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Abstract

A study of temperature, force, and torque was performed using a set of ten different

friction stir welding (FSW) tools. It was observed that pin diameter had the most sig-

nificant effect on steady state welding temperature followed by shoulder diameter having

a smaller but measureable effect. Pin threading caused the smallest change, increasing

welding temperature only a few degrees higher than a smooth surface pin. Comparisons

between temperatures measured from the FSW tool and the base material showed that

material deformation during welding often causes thermocouple position in the substrate

to move which can result in inaccurate readings. Additionally, thermocouples located in

the substrate failed to fully capture temperature changes caused by increases in the tool

shoulder diameter.

Forces measured along the x, y, and z axis were all directly related to the size of the

pin and shoulder diameter with the pin having a greater influence. As pin or shoulder

diameter were increased, forces along the three axes increased and vice versa. However,

once pin diameter became large enough the addition of pin threading caused measured

force to decrease due to increased welding temperature which softened the base material.

Torque was also directly related to the size of the pin and shoulder diameter (i.e. as

pin/shoulder diameter increased, measured torque increased). The one exception was

for tools with small pin diameter which experienced high torque due to their inability to

generate enough frictional heating which led to low welding temperature.
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Experimental results of welding temperature and torque were compared to an existing

model of coupled heat transfer and plastic deformation. Analyzing a single material with

the model yielded the best results, and the accuracy of theoretical welding temperature

and torque for aluminum alloy 5059 was 94% and 85%, respectively. Accounting for the

size of the tool shoulder in a correction function for the model improved predicted values

of temperature and torque by 5% over previous results that did not account for shoulder

diameter.
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Chapter 1

Introduction

Friction stir welding (FSW) is a solid-state joining process invented at The Welding Insti-

tute (TWI) in 1991 (Thomas et al., 1991). It was initially designed for use with aluminum

alloys, but has since been extended to be used on magnesium alloys, mild steel, stainless

steel, and titanium alloy (TWI The Welding Institute). Some examples of how FSW

has been applied can be seen in NASA’s space shuttle external tanks, super liners such

as the Ogasawara, Shinkansen bullet trains, and Ford’s magnesium prototype spare wheel.

Friction stir welding is classified as solid-state because the base plate material does

not exceed its melting point throughout the process. Friction stir welding uses a non-

consumable tool composed of a pin and shoulder. The tool’s purpose is to generate

sufficient heat such that the base material will soften. Heat is generated through means

of friction, pressure, and localized plastic deformation of the substrate. As the tool trav-

els through the softened base plate it will also serve to mix the material near the pin and

shoulder to create a joint. A common configuration of FSW is a butt weld where the FSW

tool is inserted in between the edges of two sheets and traverses along the joint Figure 1.1.

Mishra and Ma (Mishra and Ma, 2005) have summarized FSW as an environmentally

green process due to its energy efficiency. Friction stir welding uses significantly less

1
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Figure 1.1: Schematic diagram of friction stir welding (Mishra and Ma, 2005)

energy than traditional arc welding processes, requires no filler metal, and does not need

shielding gas. Its versatility is demonstrated in the ability to join dissimilar aluminum

alloys, magnesium to aluminum (Mohammadi et al., 2015; Zhao et al., 2015), copper to

aluminum (Mehta and Badheka, 2015), and steel to aluminum (Liu et al., 2014). Some

other advantages of friction stir welding include fine microstructure, absence of cracking,

low distortion of workpiece, and no loss of alloying elements (Mishra and Ma, 2005).



Chapter 2

Background

2.1 Friction stir welding models

Friction stir welding (FSW) has been modeled using numerical and analytical models.

The main objective of both methods is to produce a simple, practical way to understand

and predict phenomenon observed during friction stir welding. The key aspects to these

models has been how the tool contributes to heat generation through friction and plastic

deformation, heat transfer, and contact conditions between the tool and the substrate.

Models analyzing temperature field also try to consider whether the location of greatest

heat generation occurs at the tool shoulder, the tool pin, or a combination of both.

The contact conditions of friction stir welding relate to heat generation and can be

broken down into two conditions: sticking and sliding. The sticking condition states that

material will adhere to the moving tool, due to the contact shear stress being greater

than the yield shear stress of the material. For the sliding condition, the contact shear

stress is less than the yield shear stress of the material, and the substrate material will

only be elastically deformed as the tool moves through it (Schmidt et al., 2004). The

sticking condition implies heat generation through plastic deformation, whereas a slid-

ing condition will produce heat through frictional mechanisms. Seidel and Reynolds,

3
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Ulysse, Colegrove and Shercliff, and Dong et al. (Seidel and Reynolds, 2003; Ulysse,

2002; Colegrove and Shercliff, 2004a; Dong et al., 2001) developed models only consider-

ing a sticking condition. Models attributing heat generation to plastic deformation have

been developed by Frigaard et al. (Frigaard et al., 2001) and Nandan et al. (Nandan

et al., 2007). Work performed by Schmidt et al. found that a sticking condition was

dominant by using tracers to study material flow (Schmidt et al., 2004). Chao et al.,

McClure et al., and Xu et al. (Chao et al., 2003; McClure et al., 1998; Xu et al., 2001)

developed models assuming a sliding condition. A stick-slip model factoring in a com-

bination of both conditions has been developed by Buck and Langerman, Schmidt and

Hattel, and Schneider et al. (Buck and Langerman, 2004; Schmidt and Hattel, 2005b;

Schneider et al., 2006).

Utilizing Finite Element Methods (FEM), Khandkar et al. (Khandkar et al., 2003)

derived an uncoupled thermal model where temperature was correlated with machine

power input. Zhu and Chao (Zhu and Chao, 2004) used FEM to develop an uncou-

ple model where transient temperature is used for thermomechanical simulation. Chen

and Kovacevic (Chen and Kovacevic, 2003) have also used FEM to develop a 3D model

incorporating mechanical reaction of the tool and the thermomechanical process of the

substrate. Uncoupled thermal and thermomechanical models have also been worked on

by Colegrove and Shercliff (Colegrove and Shercliff, 2004b), Siedel and Reynolds (Seidel

and Reynolds, 2003), and Heurtier et al (Heurtier et al., 2006).

Studies looking at the temperature fields of FSW often model the tool as a point heat

source based on Rosenthal’s equations (Rosenthal, 1946). McClure et al. (McClure et al.,

1998), and Shercliff et al. (Shercliff and Colegrove, 2002) based their models on a moving

line heat source. Temperature models often propose different assumption, whether the
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heat generation is dominated by the shoulder (McClure et al., 1998; Chao et al., 2003)

or involves a combination of the shoulder and pin (Schmidt et al., 2004; Khandkar et al.,

2003; Chen and Kovacevic, 2003; Schmidt and Hattel, 2005b). Schmidt et al. (Schmidt

et al., 2004) worked on models of heat transfer by conduction and found that the shoulder

is the main contributor to heat generation. Chao et al. (Chao et al., 2003) also focused

on heat transfer by conduction and observed that 5% of the heat generated was lost back

into the tool. Fully coupled numerical models which predict temperature and shear rates

have been proposed by Khandkar et al. (Khandkar et al., 2003), Ulysse (Ulysse, 2002),

Colegrove and Shercliff (Colegrove and Shercliff, 2004a,b), Dong et al. (Dong et al.,

2001), Nandan et al. (Nandan et al., 2006a,b, 2007), and Cho et al. (Cho et al., 2005).

Scaling analysis of FSW has been used to develop prediction models as well. Scaling

analysis is described as a systematic method for nondimensionalizing independent and

dependent variables, and their derivatives, in a set of governing equations for describing

a physical problem (Krantz, 2007). Dong et al. (Dong et al., 2001) determined that

rotational velocity must be proportional to the translation velocity to achieve good weld

quality in FSW. Colegrove and Shercliff (Colegrove and Shercliff, 2003) used scaling

analysis to show that power is proportional to the tool surface area and travel speed.

Reynolds et al. (Reynolds et al., 2005) developed a scaling law relating to weld pitch.

Roy et al. (Roy et al., 2006) were able to come up with equations to estimate the

peak temperature for friction stir welding. Buck and Langerman (Buck and Langerman,

2004) were able to characterize flow around the tool using asymptotic analysis. Mendez,

Tello, and Lienert (Mendez et al., 2010) developed a coupled heat transfer and plastic

deformation model which provides expressions to predict maximum temperature, torque,

and shear layer thickness.
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2.2 Coupled model for friction stir welding

The scaling laws developed by Mendez et al. (Mendez et al., 2010) used an approach

based on the Order of Magnitude Scaling technique (Mendez, 2006). The system of

equations used for analysis follow four simplifications which are later used to calibrate

the final scaling laws. The simplifications are as follows:

1. The travelling pin can be considered a steady state, slow moving heat source. The

slow moving heat source condition can be described as a function of the Peclet

number given by:

Pe =
V a

2α
� 1 (2.1)

where V is the pin advance velocity, a is the pin radius, and α is the thermal

diffusivity of the base plate material at a critical temperature To which will be

defined later.

2. There is small advance per revolution. The amount of incoming mass (≈ V a) is

much smaller than the amount of mass moved in the shear layer (≈ ωaδ) and can

be described with the following expression:

V a � ωaδ (2.2)

where ω is the angular velocity of rotation of the pin and δ is the thickness of the

shear layer.

3. The shear layer is thin and can be expressed as:

δ � a (2.3)
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4. The thickness of the shear layer is larger than the difference in radius between the

shoulder and the pin. This condition can be expressed as:

b− a � δ (2.4)

where b is the shoulder radius.

The results of scaling analysis provide the following estimations for shear layer thick-

ness (δ̂), temperature difference within the shear layer (Δ̂Ts), and torque of the FSW

tool pin (M̂). A table of the variables and their meaning are in Table 2.1.

δ̂ = a

[
8

3

ΔTm

ηsAB

(
τRa

2

ko

)n (
ηKoω

ΔTo

)n+1
] 1

2

(2.5)

T̂s = ΔTm

[
3

2

ηs
ABΔTm

(
ηKo

ΔTo

)n−1 (
a2τR
ko

)n

ωn+1

] 1
2

+ To (2.6)

M̂ = 2πτ̂ca
2t (2.7)

τR =
σR√
3

(2.8)

τ̂c =
koΔTo

ηωa2Ko

(2.9)

A correction function was developed by Tello et al. (Tello, 2008) to improve the

estimations of δ̂, Δ̂Ts, and M̂ by accounting for forces neglected in the formulation of the

scaling law (i.e. the four simplifications, Equation 2.1, Equation 2.2, Equation 2.3, and

Equation 2.4). The function allows the estimations to become closer to the experimental
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Table 2.1: Scaling law variables

ω rotational speed of the pin (s−1)
η total heat efficiency of the process
ηs efficiency that accounts for the fraction of the mechanical energy converted

into heat
σR normal stress of refrence (Pa)
τR reference shear stress (Pa)
τ̂c estimation of the shear stress within the shear layer (Pa)
a pin radius (m)
Ko modified Bessel function of a second kind and order 0
ko thermal conductivity of the base plate at To(W/m K)
A constant of the Zener-Hollomom law (s−1)
n constant of the Zener-Hollomom law
B material constant. B = exp(−Q/RTm)
Q activation energy (J/mol). Note that this term appears in the constant, B.
R gas constant (J/mol K). Note that this term appears in the constant, B.
t thickness of the plate (m)
Tm melting temperature of the base plate, in this case the solidus temperature (K)
To temperature at the shear layer/base plate interface (K)

ΔTm temperature difference Tm − To (K)
ΔTo temperature difference To − T∞ (K)
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measurements and numerical results and is given by Equation 2.10

f

(
Pe,

δ̂

a
,
V

ωδ̂
,
b− a

δ̂

)
= C1 (1 + C2Pe)

C3

(
1 + C4

δ̂

a

)C5 (
1 + C6

V

ωδ̂

)C7
(
1 + C8

b− a

δ̂

)C9

(2.10)

where Ci (i = 1, 2, ..., 9) are constants fitted using a minimum least squares regression

given by Equation 2.11.

φ = Min
n∑
i

(
log

(
X

X̂

)
i

− log(fi)

)2

(2.11)

where n is the total number of data considered, X is an experimentally measured value,

and X̂ is the theoretical estimation of the experimental value. When all the simplifica-

tion are neglected, C1 accounts for mathematical errors induced by the scaling model.

However, if the simplifications become dominant, the other coefficients rather than C1

capture a power law behavior. The improved estimations are defined by Equation 2.12.

