to
control axial force and create uniform thermomechanical conditions along the entire weld. Axial
force and traverse rate are inversely proportional, so as axial force began to increase, the
controller decreased the traverse ratesTimgreased energy deposition, allowing the material to
be heated, become less viscous, and flow at lower axial forces.

Longhurst attributed increasing axial force required to the tool moving into colder
material[32], but this uses a micro observation to explain a macro trend. It is more likely that as
the material heats up, it attempts to expand but is prevented in the axial direction partially by the
clamping. This creates a positive force in the axial direction that the axial motor must counter.
From Longhurst’s figure of a weld sample with

5900 N to 7200 N during the traverse section of the weld. He also notésetiiaickness of the
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plate is 0.25 in and the tool increased 34 degrees Celsius in temperature over the weld. Using a
rough 1D approximation of the thermal stress (O|Y"Y the modulus of AL6061 is 68.9 GPa,

the coefficient of thermal expansion is 24.30°. The resulting thermal stress is 56.9 MPa. The
area of the 1 inch diameter tool perpendicular to the z axis is 5.06#érs squared. This

means a distributed force due to thermal stress of about 28,000 N. Themensional, linear
approximations overshoot the actual value when it is considered that there is expansion in two
other dimensions, the probability of maximum expansion is low, and that material is being
deposited into a void behind the tool. These factors could plausibly expaiedirction in Z

force by 95%. Stress caused by thermal expansion is a more plausible explanation of the 1300 N
increase in Z force seen in his figure.

It was previously thought that heat from the weld was building up at the end of the
material, and the mperature was causing too much material to be plasticized resulting in flash.
The observation above may serve as a more accurate explanation for the increased flash. As the
material expands in the axial direction, more axial force is being applied byahlelar to
counter the expansion which results in more friction and more temperature. Additionally,
however, more material is being engaged by the tool as the material expands axially. The
combination of too much energy deposited into the weld and moegiatdhan the weld
parameters were designed for is likely the reason for the excess flash at the end of welds. A
controller that maintained constant axial force by varying traverse rates should account for the
thermal expansion and result in better gyadields.A more ambitious controller would vary
rotational velocity to maintain a constant temperature, constant thermal expansion, and resulting

constant axial force.
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10.9 Database

One difficulty with analyzing and verifying new FSW models is a lack of availdata.
Welds must be done over a wide range of welding parameters and tools to verify a model. Since
many models have been proposed over the last decade, these welds are redundant. The problem
is that most data from verification welds of preceding modehot published with the model.
The result is both an uncertainty about exact welding conditions for previous models and an
inability to quickly verify new models without redoing welds.

Publishing large matrices of-forocess forces and strength datthvpiapers is not
feasible As part of this project, all welding data has been set up to automatically saSedara
Shell SSH server.This is done by automatically capturing welding parameters and other key
information about each weld conducted asadatatextfiles that are saved and linked to the
welding data filess text files They are then sent by SSH to a separate welding database
computer. The files are then added taictured Query Languag8QL) databaseso they are
searchable from anymputer with internet access and access to the server.

This database has been creaiethetter preserve and organize inteiahderbilt
University Welding Automation LabMUWAL ) data, but it is also open to any users who would
like to contribute their da and share our data. The hope is to create an open source database of
welding information that users can eventualbgto simulate actual weldsnd accelerate the
pace of discovery in FSWnformation about gaining access to this datalbasebe obtained by

contacting the author
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11.Conclusions

Thisthesishas performed an initial study of the critical viscosity model proposed by
Nandan et al in relation to different tool featur@pecifically, it has developed a simple model
for predicting flow band width that agrees with experimental resAliisig the way it has
proposed a better metric for comparing welding paramateoss different tool designs and
materials and investigateéke impact that tool features have orpnocess forces.

Many improvements can be made on the assumptions made here. Instead of a moving
line heat source assumption, a volumetric heat source like work presented by Eagar f8)d Tsai
could be calculated at greater computational cost. The thickness of the plates to be butt welded
could also be accounted for more accurately. In this work it was assumed that it ovadextc
for by the pin height to plate thickness ratio being adequate. This assumption can be better
analyzed in further work, especially how it may change with different pin shapes and the effect
of pin cone angles.

One conclusion from this study is thhetratio of shoulder diameter to pin diameter
should be reduced. Larger pins will create higher strain rates at lower rotation rates at the cost of
higher required torque. It is worth investigating how much distributed heat from the shoulder is
needed, and/hat the minimum shoulder diameter required to consolidate plasticized material
into the weld is.

It has been shown experimentally that the axial force increases over time. This is likely
due to thermal expansion of the material over the course of tlle Wes increase in axial force
changes the thermomechanical conditions of the weld and can cause vast differences in
microstructure and strength over the length of the same weld. A controller that accounts for this

expansion is required to ensure thatsame thermomechanical conditions exist across the entire
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weld.

| have avoided at any cost the slippery slope of creating a full model. The calculations in
thisthesisare the results of an oversimplified, steatigte, pseudo model. | would not consider
this model sufficient for proving the efficacy of the Nandan Critical Viscosity model. A full
model with more verification welds should completed as future work in thisfeseaxample,
an assumption that the solidus temperature is maintained at ttiadatieetween the pin and the
material interface is made. Using a full thermal model, this assumption can be verified. A
temperature&eompensated yielstress is also assumed to calculate the heat generation from
plastic dissipation, and the flow stressatel solved for based on a temperature calculated using
the Rosenthal equation. The initiaéld stress assumption could be calculated through iteration
until it agrees with the final flow stress calculated using the temperature calculation. This
iteration was neglected in this work for time and computatitimatations. Further experimental
work that can be done for the verification of the critical viscosity model is more verification
welds over a wide range of welding parameters and verification weillg different materials
with different critical viscosities.

Thisthesishas attempted to demonstrate the possi
viscosity model. This model has not been tested to the knowledge of the author. Models have
histaically been poor at describing FSW across the entire range of welding parameters. The
guestions essentially boils down to whether the material acts more like a solid or a liquid which
determines the modeling fundamentals used. The issue with modelingertizat the material
may be put under conditions on the verge of conversion of the material from a solid to a liquid,
and that one model may not be capable of describing the behavior of material in both states. Data

included in thighesissupports this aaclusion. Couette flow is effective at describing high
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energy deposition welding parameters, but less accurately describes lower energy deposition
welds.Couette flow may be more resistant to weld defects such as wormholes, but at the price of
weld strendt due to phase changes in the welded material. The resulting strength is still higher
than traditional welding, so it produces an option for industry to choose higher reliability welds if

the highest strength welds are not necessary
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