X̂+ = X̂ · f
(
Pe,

δ̂

a
,
V

ωδ̂
,
b− a

δ̂

)
(2.12)

It was observed by Tello that of the four simplifications the only one affecting tempera-

ture, T̂s, was Equation 2.3. Thus, the improved estimation for shear layer temperature

was reduced to Equation 2.13.

T̂s

+
= T̂s · f

(
δ̂

a

)
= T̂s · C1

(
1 + C2

δ̂

a

)C3

(2.13)
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Tello also found that the estimation of torque, M̂ , had no dependence on the four

simplifications reducing the correction function to a single coefficient, C1. The value of C1

was calculated to be 1.57. The improved estimation of torque is given by Equation 2.14.

M̂+ = M̂ · 1.57 (2.14)

2.3 Temperature and force measurements

Numerous methods for capturing the temperature experimentally during friction stir

welding have been proposed. The majority of researchers use thermocouples embed-

ded throughout the substrate at strategic locations to capture the temperature field and

maximum welding temperature. For the substrate-thermocouple method, there have

been published measurements for aluminum 6061 (Khandkar et al., 2003; Chen and Ko-

vacevic, 2003; Nandan et al., 2006a; Roy et al., 2006; Guerra et al., 2003), aluminum

2024 (Schmidt et al., 2004; Schmidt and Hattel, 2005b; Schmidt et al., 2006; Schneider

et al., 2006; Yang et al., 2004; Schmidt and Hattel, 2005a; Fonda and Bingert, 2007),

aluminum 7075 (Colegrove and Shercliff, 2003, 2004b), aluminium 7050 (Reynolds et al.,

2003, 2005), aluminum 5083 (Colligan, 2007; Chen et al., 2008), mild steel Roy et al.

(2006); Nandan et al. (2007), and stainless steel Roy et al. (2006); Zhu and Chao (2004).

These measurements are listed in the appendix. Other methods for measuring temper-

ature have been used such as infrared camera (Lienert et al., 2003) and thermoelectric

method (De Backer and Bolmsjö, 2013). An alternative to the substrate-thermocouple

method has been used where the FSW tool is modified to accept thermocouples instead

(Lienert et al., 2003; Gerlich et al., 2005).
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Lateral forces have been recorded experimentally using strain gauges (Melendez et al.,

2005; Lienert et al., 2003; Milan Vukčević, Sreten Savićević, Mileta Janjić, 2011) and

dynometers (Amini and Amiri, 2015; Astarita et al., 2014; Hussein et al., 2015; Trimble

et al., 2012). Torque and force have been measured simultaneously using load cells

(Balasubramanian et al., 2009; Bahemmat et al., 2015). There have been published values

of torque for aluminum 6061 (Khandkar et al., 2003; Lienert et al., 2000), aluminum 2024

(Schmidt et al., 2004; Guerra et al., 2003), aluminum 5083 (Long et al., 2007; Lienert

et al., 2000), aluminum 7050 (Long et al., 2007; Reynolds et al., 2003), aluminum 7075

(Lienert et al., 2000), 1018 steel (Lienert et al., 2000), and 304 stainless steel (Zhu and

Chao, 2004). These measurements are listed in the appendix.



Chapter 3

Experimental Procedure and Set-up

The following chapter will describe and outline how temperature, force, and torque were

measured during friction stir welding. This will cover:

• Friction stir welding tool design

• Temperature measurements and analysis at the tool pin, tool shoulder, and welded

substrate

• Force and torque measurements during friction stir welding

• Welding temperature and torque predicted from the coupled model for friction stir

welding

3.1 FSW Tool Design

To study the effects of friction stir welding tool geometry on steady state welding temper-

ature a tool matrix was designed with ten separate tools. The ten tools were split into two

categories, smooth cylindrical pins and cylindrical threaded pins. Within each category,

the tools were grouped such that the effects of pin diameter and shoulder diameter could

be isolated and analyzed. The dimensions of the FSW tool are listed in Table 3.1. A

12
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cylindrical shaped pin was chosen because it is the simplest geometry available for FSW

tools, and it is the simplification made for the welding temperature prediction model

developed by Dr. Mendez (Mendez et al., 2010) for which the experimental results will

be compared to.

Table 3.1: Friction stir welding tool dimensions

Tool i.d. Pin Surface Pin Length Pin Diameter Shoulder Diameter
(mm) (mm) (mm)

A smooth 4 3 9
B smooth 5.3 4 12
C smooth 6.7 5 15
D smooth 5.3 4 9
E smooth 5.3 4 15
F threaded 4 3 9
G threaded 5.3 4 12
H threaded 6.7 5 15
I threaded 5.3 4 9
J threaded 5.3 4 15

Table 3.2: Friction stir welding tool geometry matrix

Pin\Shoulder 9 mm 12 mm 15 mm
3 mm A, F
4 mm D, I B, G E, J
5 mm C, H

The tools can be analyzed by how they are grouped through size and pin surface

(Table 3.2). Tools A, B and C (ABC) were grouped such that each consecutive tool

increased in overall size. From tools A through C, the pin increased 1 mm in diameter

at a time, the shoulder increased by 3 mm at a time, and the pin length increased by

1.35 mm at a time. Multiple welds were performed with each tool, and the temperature

and force data was collected. Comparing the results between tools ABC will provided
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information on how overall tool size affected steady state welding temperature, forces

in the x-y-z directions, and torque experienced by the tool. Tools F, G and H (FGH)

are the threaded counterpart to tools ABC. The data collected for tools FGH provided

additional information on how pin threading affected welding temperature, force, and

torque.

The next tool group is tools D, B, and E (DBE). Tools DBE all share the same pin

geometry (5.3 mm pin length and 4 mm pin diameter), but the shoulder diameter changes

between each tool. The shoulder diameter from tools D to B to E increased by 3 mm each

time. Multiple welds were performed with each tool, and temperature and force data

was collected. Since tools DBE share the same pin size, comparing the results between

the tools will gave direct information on how the shoulder diameter affected steady state

welding temperature and torque experienced by the tool. Tools I, G, and J (IGJ) are

the threaded versions of tools DBE. The data collected from tools IGJ gave additional

information on how pin threading affected welding temperature, force, and torque.

All ten FSW tools were machined to allow k-type thermocouples to be fed through

the side to reach the surface of the pin and shoulder. This was done to be able to take

temperature measurements directly at the interface where the FSW tool (pin and shoul-

der) contacted the welded substrate. Two holes were drilled into each tool, one for the

pin and one for the shoulder. A drawing of tool G showing where each hole was drilled

is shown in Figure 3.1. The rest of the engineering drawings are listed in the appendix

(section 6).
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Figure 3.1: Tool G engineering drawing
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3.2 Temperature measurements during friction stir

welding

3.2.1 FSW pin and shoulder measurements

All experiments were performed using an INDUMA milling machine (model #756012)

which was converted into a friction stir welder by tilting the spindle 3◦ to accommodate

for tool tilt, and adding an adapter to hold FSW tools. To measure and record the tem-

peratures at the surfaces of the FSW tool pin and shoulder an MSR 145B data acquisition

(DAQ) system was used. The FSW tools designed for experiments had two holed drilled

through them leading from the side of the tool to the surface of the pin and shoulder.

Two K-type thermocouples (model #5TC-GG-K-36-36) were inserted into these holes

with the exposed thermocouple junction at the pin and shoulder surface, and held in

place using OMEGABOND 600 cement (Figure 3.2). The OMEGABOND cement was

also used to fill in small gaps between the hose clamps to protect the thermocouple wire

from aluminum flashing during welding. The MSR 145B data acquisition system and

excess thermocouple wire were secured to the INDUMA spindle using hose clamps and

zip ties (Figure 3.3).

Welding parameters were chosen such that they could be held constant for all exper-

iments for all of the different FSW tool geometries. This was done to minimize variables

so that the effects of tool geometry could be studied more easily. The welding parameters

also had to take into accommodation the structural integrity of the tools after drilling

holes through them for the thermocouples so that they would not break during welding.

The chosen welding parameters were a rotation speed of 1225 RPM and a travel speed of

15 mm/min. The only exception where welding parameters were changed was for tools
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Figure 3.2: Schematic of thermocouples embedded into the FSW tool

Figure 3.3: Experimental set-up to measure FSW tool pin and shoulder temperature
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A and F where a rotational speed of 1723 RPM was used instead of 1225 RPM. This was

done because the small 3 mm pin on tools A and F were breaking when tool rotation

speed was too low.

The substrate used for experiments was a 5000 series aluminum, Al5059. Aluminum

5059 was used because the alloy cannot be heat treated, so heat generated during welding

would not alter the strength of the material (AZO, 2013). Hence, multiple welds can be

performed on the same plate without affecting each other. Aluminum 5059 alloy may

be strengthened by cold mechanical work or strain hardening, but each experiment was

performed on an unwelded section of the substrate. Welds were spaced approximately 1

cm apart from each other.

The MSR 145B data acquisition has onboard memory and records temperature read-

ings at a rate of 1 Hz. Temperature measurements taken from the MSR 145B data

acquisition system are exported as .msr files which can be viewed by using the provided

software (MSR 5.24.00). The collected thermocouple data is represented via graph from

the MSR software, but can be exported into a Microsoft Excel file for additional analy-

sis. During friction stir welding, the temperature of the pin and shoulder are expected to

reach steady state temperature. Steady state is shown by a plateau in the temperature

and can be measured at the relevant portion of the graph and reading along the y-axis.

Although multiple plateaus can be identified in the graph, measurements were only taken

at the plateau right before the tool was extracted. This location on the graph was chosen

to allow the maximum amount of time to have passed to reach a steady-state welding

temperature. An example of temperature measurement by reading the MSR graph is

shown in Figure 3.4. Multiple experiments were performed for each FSW tool. The

average of the recorded steady state temperatures values was calculated so comparisons
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between tools could be made. Standard deviation was also calculated to generate error

bars using t-test distribution (discussed later).

In circumstances where noise is visible in the plateau region, the portion of the data

near the end of the weld before tool extraction can be averaged in Excel to record a single

measurement. The temperature measurements recorded using an average used at least

30 points (ie. 30 seconds) of data. For example, in Figure 3.5 the temperature measure-

ments for thermocouple 1 (T1) had a variance of ±5 ◦Cbased off the graph readings so

an average was used to measure the steady state temperature.

3.2.2 Substrate measurements

In addition to measuring the temperature from the FSW tool, the temperature of the

weld from the perspective of the welded plate was also measured. The material of the

substrate was Al5059. The data acquisition system used to record welding temperature

was a National Instrument USB-6351 unit, NIDAQ 955-1 software, and a custom pro-

gram written in LabVIEW. Results from LabVIEW were exported to Microsoft Excel

and plotted. Two to three holes were drilled halfway into the substrate and K-type ther-

mocouples (model #5TC-GG-K-36-36) were inserted into these holes and held in place

using OMEGABOND 600 cement (Figure 3.6). The substrate thermocouple would make

contact on the FSW tool at approximately the mid point of the length of the pin. The

base plate with the embedded thermocouples was secured on top of the load cell, and

welds were made on top of the thermocouple locations (Figure 3.7).

As a friction stir weld was performed, the FSW tool would run over the thermo-
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Steady state

Tpin

Tshoulder

Figure 3.4: Temperature data output from the MSR 145B data aquisition for tool G (pin
and shoulder temperature)
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Noise in steady
state region

Figure 3.5: Temperature data output from the MSR 145B data aquisition for tool B (pin
and shoulder temperature)
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Figure 3.6: Schematic of thermocouples embedded into the welded substrate
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Weld Path

Position of embedded 
thermocouples

Figure 3.7: Al5059 substrate with two embedded thermocouples mounted on top JR3
load cell
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couples embedded into the base plate and a peak temperature would be recorded by

the NI USB-6351 system. Unlike the thermocouple located on the FSW tool, the static

thermocouples in the plate would not be in contact with the FSW tool long enough to

reach steady state temperature. Instead, a peak temperature would be measured by the

substrate thermocouples when the FSW tool pin made contact. The rate of measurement

for the NI USB-6351 was set to 1000 Hz.

Moving averages are typically used to smooth out data readings by filtering out noise

caused by random fluctuations (Investopedia, 2005). Due to the temperature measure-

ments being quite erratic, a simple moving average with low time period was used to

determine a more conservative peak welding temperature (as shown by the trend line)

instead of choosing the maximum temperature measured by the data acquisition system.

Results were magnified in Microsoft Excel to record measurements. Figure 3.8 is an ex-

ample of what the temperature recordings appear as and how the temperature peaks are

identified.

3.2.3 Comparison of pin measurements and substrate measure-

ments

In order to directly compare temperature measurements between the tool pin and sub-

strate, the MSR 145B data acquisition was used simultaneously with the NI USB-6351

data acquisition. For experiments where the two data acquisition system were not used

simultaneously there was no comparison made between the pin and substrate tempera-

ture. Figure 3.9 is an example of the temperature profiles recorded at the pin surface

along with three embedded thermocouples in the substrate plate for tool G. The entire
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Figure 3.8: Peak welding temperature measured from the Al5059 substrate (tool G)
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process of selecting the appropriate part of the graphs to measure has been explained in

previous sections.

Figure 3.9: Comparison of pin and substrate temperature (tool G)

A regression analysis was performed with Microsoft Excel to determine how much

influence the pin/shoulder diameter has on temperatures measured from the pin versus

the substrate. To calculate this the following equation was set up:

ΔTexperimental = X1 +X2 · 2(a− acentre) +X3 · 2[(b− a)− (b− a)centre] (3.1)

where ΔTexperimental = Tpin − Tsubstrate, X# is the constant determined from regression

analysis and represents the approximate weight of the variable it is multiplied against,
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a is tool pin radius, acentre is the median pin radius from Table 3.2, b is tool shoulder

radius, and bcentre is the median shoulder radius from Table 3.2. The values of X1, X2,

and X3 are listed in Table 4.12.

3.2.4 Post-weld thermocouple calibration

A Carbolite furnace (type 12/23) was used to recalibrate all thermocouple readings col-

lected during friction stir welding experiments. The FSW tools and welded plates were

placed in the furnace along with an undamaged control thermocouple. The furnace

temperature was raised to 100◦Cand held for 3 hours before temperature readings were

measured from the tool, plate, and control thermocouple using the MSR 145B data ac-

quisition system. The furnace temperature was raised another 100 degrees, held for 3

hours, and this process was repeated until 500◦C.

Calibration curves were generated from the data to correct initial experimental tem-

perature measurements. An example of a calibration curve is shown below in Figure 3.10.

Thermocouple calibration was performed if the thermocouple was not severed after weld-

ing. For tools and welded plates whose thermocouples were broken off during welding,

calibration curve equations from different tools and plates were applied (e.g. tool A’s

calibration equation was applied to tool D’s measurements).

3.2.5 Confidence interval of temperature measurements

Due to the limited number of experiments that could be performed, the Students t-

distribution was used to determine the 95% confidence interval of the recorded average

welding temperature for both FSW tools and substrate. The confidence interval was used

as a visual representation of error on graphs comparing the temperature data. To find
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Figure 3.10: Temperature calibration curve for tool F

the confidence interval the following formula was used:

CI =

(
T − tα/2

S√
n
, T + tα/2

S√
n

)
(3.2)

where CI is the confidence interval, T is the average measured temperature, α is the

probability value (5%), S is the calculated standard deviation, n is the number of exper-

iments, and t is the t-distribution value.
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3.3 Force and torque measurements during welding

3.3.1 Load cell set-up

All welding force experiments were performed using an INDUMA milling machine which

was converted into a friction stir welder. To measure and record the force during fric-

tion stir welding a JR3 6-axis load cell (model #75E20S4-M125A-AF) data acquisition

system was used in combination with an NI SCC-68 unit, NI USB-6251 unit, and Lab-

VIEW SignalExpress software (v. 2.5.1). The JR3 load cell was bolted to the table of

the milling machine, and a steel backing plate (320 x 320 x 24 mm) was placed on top

of the load cell. The substrate to be welded on was secured to the top of the steel back-

ing plate using screws. With the substrate fastened down, the data acquisition software

was turned on and a weld was performed on top of the substrate. The JR3 load cell was

used simultaneously with the MSR 145B (tool temperature) and NI USB-6351 (substrate

temperature) data acquisition systems. The different data acquisition systems were syn-

chronized based off their graphical output by lining up identified regions of tool plunge

and tool extraction. Force data was recorded at a frequency of 100 Hz and exported into

a Microsoft Excel format for graphical display and further analysis. The complete set

of force data recorded for each experiment contains six sets of measurements, torque in

the x-y-z direction and force in the x-y-z direction. A picture of the experimental set

up is shown in Figure 3.11, and x-y-z orientation relative to the load cell are shown in

Figure 3.12.
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Substrate

Backing plate

JR3 load cell

Figure 3.11: JR3 force load cell set-up

3.3.2 Force measurements

Force in the x-y-z directions were read similarly to tool pin and shoulder temperatures.

The steady state portion of the data was measured from the graph near the end of the

weld before tool extraction. Although multiple steady state regions along the force graph

may be identified, the portion near the end of the weld was taken to be consistent with

where temperature measurements were recorded from. A moving average trend line was

used to reduce the wide spread of data into a more easily measured value. An example of

a force graph and how the value was measured from the trend line is shown in Figure 3.13.
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Figure 3.12: Force orientation of the JR3 load cell
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Figure 3.13: Tool G x-axis force measurement from graph
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3.3.3 Torque measurements

Since torque measurements are taken relative to what the load cell experiences, corre-

lating torque readings from the JR3 load cell to the FSW tool requires knowing where

the FSW tool was during recording. Raw torque measurements from the JR3 load cell

are only valid (i.e. load cell torque is equal to FSW tool torque) when the FSW tool is

positioned exactly over the center of the load cell (position along the x-axis and y-axis

is zero relative to the load cell). Since all welds involved traveling along the surface of

the substrate, it was difficult to determine the exact moment when the FSW tool was

positioned correctly along the x-axis to take a reading off of the output graph. Human

error could also cause torque measurements to be inaccurate in the case that the FSW

tool was positioned incorrectly along the y-axis prior to welding. Reading torque directly

from the output graphs was not viable. Therefore, the FSW tool torque was calculated

from the load cell torque readings.

The JR3 load cell was broken down into a free body diagram (Figure 3.14 and Fig-

ure 3.15). The variables F o and M o are the force and torque, respectively, reported by

the load cell. The variables F and M are the force and torque, respectively, experienced

by the FSW tool. Distance from the center of the load cell to the FSW tool is labeled

as r, and do is the length of the backing plate and substrate thickness combined. The

position where the FSW tool plunges into the substrate and begins welding relative to

the zero point on the load cell are xo and yo.

The tool torque readings in the x-y-z direction are calculated as follows. Static bal-
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ance:

ΣF = 0 (3.3)

ΣM = 0 (3.4)

The static balance for Equation 3.3 can be written as:

F − F o = 0 (3.5)

F = F o (3.6)

The static balance for Equation 3.4 can be written as:

M + r × F −M o = 0 (3.7)

M = M o − r × F o (3.8)

The cross product, r × F can be expanded upon:

r × F =

∣∣∣∣∣∣∣∣∣∣
ex ey ez

x y z

Fox Foy Foz

∣∣∣∣∣∣∣∣∣∣
(3.9)

= (yFoz − zFoy)ex + (zFox − xFoz)ey + (xFoy − yFox)ez (3.10)

In Equation 3.10, x, y, and z are defined as:

x = xo + vtt (3.11)

y = yo (3.12)

z = −(d1 + d2) = −do (3.13)
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where vt is the travel speed of the FSW tool and is measured experimentally (15.28

mm/min), t is time, and do is the combined thickness of the backing plate and welded

substrate (30.5 mm). The only unknown variables are xo and yo which will be estimated.

Substituting Equation 3.10 into Equation 3.8 results in three equations to calculate torque

for the FSW tool pin in the x-y-z direction based on measurements taken from the JR3

load cell.

Mx = Mox − yoFoz − doFoy = 0 (3.14)

My = Moy + doFox + (xo + vtt)Foz = 0 (3.15)

Mz = Moz − (xo + vtt)Foy + yoFox (3.16)

The only unknowns in Equation 3.14, Equation 3.15, and Equation 3.16 are xo and

yo. A simplification is made that torque along the x-axis and y-axis with respect to

the FSW tool are zero, because the FSW tool is only spun along the z-axis and is held

rigidly in place within the machine spindle. The original data collected from the JR3

load cell is used with Equation 3.14, Equation 3.15, and Equation 3.16, and new torque

values are calculated and graphed which are from the perspective of the FSW tool. A

moving average trend line is used to make the data easier to read and make measurements.

Starting with Equation 3.14 the value of yo is adjusted manually until the value of Mx

is equal to the zero reading after FSW tool extraction from the substrate (Figure 3.16).

Next, the value of xo is manually adjusted until the value of My is equal to the zero

reading after FSW tool extraction from the substrate (Figure 3.17). It should be noted

that the zero reading of the JR3 load cell after FSW tool extraction is not always exactly

at zero. The reason for this may be due to residual stress between the clamped substrate
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and backing plate. Once xo and yo are found, the value of Mz (tool torque along the

z-axis) can be calculated and graphed. The FSW tool torque reading (Mz) can be read

off the new graph as shown in Figure 3.18.

Figure 3.16: Tool G torque measurement zeroed along the x-axis

3.4 Friction stir welding temperature and torque pre-

diction

The maximum temperature at the shear layer can be predicted using Equation 2.6 and

Equation 3.18 which only requires the operating parameters, tool pin size, and ther-

momechanical behaviour and thermophysical properties of the substrate. The predicted
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Figure 3.17: Tool G torque measurement zeroed along the y-axis
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Figure 3.18: Tool G torque measurement along the z-axis
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welding temperature was improved by performing minimum least squares regression anal-

ysis (Equation 3.17) using MATLAB to determine the coefficients in Equation 2.10. From

Equation 2.10 only the δ̂/a term is initially considered. The improved welding tempera-

ture prediction is given by Equation 3.19. The data used for the regression analysis was

the experimental temperature data collected at the Canadian Centre for Welding and

Joining (CCWJ) as well as FSW temperatures from literature collected by Tello (Tello,

2008). The temperatures from literature were composed of a large collection of different

metals and are shown in the appendix.

φ = Min

n∑
i

(
log(X)− log(X̂+)

)2

(3.17)

T̂s = Δ̂Ts + To (3.18)

T̂s

+
= T̂s · C1

(
1 + C2

δ̂

a

)C3

+ To · C4 (3.19)

In order to fully study the effects of the pin and shoulder diameter with the proposed

tool matrix, the (b − a)/δ̂ term was later included from the correction function (Equa-

tion 2.10). The improved temperature prediction that accounts for both δ̂/a and (b−a)/δ̂

is given by Equation 3.20. The correction coefficients were tabulated using MATLAB
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and the results are listed in Table 4.14.

T̂s

+
= T̂s · C5

(
1 + C6

δ̂

a

)C7 (
1 + C8

b− a

δ̂

)C9

+ To · C10 (3.20)

The improved estimation of welding temperature was compared to experimental val-

ues and the margin of error was calculated between the two values. For the purpose

of this study, the margin of error is defined as the percentage difference between the

corrected theoretical value of temperature and the experimentally measured value. The

margin of error is given by Equation 3.21.

me =

∣∣∣∣∣100− T̂s

+

Ts

× 100

∣∣∣∣∣ (3.21)

Using the known operating parameters, tool size, and substrate material properties

from prior experiments, Equation 2.7 was used to predict torque. The tabulated torque

values were corrected using Equation 2.14. Similarly to the temperature prediction, the

(b− a)/δ̂ term was later accounted for from the correction function (Equation 2.10) and

is given by Equation 3.22. The correction coefficients were tabulated using MATLAB

and the results are listed in Table 4.24.

M̂+ = M̂ · C11

(
1 + C12

b− a

δ̂

)C13

(3.22)

The predicted torque values were compared directly against torque values measured

using the JR3 load cell from experimentation. The margin of error was calculated using

a ratio of the tabulated value and measured value of torque (Equation 3.23). The margin
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of error is the percentage difference between the corrected theoretical value of torque and

the experimentally measured value.

me =

∣∣∣∣∣100− M̂+

M
× 100

∣∣∣∣∣ (3.23)



Chapter 4

Results

The following chapter will present the experimental results and calculations for temper-

ature, force, and torque during friction stir welding. This will cover:

• Pin and shoulder temperature measurements

• Substrate temperature measurements

• Comparison between temperatures measured from the tool versus the substrate

• Theoretical temperature calculations

• Force and torque measurements

• Theoretical torque calculations

4.1 Temperature measurements during friction stir

welding

4.1.1 FSW pin and shoulder measurements

Temperature measurements were taken directly from the FSW tool using the methods

described in section 3.2. Measuring temperature directly from the tool provides a signifi-

42
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cant amount of information and various portions of the welding process can be identified

on the graph collected from the MSR 145B data acquisition system. These portions

include the tool plunge, weld travel, steady state, running over thermocouples embedded

into the substrate, and tool extraction. These are labeled in Figure 4.1.
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Figure 4.1: Temperature profile of the pin (tool G) during friction stir welding

The complete list of temperature results are in Table 4.1 (smooth surface tool pin)

and Table 4.2 (threaded surface tool pin). The measured temperatures for each tool

were averaged together, and the difference between the pin and shoulder temperature

was calculated. These results are summarized in Table 4.3. The difference in tempera-

ture between the pin and shoulder ranges from as low as 12.2 ◦Cto as high as 68.2 ◦C.

The data for tool pin temperature for tool C was not be measured due to the tool pin

breaking off during welding. However, it is a relatively conservative estimate that the

tool pin temperature for tool C was at least 488.3 ◦C(measured shoulder temperature +

lowest ΔT between the pin and shoulder; 476.1 + 12.2 ◦C).



4.1: Temperature measurements during friction stir welding 44

Table 4.1: Temperature measurements during FSW for tools A through E

Tool i.d. Pin Temperature Shoulder Temeprature
(◦C) (◦C)

A 399.7 377.9
396.9 379.8
387.4 368.4
389.3 375.1
399.7 389.3
397.8 389.3

B 497.6 497.6
443.7 397.6
446.6 403.5

C - 476.6
D 430.0 371.3

439.5 375.1
437.6 366.5
437.6 -
431.0 -

E 495.4 447.1
470.8 428.1
487.9 454.7
497.3 466.1

Temperature calibration curves were made following the procedure outlined in sec-

tion 3.2 and the results are in Table 4.4. The calibration curves were used to correct the

raw data in Table 4.3 and the corrected temperatures are summarized in Table 4.5. The

data used to generate the calibration curves are in the appendix (section 6).

The 95% confidence interval was tabulated for the pin temperature measurements

using Equation 3.2. The shoulder temperature measurements were not included, because

only maximum welding temperature was being compared which was recorded at the tool

pin. The confidence interval results are shown in Table 4.6.
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Table 4.2: Temperature measurements during FSW for tools F through J

Tool i.d. Pin Temperature Shoulder Temeprature
(◦C) (◦C)

F 422.4 410.4
G 451.8 390.2

459.4 409.2
453.7 403.5
456.6 412.0
447.1 394.0

H 458.5 420.6
467.9 424.3
456.6 392.1
458.5 412.0
447.1 379.8

I 446.3 405.7
353.3 363.6
439.4 352.9
447.2 374.4
429.6 361.7
436.5 371.5
435.5 368.5

J 471.7 437.6
476.5 432.9
475.5 427.2
478.4 440.5
470.8 428.1
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Table 4.3: Average temperature measurements during FSW for tools A through J (*con-
servative estimate for tool C)

Tool i.d. Average Pin Average Shoulder �T
Temperature (◦C) Temperature (◦C) (◦C)

A 390.1 374.2 15.9
B 446.5 401.0 45.5
C 488.3* 476.1 -
D 432.3 364.6 67.7
E 488.0 447.0 41.0
F 422.0 409.8 12.2
G 452.0 397.2 54.8
H 456.2 401.4 54.8
I 439.7 371.5 68.2
J 474.0 430.4 43.6

Table 4.4: Temperature calibration curves for tools A through J

Tool i.d. Temperature Calibration formula (Calibration no. used)
A y = 0.9479*x + 25.278 1
B y = 0.9796*x + 7.7662 2
C y = 0.9458*x + 27.378 3
D y = 0.9479*x + 25.278 1
E y = 0.9479*x + 25.278 1
F y = 0.9784*x + 9.4939 4
G y = 0.9479*x + 25.278 1
H y = 0.9479*x + 25.278 1
I y = 0.9784*x + 8.9103 5
J y = 0.9479*x + 25.278 1



4.1: Temperature measurements during friction stir welding 47

Table 4.5: Corrected average temperature measurements during FSW for tools A through
J

Tool i.d. Average Pin Average Shoulder
Temperature (◦C) Temperature (◦C)

A 395.1 380.0
B 445.2 400.6
C 488.6 476.6
D 435.1 370.9
E 487.9 449.0
F 422.4 410.4
G 453.7 401.8
H 457.7 405.8
I 439.1 372.4
J 474.6 433.3

Table 4.6: Confidence interval (95%) for pin temperature measurements

Tool i.d. N T S 95% C.I.
(◦C) (◦C)

A 6 395.1 5.4 5.7
B 2 445.2 2.1 18.7
C 0 - - -
D 3 435.1 4.3 10.7
E 4 487.9 12.1 19.2
F 1 422.4 - -
G 5 453.7 4.7 5.8
H 5 457.7 7.4 9.2
I 6 439.1 6.7 7.0
J 5 474.6 3.2 4.0
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4.1.2 Substrate measurements

Between three to five successful temperature measurements were taken from the substrate

for experiments using tools A, B, F, G, H, I and J. Data from the substrate was not

taken for tools C, D, or E due to the FSW tool breaking in previous trials before the NI

USB-6351 was implemented. A complete list of the temperature data collected from the

substrate is in Table 4.7.

Table 4.7: Temperature measurements during FSW for plates i through xiii

Tool i.d. Plate i.d. Temperature
(◦C)

A i 330.0
322.0

A ii 346.0
338.0

B iii 442.0
421.0

B iv 415.0
B v 385.0
F vi 360.0

370.0
368.0

F vii -
G viii 391.0

395.0
470.0

H ix 425.0
450.0
450.0

I x 391.4
426.3

I xi -
I xii 414.0
J xiii 423.0

420.0
449.0
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The substrate temperature measurements were also corrected using calibration curves.

Calibrations were done for plates i, ii, iv, and v. The resulting equations used for each

substrate plate are listed in Table 4.8, and the data used to generate the calibration

curves is in the appendix (section 6).

Table 4.8: Temperature calibration curves for substrate temperature measurements

Plate i.d. Temperature Calibration formula (Calibration no. used)
i y = 1.0062*x + 14.83 6
ii y = 0.9974* x + 22.421 7
iii y = 1.0062*x + 14.83 6
iv y = 0.9888*x + 19.031 8
v y = 0.9889*x + 25.616 9
vi y = 1.0062*x + 14.83 6
vii y = 1.0062*x + 14.83 6
viii y = 1.0062*x + 14.83 6
ix y = 1.0062*x + 14.83 6
x y = 1.0062*x + 14.83 6
xi y = 1.0062*x + 14.83 6
xii y = 1.0062*x + 14.83 6
xiii y = 1.0062*x + 14.83 6

The substrate temperatures were adjusted using the calibration curves and averaged

together for each tool (Table 4.9). These values represent the average maximum welding

temperature measured from the perspective of the substrate with embedded thermocou-

ples. The 95% confidence interval was tabulated for the substrate temperature measure-

ments using Equation 3.2. The confidence interval results are listed in Table 4.10.
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Table 4.9: Averaged substrate temperatures during FSW for tools A through J

Tool i.d. Average substrate temperature
(◦C)

A 350.9
B 415.8
F 383.1
G 436.1
H 459.2
I 427.9
J 448.2

Table 4.10: Confidence interval (95%) for substrate temperature measurements

Tool i.d. N T S 95% C.I.
(◦C) (◦C)

A 4 350.9 10.3 16.4
B 4 415.8 23.5 37.5
F 3 383.1 5.3 13.1
G 3 436.1 44.5 60.6
H 3 459.2 14.4 35.9
I 3 427.9 17.7 44.0
J 3 448.2 15.9 39.6
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4.1.3 Comparison between temperatures measured from the

tool versus the substrate

To compare the pin and substrate temperatures, a graph was generated plotting the

average tool pin temperature against the average substrate temperatures. The 95% con-

fidence intervals calculated previously were used as error bars (Figure 4.2). Beside each

major data point is a letter labeling which tool it represents. The dotted 1:1 line is a

visual guide to see how closely the tool pin and substrate follow a similar ratio.
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Figure 4.2: Summary comparison of pin temperature against substrate temperature (data
used from Table 4.5 and Table 4.9)
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The results from Figure 4.2 can be separated based on the tool groups explained in

section 3.1 as per the geometry listed in Table 3.2. Tools C, D, and E have no coupled

data between the tool pin and substrate due to tool damage. Since data for tool C, D,

and E are absent, only the set of threaded pin tools (F through J) will be analyzed. The

results can be grouped by tools FGH (Figure 4.3) and IGJ (Figure 4.4). The slope of the

line for the tool groups yields information of how sensitive temperature measurements are

with respect to geometry changes when measured from the FSW tool or the substrate.

A slope greater than 1 indicates that greater temperature changes can be measured from

the substrate compared to measurements taken from the FSW tool pin. A slope less than

1 shows that greater temperature changes can be measured from the tool pin compared

to the substrate when the tool geometry changes. Further analysis of this is done in the

discussion section. The actual value of the slope and equation of line is not considered

because the line it forms is simply a visual reference to show sensitivity of temperature

measurements.

Regression analysis outlined in section 3.2 using Equation 3.1 was done to find how

much influence the pin and shoulder diameter had on welding temperature. The vari-

ables used for regression analysis are in Table 4.11, and the results are listed in Table 4.12.

4.1.4 Theoretical friction stir welding temperature calculations

Using Equation 2.6 and Equation 3.18, the maximum welding temperature during FSW

was predicted for tools A through J. Note that these results have not been adjusted with

the correction function yet Table 4.13. The variables used for calculations are listed in

the appendix (section 6).
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Figure 4.3: Comparison of pin temperature against substrate temperature (tools F, G,
and H; Table 3.2)

Table 4.11: Variables used for regression analysis on pin and shoulder diameter

Tool a b acentre bcentre 2(a− acentre) 2[(b− a)− (b− a)center] ΔTexperimental

i.d. (mm) (mm) (mm) (mm) (mm) (mm) (◦C)
A 1.5 4.5 2 6 -1 -2 44.2
B 2.0 6.0 2 6 0 0 29.5
F 1.5 4.5 2 6 -1 -2 39.3
G 2.0 6.0 2 6 0 0 17.6
H 2.5 7.5 2 6 1 2 -1.5
I 2.0 4.5 2 6 0 -3 11.2
J 2.0 7.5 2 6 0 3 26.4
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Figure 4.4: Comparison of pin temperature against substrate temperature (tools I, G,
and J; Table 3.2)

Table 4.12: Tool pin and shoulder regression analysis results (Equation 3.1)

Coefficient Regression result
X1 20.7
X2 -26.5
X3 2.5
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Table 4.13: Uncorrected theoretical welding temperatures during FSW (Equation 2.6;
variables listed in section 6)

Tool i.d. T̂s T̂s

(K) (C)
A 903.6 630.4
B 987.1 713.9
C 1762.5 1489.3
D 987.1 713.9
E 987.1 713.9
F 903.6 630.4
G 987.1 713.9
H 1821.9 1548.7
I 987.1 713.9
J 987.1 713.9

The correction coefficients were solved for three different cases. The first case only

accounted for
̂δ
a
for all materials that data was available. The second case accounted

for shoulder diameter ( b−a
̂δ
) as well as

̂δ
a
for all materials that data was available. The

third case accounted for ( b−a
̂δ
) and

̂δ
a
, but only considered the experimental data collected

in-house at the Canadian Centre for Welding and Joining (CCWJ). The coefficients were

calculated using MATLAB as outlined in section 3.4. All of the correction coefficients

are listed in Table 4.14.

The corrected theoretical welding temperatures were compared to temperatures ob-

tained experimentally (Table 4.5) and the margin of error was calculated. The corrected

temperature values and margin of error for case 1 are displayed in Table 4.15. The

average margin of error for case 1 is 8.2%.

The results for temperature correction under case 2 are shown in Table 4.16. The

average margin of error between all the tools for case 2 is 6.4%. The temperature data
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Table 4.14: Temperature correction coefficients for cases 1, 2, and 3 (Equation 3.19 and
Equation 3.20)

Correction Case Case Case
coefficient 1 2 3

C1 0.78388
C2 0.36710
C3 -1.5393
C4 0.85394
C5 0.46644 551.16
C6 0.00046573 32.300
C7 -446.94 -1.0132
C8 29.224 -46.090
C9 -23.890 -593.16
C10 0.85752 -1.2709
Error 0.54 0.56 0.0013

Table 4.15: Corrected tool pin temperature measurements - Case 1 (Equation 3.19)

Tool i.d. T̂s

+
T Margin of error

(◦C) (◦C) (%)
A 485.2 395.1 18.6
B 486.6 445.2 8.5
C 504 488.6 3.1
D 486.6 435.1 10.6
E 486.6 487.9 0.3
F 485.2 422.4 12.9
G 486.6 453.7 6.8
H 502 457.7 8.8
I 486.6 439.1 9.8
J 486.6 474.6 2.5
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collected at the CCWJ was added to an existing FSW database of experimental and

theoretical temperature results compiled by Tello (Tello, 2008). The experimental and

theoretical temperatures were plotted against each other to see how well the values com-

pared against each other (Figure 4.5 and Figure 4.6). Data points near the 1:1 dashed

line indicate a better fit between the predicted welding temperature and the experimen-

tally measured one. The data used to generate Figure 4.5 are listed in the appendix

(Table A-12, Table A-13, and Table A-14).

Table 4.16: Corrected tool pin temperature measurements - Case 2 (Equation 3.20)

Tool i.d. T̂s

+
T Margin of error

(◦C) (◦C) (%)
A 457.9 395.1 13.7
B 480.5 445.2 7.3
C 498.9 488.6 2.1
D 480.5 435.1 9.4
E 480.4 487.9 1.6
F 457.9 422.4 7.8
G 480.5 453.7 5.6
H 493.1 457.7 7.2
I 480.5 439.1 8.6
J 480.4 474.6 1.2

Case 3 accounts for ( b−a
̂δ
) and

̂δ
a
, but only for experiments ran in-house at the CCWJ.

The results for temperature correction under case 3 are shown in Table 4.17. The average

margin of error between all the tools for case 3 is 1.4%.
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Figure 4.5: Comparison between experimentally measured temperature (Tmax) and the-

oretical predictions (̂Tmax

+
) during FSW (data used listed in Table A-12, Table A-13,

and Table A-14)
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Figure 4.6: Magnified region of aluminum data from Figure 4.5
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Table 4.17: Corrected tool pin temperature measurements - Case 3 (Equation 3.20)

Tool i.d. T̂s

+
T Margin of error

(◦C) (◦C) (%)
A 410.3 395.1 3.7
B 456.9 445.2 2.6
C 489.4 488.6 0.2
D 435.4 435.1 0.1
E 478.6 487.9 1.9
F 410.3 422.4 2.9
G 456.9 453.7 0.7
H 458.6 457.7 0.2
I 435.4 439.1 0.8
J 478.6 474.6 0.8

4.2 Force and torque measurements during friction

stir welding

4.2.1 Force and torque measurements

Force and torque measurements during FSW were done using a JR3 load cell following

the methods described in section 3.3. Similarly to the thermocouple data section, var-

ious portions of the welding process can be identified on the force data collected from

the JR3 load cell. These portions include the tool plunge, weld travel, steady state,

running over thermocouples embedded into the substrate, and tool extraction. These are

summarized in Figure 4.7 where each identified portion of the weld process are labeled

on each force/torque graph.

Multiple welds were performed with each FSW tool using the JR3 load cell. The

forces in the x-y-z direction and the tool pin torque along the z-axis were recorded. The

results of each experiment for the FSW tools with smooth pins (A through E) are in

Table 4.18, and the results for the FSW tools with threaded pins (F through J) are in
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Figure 4.7: Force and torque profile (tool G) during friction stir welding
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Table 4.19. The average force and torque values for each tool were calculated and are

summarized in Table 4.20. Tools C and F only have one measurement due to tool damage

preventing further use. Tool D produced unusually high force and torque readings due to

tool insertion depth being too great (human error). The mistakes with tool D were made

evident not only from load cell readings but from the visual appearance of the weld itself

which had excessive material flashing caused by the tool shoulder gouging the substrate

material (Figure 4.8).

Table 4.18: Force and torque measurements during FSW for tools A through E

Tool i.d. Fx Fy Fz xo yo Mz

(N) (N) (N) (mm) (mm) (N-m)
A 60 540 -600 42 16 5.5

5 475 -640 39 17 6
240 650 -775 80 -9 8
50 600 -750 36 -6 4
275 675 -700 -4 -9 2
350 550 -1000 80 13 10

B 250 950 -800 36 15 7
100 975 -800 24 23 5

C - - -1600 65 -7 10
D 800 1100 -2200 80 -34 11

650 1200 -1800 31 -35 12
200 1000 -2200 -10 -39 12
950 1300 -2100 73 -13 10
500 1300 -2200 24 -13 8

E 600 1050 -4200 -18 -6 7
950 1400 -3100 77 12 9
550 1500 -4200 35 15 5

The 95% confidence interval was tabulated for the torque measurements and the

results are shown in Table 4.21. Tools C and F which only have one data points do not

have a confidence interval.
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Table 4.19: Force and torque measurements during FSW for tools F through J

Tool i.d. Fx Fy Fz xo yo Mz

(N) (N) (N) (mm) (mm) (N-m)
F 300 80 -1600 -46 0 3.2
G 550 950 -2000 -37 -9 6.5

950 900 -2900 -47 -5 5
550 850 -2800 -16 -5 6
700 1000 -2600 -52 -6 5
200 875 -2600 -5 -6 6

H 350 1000 -6500 -47.5 -4 13
550 900 -6400 -50.5 -4 13
250 800 -5800 -3.5 -3 11
500 1000 -6000 -47.5 -3 11
300 800 -5900 -4 -2 14

I 750 700 -2000 -42 -9 8
550 750 -1200 -30 -14 6
650 760 -1600 -41 -12 8
100 400 -1600 -6 -4 5
600 550 -1400 -41 -9 7
200 600 -1400 -4 -8 6

J 300 650 -3400 -46 -3 7
400 700 -4000 -41 -2 6.5
350 650 -3900 -1.5 -3 8
400 650 -4000 -42.5 -2 6.5
400 550 -3800 -1 -2 9
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Table 4.20: Average force and torque during FSW for tools A through J

Tool i.d. Fx Fy Fz Mz

average average average average
(N) (N) (N) (N-m)

A 195.0 581.7 -744.2 6.7
B 175.0 962.5 -800.0 6.0
C - - -1600.0 10.0
D 620.0 1180.0 -2100.0 10.3
E 700.0 1316.7 -3833.3 8.0
F 300.0 80.0 -1600.0 3.2
G 590.0 915.0 -2580.0 5.7
H 390.0 900.0 -6120.0 12.4
I 475.0 626.7 -1533.3 6.7
J 370.0 640.0 -3820.0 7.4

Excessive material flashing caused by tool insertion depth being too deep

Figure 4.8: Tool D weld defect - excessive material flashing caused by large tool insertion
depth
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Table 4.21: Confidence interval (95%) for torque measurements

Tool i.d. N M S 95% C.I.
(N-m) (N-m)

A 5 6.7 2.3 6.5
B 2 6.0 1.4 18.0
C 1 10.0 0.0 0.0
D 5 10.3 1.7 4.7
E 2 8.0 1.4 18.0
F 1 3.2 0.0 0.0
G 5 5.7 0.7 1.9
H 5 12.4 1.3 3.7
I 6 6.7 1.2 3.1
J 5 7.4 1.1 3.0

4.2.2 Theoretical friction stir welding torque calculations

Using Equation 2.7, the torque during FSW was predicted for tools A through J. The

results before applying corrections coefficients are show in Table 4.22, and the variables

used for calculations are listed in the appendix (section 6).

Table 4.22: Predicted torque during FSW (Equation 2.7; variables listed in section 6)

Tool i.d. M̂
(N-m)

A 3.6
B 7.1
C 9.4
D 7.1
E 7.1
F 3.6
G 7.1
H 9.2
I 7.1
J 7.1
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Initial adjustment of the predicted torque was done using Equation 2.14 and the re-

sults are in Table 4.23. The average margin of error is 31.1%.

Table 4.23: Predicted torque during FSW (Equation 2.14)

Tool i.d. M̂+ M Margin of error
(N-m) (N-m) (%)

A 5.7 6.7 17.5
B 11.1 6.0 45.9
C 14.8 10.0 32.4
D 11.1 10.3 7.7
E 11.1 8.0 27.9
F 5.7 3.2 43.9
G 11.1 5.7 48.6
H 14.4 12.4 13.9
I 11.1 6.7 39.9
J 11.1 7.4 33.3

Through experimentation it was found that the shoulder diameter produced a no-

ticeable effect on temperature and torque during welding. The shoulder diameter was

accounted for using Equation 3.22, and the correction coefficients were calculated for two

different cases. The first case accounted for b−a
̂δ

for all materials that torque data was

available, and the second case only considered the experimental data collected in-house

at the Canadian Centre for Welding and Joining (CCWJ). The correction coefficients for

torque are listed in Table 4.24.

Using the correction coefficients, the torque values from Table 4.22 were adjusted to

account for the shoulder diameter. The corrected values and margin of error for case 1 are

displayed in Table 4.25. The average margin of error between all ten FSW tools is 24.4%.

The data collected at the CCWJ (corrected from case 1) was added to an existing
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Table 4.24: Torque correction coefficients for cases 1 and 2 (Equation 3.22)

Correction Case Case
coefficient 1 2

C11 1.3393 1.1018
C12 21.748 0.95468
C13 -0.16762 1.0405
Error 2.4 0.63

Table 4.25: Corrected torque measurements - Case 1 (Equation 3.22)

Tool i.d. M̂+ M Margin of error
(N-m) (N-m) (%)

A 4.8 6.7 38.5
B 9.4 6.0 36.5
C 12.6 10.0 20.5
D 9.4 10.3 8.5
E 9.4 8.0 15.3
F 4.8 3.2 33.8
G 9.4 5.7 39.7
H 12.4 12.4 0.2
I 9.4 6.7 29.4
J 9.4 7.4 21.7
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FSW database of experimental and theoretical torque results compiled by Tello (Tello,

2008). The experimental and theoretical temperatures were plotted against each other

to see how well the values compared against each other (Figure 4.9). Data points near

the 1:1 dashed line indicate a better fit between the predicted torque and the experi-

mentally measured one. The data used to generate Figure 4.9 are listed in the appendix

(Table A-16 and Table A-17).

Figure 4.9: Comparison between experimentally measured torque (M) and theoretical

predictions (M̂+) during FSW (data used listed in Table A-16 and Table A-17)
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Case 2 only used the data collected at the CCWJ, and the adjusted values and margin

of error are shown in Table 4.26. The average margin of error between all ten FSW tools

is 21.6%. Excluding tool A and D whose measured torque was higher due to low welding

temperature and excessive tool insertion depth, the average margin of error drops to

14.5%.

Table 4.26: Corrected torque measurements - Case 2 (Equation 3.22)

Tool i.d. M̂+ M Margin of error
(N-m) (N-m) (%)

A 4.0 6.7 68.4
B 7.8 6.0 22.8
C 10.3 10.0 3.4
D 7.8 10.3 31.9
E 7.8 8.0 2.9
F 4.0 3.2 19.6
G 7.8 5.7 26.7
H 10.2 12.4 21.8
I 7.8 6.7 14.2
J 7.8 7.4 4.8



Chapter 5

Discussion

The following chapter will analyze the results for temperature, force, and torque measured

during welding. Trends observed from the data will be discussed and reasons for the

trends will be presented. This will cover:

• Effects of tool geometry on welding temperature

• Comparison of methods for measuring temperature (tool versus substrate)

• Welding temperatures predicted from scaling laws

• Effects of tool geometry on welding force and torque

• Welding torque predicted from scaling laws

5.1 Effects of FSW tool geometry on welding tem-

perature

The calibrated average welding temperatures for the tool pin, tool shoulder, and sub-

strate are summarized in Table 5.1. Analyzing each data point in Table 5.1 is made

easier by first looking at how the FSW tools are grouped by geometry. The geometry of

70
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each tool is shown in Table 3.1, and Table 3.2 shows how they are grouped accordingly.

Tool groups ABC and FGH are proportionally increasing in size for both the pin and

shoulder. Tool groups DBE and IGJ all have the same sized pin with only the shoulder

increasing in diameter. Hence, data for tools ABC and FGH will yield information on the

effects of increasing overall tool size with regards to welding temperature, and tools DBE

and IGJ will yield information on how increasing shoulder diameter will affect welding

temperature. Substrate data points for tools C, D, and E are missing because they broke

before experiments with the NI USB-6351 data acquisition system was introduced. In

the previous section on tool pin and shoulder measurements it was assumed that the

maximum welding temperature of tool C would be at least 488.6◦C; this value is a con-

servative estimate and will be referenced when discussing the effects of geometry. The

most complete set of temperature data (tool and substrate) is with the threaded tools.

Table 5.1: Corrected pin, shoulder, and substrate temperature measurements during
FSW for tools A through J

Tool Average pin Average shoulder Average substrate
i.d. temperature (◦C) temperature (◦C) temperature (◦C)
A 395.1 380.0 350.9
B 445.2 400.6 415.8
C 488.6 476.6 -
D 435.1 370.9 -
E 487.9 449.0 -
F 422.4 410.4 383.1
G 453.7 401.8 436.1
H 457.7 405.8 459.2
I 439.1 372.4 427.9
J 474.6 433.3 448.2
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5.1.1 Proportionally increasing FSW tool size

The data for tools A, B, and C indicate that as the pin increases in size (length and

diameter) the welding temperature will also increase. Tool A, B and C’s average pin

temperatures were 395.1, 445.2, and 488.6 ◦C, respectively. The same trend is noted

when looking at threaded tools F, G, and H whose average pin temperatures were mea-

sured at 422.4, 453.7, and 457.7 ◦C, respectively. The tools in sets ABC and FGH start

small and increase in size proportionally as shown in table Table 3.2. As the tool pin

size is increased, it will deform more material during travel and create more frictional

heating while it rotates since the contact surface area between the tool and substrate is

increased. The overall effect is an increase in welding temperature as the pin size (length

and diameter) is increased.

The tool shoulder also generates a significant amount of frictional heating. As the

shoulder diameter is increased there is a larger contact surface area between the shoulder

and substrate to generate heat, and maximum welding temperature should increase as the

heat from the shoulder conducts through the substrate. The average shoulder tempera-

ture measurements for tools A, B, and C were 380.0, 400.6, and 476.6 ◦C, respectively.

The interpretation that a larger shoulder will generate more frictional heat is consistent

with these results. However, tools F, G, and H do not seem to follow this trend with

the smallest shoulder (tool F) measuring at the highest temperature between these three

tools. The average shoulder temperature measurements for tools F, G, and H were 410.4,

401.8, and 405.8 ◦C, respectively. The deviation from expected results may be caused by

thermocouple position within the FSW tool, the additional rotation speed used for tool

F, or by experimental error from the plunge depth of the tool during welding. The plunge

depth of the tool is directly related to the downward force exerted between the FSW tool
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and substrate. A deeper plunge depth means greater downward force which will generate

more frictional heating. While the heat produced at the shoulder is likely to affect the

steady state welding temperature at the pin, its effect is of small enough magnitude that

the pin geometry is more relevant on changing the actual welding temperature as evident

by the results.

It should be noted that for tools A and F, the rotational speed of the spindle was

increased from 1225 to 1723 RPM. This was done to increase overall welding tempera-

ture to reduce tool stress. In previous trials, welds performed at 1225 RPM caused tools

A and F to break immediately after weld travel was initiated. Despite using a higher

rotational speed, the temperature data collected still lies within a valid and comparable

range between the other FSW tools.

5.1.2 Increasing tool shoulder diameter

Tool sets DBE and IGJ all have a 4 mm diameter pin and a 5.3 mm pin length. The only

changes between each tool is the shoulder diameter (Table 3.2), all welding parameters

were kept constant between each tool. As stated previously, a larger tool shoulder should

generate more frictional heating during welding which should increase the steady state

welding temperature at the tool pin. The average shoulder temperatures for tools D, B,

and E were 370.9, 400.6, and 449.0 ◦C, respectively. The average shoulder temperatures

for tools I, G, and J were 372.4, 401.8, and 433.3 ◦C, respectively. The results for tool

sets DBE and IGJ are consistent with the idea that larger shoulders produce more heat.

The average pin temperatures for tools D, B, and E were 435.1, 430.5, and 487.9 ◦C,
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respectively. It was expected that tool D would have a lower welding temperature than

tool B because shoulder diameter and temperature were lower. Analyzing the force data

for tool D indicated excessive tool insertion resulting in higher welding temperatures

which overshadowed temperature changes caused by geometry changes. The average pin

temperature for the threaded tools I, G, and J were 406.5, 453.7, and 474.6 ◦C, respec-

tively. Excluding tool D whose result is an outlier caused by excessive tool plunge, tools

B, E, I, G, and J show that the increase in shoulder diameter produces more frictional

heating which resulted in an increase in steady state welding temperature.

5.1.3 Tool pin surface (smooth vs. threaded)

The type of pin surface also had bearing on the steady state welding temperature. It

should be noted that the FSW tools with threaded pins (tools F, G, H, I, and J) gen-

erally produced higher welding temperatures than their smooth cylindrical counterpart

(tools A, B, C, D, and E). This was due to the additional material flow caused by the

threads which will push material downwards and produce more heat from mechanical

deformation of the substrate (Gerlich et al., 2006; Gordon, 2010).

The effects of pin surface on steady state welding temperature are best shown by tool

pairs BG and DI. The measured shoulder temperature of these pairs are very close in

value, so the only variable between the two tools that would further influence welding

temperature would be the pin threading. The geometry and welding parameters for tools

B and G were the same, and the average shoulder temperatures were 400.6 and 401.8

◦C, respectively. The average pin temperature of tool B and G were 445.2 and 453.7 ◦C,

respectively, meaning the additional 8.5 ◦Cof tool G was likely caused by the pin thread-
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ing. The geometry and welding parameters for tools D and I were also the same, and

their average shoulder temperatures were 370.9 and 372.4 ◦C, respectively. The average

pin temperatures of tool D and I were 435.1 and 439.1 ◦C, respectively; the addition of

threading to the pin surface of tool I resulted in a small increase (4 ◦C) in measured

welding temperature.

Comparing tools E and J, the trend that pin threading causes an increase in steady

state welding temperature is not observed. This is due to the influence of the shoulder

overshadowing the effects of threads. The average shoulder temperature of tool E and

J are 449.0 and 433.3 ◦C, respectively. This difference of 15.7 ◦Ccaused the tool E pin

temperature to be 13.3 degrees higher than tool J, despite tool J having a threaded pin.

Something similar is observed when analyzing tools A and F. Tool F exhibited a measured

shoulder temperature 30.4 degrees higher than tool A’s average shoulder temperature.

This difference caused tool F’s measured pin temperature to be 27.3 degrees higher than

tool A’s pin temperature which is far greater than what would have been caused by pin

threading alone. The effect of pin threading on tool F is likely to have added a few

degrees Celsius compared to tool A, but was not noticeable because of the large heat

difference at the shoulder.

5.2 Temperature measured from the FSW tool com-

pared to measuring from the substrate

The intention of adapting a temperature data acquisition system (MSR 145B) to spin

with the FSW tool was to be able to accurately take temperature readings directly from
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the surface of the pin and shoulder throughout the entire weld. The advantage of ther-

mocouples embedded into the tool is that a steady state temperature can be recorded

and measured. Due to the process of friction stir welding, it is typically much easier to

embed thermocouples into the substrate and weld over top of them to measure maximum

welding temperature. The position of the thermocouple bead inside the substrate is only

as accurate as the size and position of the hole that is drilled into it. The aluminum

plates used at the CCWJ had holes drilled with a 1 mm drill bit, so the thermocouple’s

final position could vary up to ±0.5 mm from side to side once cemented in.

By running data acquisition systems at the FSW tool and the substrate simultane-

ously, the data can be compared directly and more definitive conclusions can be drawn

about the accuracy and trends. It was assumed that tool pin measurements would be

equal to substrate measurements (i.e. tool and substrate measurements would follow an

approximate 1:1 ratio). However, the majority of the data points do not lie near the 1:1

line (Figure 4.2). The position of the data points relative to being above or below the

dotted line give some information of the ability of the data acquisition system. Since the

majority of the recorded data lies below the dotted line, this means that the MSR 145B

data acquisition system was recording higher welding temperatures than the substrate

with embedded thermocouples. This would indicate that the thermocouples embedded

into the FSW tool provide a more accurate representation of the true welding tempera-

ture during friction stir welding, and that substrate thermocouples were measuring low.

A possible reason the substrate thermocouples recorded lower temperatures may be that

the position of the thermocouple shifted slightly as the approaching FSW tool deformed

adjacent material. The deformed material would push the thermocouple out of position

and direct contact between the FSW tool and substrate thermocouple would be missed

resulting in a low measurement (Lienert et al., 2003). The duration of the traveling tool



5.2: Temperature measured from the FSW tool compared to measuring from the substrate77

pin contacting the embedded substrate thermocouple is very short, and the low temper-

ature measurements may have also been caused by insufficient contact time between the

tool and the substrate thermocouples.

Interpreting the data from Figure 4.2 based on the tool groups also yields information

by looking at the angle of the slopes they form. A slope greater than 1 would indicate that

the changes in FSW tool geometry cause a greater temperature change when measured

at the substrate. A slope that is close to parallel to the 1:1 dotted line would indicate

that the change in geometry has equal effects on the temperatures measured from the

tool pin and substrate. A slope less than 1 indicates that the temperature measured at

the tool pin is more sensitive to changes in FSW tool geometry. The actual value of the

slope and equation of line is not considered because the line it forms is simply a visual

reference to show sensitivity of temperature measurements.

The first set of tools, tools FGH, are the threaded counterparts to tools ABC (Fig-

ure 4.3). The slope that points F, G, and H form are also greater than 1 which means

that the changes in geometry were felt more when measured from the substrate. The

trend that follows is that as the FSW tool pin gets larger, the substrate temperature

measurements begin to better match with temperatures measured directly from the tool

pin. A larger pin is likely to make proper contact with thermocouples embedded into

the substrate. Hence, the low temperature measurements observed for the smaller FSW

tools is caused by deformed material adjacent to the pin pushing the substrate’s thermo-

couples out of position during welding.

The second set, tools IGJ, are the threaded counterpart to tools DBE (Figure 4.4).

The slope that is formed by points I, G, and J is less than 1 indicating that changes in
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welding temperature caused by shoulder geometry are more noticeable when measured

from the tool as opposed to the substrate. Reasons for substrate temperature measure-

ments being unable to capture the effects of shoulder geometry are: shifting thermocouple

positions during welding (lowering the accuracy of the measured welding temperature),

and contact time between the tool and substrate thermocouple being too short to reach

steady state welding temperature.

Regression analysis was performed to find the relative influence of pin and shoulder

diameter on ΔTexperimental, and the results are shown in Table 4.12. The coefficient X1 is

the intercept and represents the difference between temperature measured from the pin

and substrate for tools whose geometry falls on the median within the tool matrix (tools

B and G). The second coefficient, X2, has a value of -26.5 and is the relative weight

of pin diameter. For tools whose pin diameter is smaller than the median size (tools

A and F), X2 becomes positive and ΔTexperimental will become larger; Tools C and H

whose pin diameter is larger than the median size will cause X2 to remain negative and

ΔTexperimental will decrease. The results for X2 highlight the problem with measuring

temperature from the substrate, because thermocouples will often shift as material is

deformed around them causing inaccuracies with measurements. Tools with small pin

diameter likely did not make proper contact with substrate thermocouples which resulted

in a larger ΔTexperimental.

The magnitude of X3 is one less than X2 so shoulder diameter does not have as much

influence as the pin. Tools whose shoulder diameter is smaller than the median size (tools

A, D, F, and I) cause X3 to be negative which decreases the value of ΔTexperimental. Tools

with larger shoulder diameter (tools C, E, H, and J) will cause X3 to have a positive

value and make ΔTexperimental larger. The results for X3 come to the same conclusion as
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analysis of slope in Figure 4.4 where it was found that measuring temperature from the

substrate did not capture the full effects of tool shoulder diameter.

In previous work done by Tello, it was determined that the size of the tool shoul-

der had no influence on calculating the maximum temperature during FSW. This was

based on a graph comparing a ratio of experimental and theoretical welding temperatures

against (b− a)/δ̂. The value of (b− a)/δ̂ did not visibly affect the ratio of experimental

to theoretical welding temperature, and a conclusion was made that predicted welding

temperatures were independent of shoulder diameter (Tello, 2008). However, in the pre-

vious section discussing effects of geometry on the welding temperature it was shown that

the size of the shoulder does in fact have a measurable effect on the maximum welding

temperature. This contradiction in findings might be explained from what was found an-

alyzing Figure 4.4, where the effects of the shoulder were less noticeable when measuring

temperature from the substrate compared to taking temperature directly from the FSW

tool. The welding temperature data compiled by Tello were measured almost exclusively

from the substrate, so when comparisons were made between the temperatures predicted

from scaling equations and experimental values the shoulder geometry was deemed non-

relevant.

5.3 Welding temperatures predicted from scaling laws

In early iterations of using Equation 2.13 to predict the maximum welding temperature

during FSW, the correction function only considered the δ̂/a term. As such, the tool

shoulder diameter, b, was not factored into the calculations of theoretical welding temper-

ature at all. However, recent experiments using thermocouples embedded into the FSW
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tool pin and shoulder gave indication that the shoulder has a relevant effect on maximum

welding temperature. Subsequent use of the correction function was changed to include

the (b − a)/δ̂ term (Equation 3.20), and the correction coefficients were tabulated for

three different cases Table 4.14.

Case 1 (Table 4.15) was calculated using the data compiled by Tello and the data

collected at the CCWJ. Introducing experimental results collected at the CCWJ into the

database compiled by Tello causes slight bias because correction coefficients are being

tabulated based on the data that is used to test the model (i.e. the model is being

fit to the experimental data). However, this is done to help refine the model by pro-

viding more data as a whole. The correction coefficients are already calculated using

published temperature data from numerous authors for various metals. Adding the data

for Al5059 into the database used to calculate the correction coefficients helps produce a

more robust model by refining it further with more experimental data. Case 1 accounts

for instances where Equation 2.3 is not satisfied by accounting for the δ̂/a term in the

correction function. Among the three cases, case 1 had the largest average margin of

error at 8.2%. The ’margin of error’ refers to the percentage difference between exper-

imentally measured temperature and the theoretical welding temperature predicted by

scaling laws. The individual tools with the largest margins of error were also the tools

with the smallest shoulder diameters (9 mm). Tools A, F, D, and I had margins of error

of 18.6%, 12.9%, 10.6%, and 9.8%, respectively. Looking at the tool group ABC, the

margin of error decreases as the tool size increases. Similarly, with tool group DBE the

margin of error decreases as the shoulder diameter increases. Tools with threaded pin

surfaces (tools F through J) follow the same trend; as the shoulder diameter increases,

the margin of error lowers meaning the predicted welding temperatures better match

experimental values. Without accounting for the shoulder diameter in the correction



5.3: Welding temperatures predicted from scaling laws 81

function there appears to be an ideal tool shoulder size which yields the best match with

predicted welding temperature.

Case 2 (Table 4.16) was calculated using the data compiled by Tello and the data

collected at the CCWJ. Introducing experimental results collected at the CCWJ into the

database compiled by Tello causes slight bias because correction coefficients are being

tabulated based on the data that is used to test the model (i.e. the model is being fit

to the experimental data). However, this is done to help refine the model by providing

more data as a whole. The correction coefficients are already calculated using published

temperature data from numerous authors for various metals. Adding the data for Al5059

into the database used to calculate the correction coefficients helps produce a more robust

model by refining it further with more experimental data. Case 2 accounts for instances

where Equation 2.3 and Equation 2.4 are not satisfied by including δ̂/a and (b − a)/δ̂

in the correction function. The inclusion of b within the correction function also means

that the effects of the shoulder diameter on welding temperature will be captured. The

average margin of error for case 2 is 6.4% which is an improvement from case 1. The

results of the theoretical temperature calibrations are not perfect though, and despite

accounting for the shoulder with the (b−a)/δ̂ term the trends between tool geometry and

the predicted welding temperature remain exactly the same as case 1. For tool groups

ABC and DBE, the margin of error decreases as the shoulder diameter increases. The

tool groups with threaded pins, FGH and IGJ, also continue to have lower margins of

error as tool shoulder increases. Including the (b− a)/δ̂ term in the correction function

has a noticeable improvement, but the predicted welding temperatures are still the least

accurate when shoulder diameter is small. It should be noted that δ̂/a is the dominant

factor compared to (b− a)/δ̂ (i.e. a small change in δ̂/a will affect the predicted welding

temperature more than a small change in (b − a)/δ̂). The majority of the data used
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to tabulate the correction coefficients were temperatures measured from the substrate,

which fails to capture the full effect of the shoulder diameter on welding temperature. It

is possible that the (b− a)/δ̂ term is less dominant because of this.

Case 3 (Table 4.17) was calculated using only the data collected at the CCWJ. Case 3

accounts for instances where Equation 2.3 and Equation 2.4 are not satisfied by including

δ̂/a and (b − a)/δ̂ in the correction function. The inclusion of b within the correction

function also means that the effects of the shoulder diameter on welding temperature

will be captured. The average margin of error is the lowest at 1.4% compared to cases

1 and 2. However, case 3 contains significant bias because the correction coefficients are

being fitted to a small subset of data, and they only apply for a single material (Al5059).

The purpose of fitting a smaller set of data is to demonstrate that correction coefficients

can be tabulated for a single material to be used as an engineering tool for preliminary

weld design. The results of case 3 show a very good fit between theoretical temperature

and experimental values, and it is likely that correction coefficients can be tabulated for

other single materials as well.

5.4 Effects of FSW tool geometry on welding force

and torque

Force required for friction stir welding is largely dependent on the overall size of the

FSW tool (pin length, pin diameter, and shoulder diameter). As the FSW tool pin and

shoulder increases in diameter, the area of contact between the pin/shoulder and sub-

strate increases and more torque is required to spin the tool at the desired rotation speed
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during welding. The greater area of contact between tool and substrate also means more

downward force (Fz) is required to plunge into the substrate material, and the more lat-

eral force (Fx and Fy) is needed to move through it. The insertion depth of the pin (tool

plunge depth) will also influence the forces applied during welding. If the plunge depth

is too shallow, the shoulder will have improper contact with the substrate and less force

will be measured during welding. If the insertion depth is too deep, the shoulder will be-

gin to gouge excess substrate resulting in additional force being required to push the tool.

Forces along the x-axis and y-axis will also vary based on welding parameters such as

travel speed and how fast the FSW tool is rotating. The faster the tool travels during

welding the more force in the x-direction is required to push through the substrate. Ro-

tation direction will dictate whether the force along the y-axis is positive or negative; the

direction of the force perpendicular to the travel direction on the advancing side of the

FSW tool was the force measured on the y-axis from the load cell. Rotation speed will

also have an effect on the force in the y-direction. The faster the tool rotation, the higher

the welding temperature will be due to friction. As the welding temperature increases

the substrate will become softer and measured force along the y-axis decreases.

5.4.1 Force along the x-axis

The welding parameters were kept constant between all the FSW tool (15 mm/min

travel and 1225 RPM) with the exception of tools A and F where the rotational speed

was increased to 1723 RPM. Although it was expected that as the overall tool geometry

increased (pin length/diameter and shoulder diameter) the force required to move the

tool through the substrate would also increase, this was not observed. Tools A, B and
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C (ABC) increase in size proportional to each other (Table 3.2); force along the x-axis

should be smallest for tool A, increase for tool B, and tool C should have the highest

Fx. However, experimental Fx for tool A (195.0 N) is larger than tool B (175.0 N).

The reason why tool A experiences higher force along the x-axis is because of its low

welding temperature. A lower welding temperature makes the material around the tool

pin difficult to deform which results in additional force being needed to push through it.

Tool C was damaged before proper force measurements could be collected for it. Tools

D, B, and E (DBE) share the same pin geometry, but the shoulder increases in diameter

from tool B to D to E (Table 3.2). As the shoulder diameter increases the force along

the x-axis should also increase due to the added contact surface area between the tool

shoulder and substrate. Hence, Fx for tool D should be the smallest, followed by tool B

which should be higher, and then tool E having the highest value of Fx. This trend was

not observed, with tool B having the lowest Fx (175.0 N), followed by tool D (620.0 N),

and then tool E (700.0 N). The cause for tool D having a much larger Fx value is due

to excessive downward force, Fz, caused by too much tool plunge. Tool insertion depth

that goes too far into the substrate will begin to gouge extra material with the shoulder

causing force along the travel direction (x-axis) to be greater.

Tools A through E each have smooth cylindrical pins; The threaded pin counterparts

are tools F though J. Tools F, G, and H (FGH) mirror the geometry of tools ABC. Force

along the x-axis should be smallest for tool F, followed by a higher value for tool G, and

highest Fx for tool H. From experiments, tool F had the smallest Fx (300.0 N) followed

by tool G (590.0 N), but then the Fx decreases for tool H (390.0 N). Tools I, G, and J

(IGJ) mirror the geometry of tools DBE so the force along the x-axis should increase

from tool I to G to J. The measured Fx for tool I (475.0 N) and tool G (590.0 N) follow

the expected trend, but tool J had the lowest Fx value with 370.0 N. The low Fx results
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for tool H and J were initially thought to have been due to insufficient tool insertion

depth, but Fz values were adequate in comparison to the other tools. The likely cause

for a reduction in Fx is related to welding temperature and the threading along the pin

surface. Tool H and J both yielded higher welding temperatures which means material de-

formation at the shear layer becomes easier resulting in a reduction in Fx during welding.

5.4.2 Force along the y-axis

A relation between FSW tool geometry and force along the y-axis should also exist,

similar to the x-axis. As tool geometry increases, the force along the y-axis should also

increase due to a larger contact area between the tool and the substrate. Tools A and

B follow the expected trend with tool A measuring at 581.7 N and tool B measuring at

962.5 N. Within tool group DBE, tool B (962.5 N) and tool E (1316.7 N) follow the trend

that a larger shoulder diameter produces more force along the y-axis. However, tool D’s

Fy result (1180 N) is larger than tool B’s Fy (962.5 N) despite being smaller in size.

This is likely caused by too much tool insertion as observed from tool D’s large Fz value.

Tool insertion depth that goes too far into the substrate will cause measured torque to

increase due to the additional pressure between the tool and substrate. Since force along

the y-axis is caused by the rotation of the tool pushing in a direction perpendicular to

travel direction, an increase in torque will cause force along the y-axis to increase as well.

For tool group FGH, tools F and G follow the expected trend with tool F having the

smaller Fy (80 N) and tool G having a larger Fy (915 N). Tool H, the largest tool from

set FGH, has an Fy (900 N) that is less than tool G which does not follow the trend. The

reduction in Fy for tool H is likely due to its higher welding temperature. Tool F’s Fy
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value is also quite low compared to tool G. Only a single experiment was managed with

tool F before the tool was damaged beyond use so its low Fy measurement may just be

an outlier. For tool set IGJ, tool J’s Fy (640 N) is almost as low as tool I (626.7 N) and is

lower than tool G’s Fy (915 N) which does not follow the expected trend from geometry.

Similar to tool H, tool J’s low Fy is likely due to its higher welding temperature. The

increased welding temperature softened material around the pin and caused a reduction

in force along the y-axis.

5.4.3 Force and torque along the z-axis

Tool plunge depth is directly related to the downward force applied along the z-axis dur-

ing welding (Fz). The deeper the plunge depth, the higher the measured Fz should be.

The size of the FSW tool will also affect the value of Fz. The larger the tool pin and

shoulder diameter are the more downward force is required to plunge into the substrate,

because there is an increase in contact surface area between the tool and the substrate.

Torque along the z-axis is directly related to Fz since the FSW tool is being pressed into

the substrate as it rotates (i.e. a larger Fz will result in a larger value of torque). During

experiments, rotation speed was kept constant for all of the different FSW tools (with

the exception of tool A and F), so the only factors affecting torque would be Fz and tool

geometry. Hence, the tool sets ABC, DBE, FGH, and IGJ can be analyzed to observe if

the measured force and torque along the z-axis follows the trends expected from geometry.

Looking at tool set ABC, the measured values of Fz follow the expected trend with

tool A measuring at -744 N, tool B measuring -800 N, and tool C requiring the most force

at -1600 N. However, torque measurements do not quite follow the same trend with tool



5.4: Effects of FSW tool geometry on welding force and torque 87

B’s Mz (6.0 N-m) measuring slightly lower than tool A (6.7 N-m). A possible reason for

the increased torque for the smaller FSW tool is a lower steady state welding tempera-

ture. Tool A’s average welding temperature was 395 ◦Cwhereas the welding temperature

for tool B was 445 ◦C. A colder weld will put more stress on the FSW tool as the sub-

strate is more difficult to deform and an increase in torque will be observed.

Within tool group DBE, tool D should have the lowest Fz and Mz, tool B should

be in the middle, and tool E should have the highest Fz and Mz. This trend was not

observed from the experimental results. Tool D’s Fz (-2100 N) and Mz (10.3 N-m) were

much greater than tool B’s Fz (-800 N) and Mz (6 N-m). These unusual results may

be attributed to human error since plunge depth needed to be manually adjusted during

welding. In the previous section, instances where Fx and Fy for tool D were inconsistent

with what was expected from tool geometry may also be explained by improper tool

insertion into the substrate. For example, tool D’s large Fz (-2100 N) resulted in larger

than expected values of Fx (620 N) and Fy (1180 N). This demonstrates that the effects

of a large Fz can overshadow the results caused by different tool geometry.

For the threaded tool set FGH, the results were as expected from geometry. Tool F

had the smallest Fz (-1600 N) and Mz (3.2 N-m), tool G was in the middle (Fz of -2580

N and Mz of 5.7 N-m), and tool H has the largest Fz (-6120 N) and Mz (12.4 N-m).

The previous observation of the smaller FSW tools experiencing more torque due to hav-

ing a lower welding temperature was not seen for tool F because welding temperature

was sufficient enough to overcome this. For threaded tool set IGJ, the Fz values are as

expected due to geometry. Tool I with the smallest shoulder of the group also has the

smallest Fz at -1533 N, tool G with medium shoulder has an Fz of -2580 N, and tool J

with the largest shoulder has the highest Fz with -3820 N. Tool I has a slightly higher
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Mz (6.7 N-m) than tool G (Mz of 5.7 N-m). The cause of tool I’s higher torque value

may be related to lower welding temperature; Tool I’s average welding temperature was

439 ◦Ccompared to tool G’s temperature of 454 ◦C.

5.5 Welding torque predicted from scaling laws

Using Equation 2.14 brings the calculated values of torque closer to the measured values,

but the margin of error is still quite large for some of the tools and ranges from 7.7%

up to 48.6%. The average margin of error for all ten FSW tools using Equation 2.14 is

31.1%. The correction coefficient, C1, does not take into account the size of the shoulder,

because it was concluded that torque had no dependence on it (Tello, 2008). Having

used Equation 2.14 first, analyzing the results based on tool groups ABC, DBE, FGH,

and IGJ did not present any obvious correlations. However, comparing the tools indi-

vidually established possible trends between the predicted torque values and pin length,

pin diameter, and shoulder diameter.

Looking first at the effect of overall FSW tool size, it was observed that the margin

of error decreases from tool B to C and from tool G to H. That is, the predicted value of

torque for tools C and H were more accurate. The margin of error for tool C improves

by 13.5% over tool B, and tool H improves by 34.7% compared to tool G. There is also

a decrease in margin of error within tool set DBE and IGJ as shoulder diameter in-

creases. Tool E’s error decreases by 18% compared to tool B, and tool J’s error decreases

by 15.3% compared to tool G. Tools with either larger pin size (length and diameter)

or larger shoulder diameter were more accurately predicted for torque than the smaller

tools revealing a slight bias using Equation 2.14.
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The threaded tools with small shoulder diameter (tools F and I) were among the tools

with the highest margin of error. By contrast, the non-threaded tools (A and D) with

small shoulder diameter were among the tools with the lowest margin of error. These

results are conflicting as tools A and F are expected to match, and tools D and I are

expected to match, because they share the same geometry. Tool A’s high torque was

caused by low welding temperature, and tool D’s high torque was caused by excessive

tool insertion during welding. This excessive torque matched better with the predicted

values resulting in a lower margin of error. The results from tool A and D suggests that

the correction coefficient, C1, in Equation 2.14 is too large, because it over predicts the

value of torque with small shoulder diameter.

Results of experiments performed at the CCWJ demonstrate that the shoulder diam-

eter will have noticeable effects on welding temperature and subsequently torque as well.

Using Equation 3.22 to account for the shoulder diameter, the torque was calculated

based on two different cases. Case 1 for torque (Table 4.25) combines the data compiled

by Tello and the data collected at the CCWJ. Introducing experimental results collected

at the CCWJ into the database compiled by Tello causes slight bias because correction

coefficients are being tabulated based on the data that is used to test the model (i.e. the

model is being fit to the experimental data). However, this is done to help refine the

model by providing more data as a whole. The correction coefficients are already cal-

culated using published torque data from numerous authors for various metals. Adding

the data for Al5059 into the database used to calculate the correction coefficients helps

produce a more robust model by refining it further with more experimental data. Case 1

accounts for instances where Equation 2.4 is not satisfied, and the inclusion of b within

the correction function also means that the effects of the shoulder diameter on welding
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torque will be captured when predicting torque. The average margin of error for torque

case 1 is 24.4% which is an improvement over the use of Equation 2.14. Threaded tools

F and I which have the smallest shoulder diameter (9 mm) see a significant improvement

with their margin of error decreasing by about 10%. Tools A and D end up with a higher

margin of error, but this is because their experimental results were abnormal due to low

welding temperature (tool A) and excessive tool insertion (tool D). The lowest margin of

error continues to be the tools (C, E, H, and J) with the largest shoulder diameter (15

mm) which indicates a slight bias. It is unclear whether this bias is a coincidence from

experimental standard deviation or if it comes from the method of measuring with the

load cell.

Case 2 for torque (Table 4.26) only uses the data collected at the CCWJ, and similarly

to case 1 takes into account the shoulder diameter by including the (b− a)/δ̂ term in the

correction function. The average margin of error is 21.6%. The use of a smaller data set

for a single material appears to highlight outliers caused by experimental error. Tool A

and D have unusual experimental results due to low welding temperature and excessive

tool insertion, and subsequently have the highest margin of error. Excluding tool A and

D, the average margin of error drops to 14.6%. Predicted torque for tools with small

shoulder diameter (F and I) improve significantly. The results for case 2 show a good

fit between experimental and theoretical torque. However, it should be noted that case

2 contains significant bias because the correction coefficients are being fitted to a small

subset of data, and they only apply for a single material (Al5059). The purpose of fitting

a smaller set of data is to demonstrate that correction coefficients can be tabulated for a

single material to be used as an instrument for preliminary weld design considerations.

The process used to predict torque for Al5059 can be extrapolated to other individual

materials provided there is sufficient experimental data to tabulate the correction coeffi-
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cients.



Chapter 6

Conclusions

Based on experimental results, the pin diameter has the most dominant effect on steady

state welding temperature. A small increase in size (length and diameter) will cause

a significant increase in welding temperature, and vice versa. The shoulder has the

second largest influence on welding temperature. A larger shoulder will generate more

frictional heating and cause the welding temperature to increase. However, a change in

pin geometry will likely overshadow the effects of the shoulder. Within the experimental

tool matrix, the least dominant factor of geometry is the pin surface type (smooth or

threaded). Threading on the pin will deform more material than its smooth counterpart

and increase the steady state welding temperature by a few degrees, but both pin and

shoulder geometry will greatly eclipse the effects of pin surface type. These results are

conclusive for cylindrical shaped tool pins and may not necessarily apply to other novel

geometries such as truncated cone pins, whorl pins, MX triflute pins, etc.

When comparing temperatures taken from the FSW tool versus the substrate, the

thermocouples embedded into the substrate tend to measure low. The inaccuracy of the

substrate thermocouples is caused by two major factors: material deformation during

welding pushes the thermocouples away from their initial position, and contact between

the FSW tool and substrate thermocouples is sometimes too short for the thermocou-
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ples to reach and measure steady state welding temperature. Additionally, the effects of

tool shoulder diameter on steady state welding temperature are not fully captured when

measuring temperature from the substrate. Hence, the most accurate method of study-

ing and measuring welding temperature during FSW is using thermocouples embedded

directly into the tool.

Use of the correction function (Equation 2.10) on predicted FSW welding temper-

ature needs to account for the FSW tool shoulder diameter by including the (b − a)/δ̂

term in addition to δ̂/a. When accounting for both terms (Equation 3.20), the average

accuracy of predicted welding temperature increases to 94%. The δ̂/a term is dominant

over (b− a)/δ̂, but there may be some bias to this because the majority of data used to

determine the weight of the coefficients was temperature measured from the substrate

instead of the FSW tool. The coefficients in the correction function can be tabulated for a

single material and yield very good results for predicting welding temperature. However,

the quality of the coefficients is highly dependent on having good experimental data to

work with.

The FSW tool undergoes a significant amount of force along the x, y, and z-axis dur-

ing welding. For smooth surface tool pins, a larger pin diameter, a longer pin length, and

a larger shoulder diameter all resulted in an increase in force along all three axes. Tools

with threaded pins follow the same trend with the exception that once the pin becomes

large enough, the presence of threading will reduce forces along the x and y-axis. The

reduction of force is from a combination of increased welding temperature and soften-

ing of the immediate material near the pin as the threading stirs the metal downwards.

Measured torque along the z-axis is strongly correlated with the measured Fz. However,

it was observed that FSW tools with small pin and shoulder diameter could not gener-
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ate enough heat and tended to experience more torque due to lower welding temperatures.

Early calculations of theoretical welding torque which only considered a single correc-

tion coefficient had a tendency to over estimate torque. By accounting for the shoulder

diameter in a correction function, the predicted torque (shown by Equation 3.22) im-

proved by 6% on average. Correction coefficients were also tabulated for a single material

(Al5059) and predicted values of torque improved by 16% on average. As long as there is

sufficient experimental data with which to calculate the correction coefficients focusing

on a single material provides the best results.

Comparisons between the experimental results collected at the CCWJ and those pre-

dicted by the coupled scaling model show a good fit. The model is a valuable tool that

can be used for preliminary weld design only requiring knowledge of the base material

properties and welding parameters. The welding temperature can be predicted to ensure

a suitable temperature is reached to produce a sound joint. Welding torque can also

be predicted and used when considering if a support frame or motor is sufficient for a

specific weld.
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Figure A-1: Tool A engineering drawing

Figure A-2: Tool B engineering drawing



Figure A-3: Tool C engineering drawing

Figure A-4: Tool D engineering drawing



Figure A-5: Tool E engineering drawing

Figure A-6: Tool F engineering drawing



Figure A-7: Tool G engineering drawing

Figure A-8: Tool H engineering drawing



Figure A-9: Tool I engineering drawing

Figure A-10: Tool J engineering drawing



FSW Tool Temperature Calibration data

Table A-1: Temperature calibration curve 1 (tool E)

Furnace Temperature (◦C) Tool Temperature (◦C)
97.8 83.5
195.4 174.5
294.1 278.5
397.7 391.5
499.4 504.6

Table A-2: Temperature calibration curve 2 (tool B)

Furnace Temperature (◦C) Tool Temperature (◦C)
148.1 147
248.7 241.5
347.4 345.25
473.7 477.75

Table A-3: Temperature calibration curve 3 (tool C)

Furnace Temperature (◦C) Tool Temperature (◦C)
97.8 82
195.4 172
294.1 277
397.7 390
499.4 503.7



Table A-4: Temperature calibration curve 4 (tool F)

Furnace Temperature (◦C) Tool Temperature (◦C)
147.1 142.5
245.8 240.25
346.4 342
473.7 476.25

Table A-5: Temperature calibration curve 5 (tool I)

Furnace Temperature (◦C) Tool Temperature (◦C)
147.1 143
245.8 240.9
346.4 342.75
473.7 476.75

Table A-6: Temperature calibration curve 6 (plate i)

Furnace Temperature (◦C) Substrate Temperature (◦C)
148.1 135.5
248.7 228
345.4 328.5
447.6 431.5

Table A-7: Temperature calibration curve 7 (plate ii)

Furnace Temperature (◦C) Substrate Temperature (◦C)
148.1 131.5
248.7 219
345.4 324
447.6 428.5

Table A-8: Temperature calibration curve 8 (plate iv)

Furnace Temperature (◦C) Substrate Temperature (◦C)
149.1 136.25
247.7 226.25
346.4 328.5
473.7 462.75



Table A-9: Temperature calibration curve 9 (plate v)

Furnace Temperature (◦C) Substrate Temperature (◦C)
149.1 130.25
247.7 219
346.4 321.25
473.7 456.5

FSW temperature calculation variables

Table A-10: Variables used to calculate theoretical maximum welding temperature (Equa-
tion 2.6) during FSW (1/2)

Tool Tm ΔTm To ΔTo η ηs A B Ko

i.d. (K) (K) (K) (K) (%) (%) (1/s)
A 847 36.44 810.56 512.56 90 100 3.5E+14 8.1E-11 3.23
B 847 36.44 810.56 512.56 90 100 3.5E+14 8.1E-11 3.08
C 847 36.44 810.56 512.56 90 100 3.5E+14 8.1E-11 2.92
D 847 36.44 810.56 512.56 90 100 3.5E+14 8.1E-11 3.08
E 847 36.44 810.56 512.56 90 100 3.5E+14 8.1E-11 3.08
F 847 36.44 810.56 512.56 90 100 3.5E+14 8.1E-11 3.23
G 847 36.44 810.56 512.56 90 100 3.5E+14 8.1E-11 3.08
H 847 36.44 810.56 512.56 90 100 3.5E+14 8.1E-11 2.97
I 847 36.44 810.56 512.56 90 100 3.5E+14 8.1E-11 3.08
J 847 36.44 810.56 512.56 90 100 3.5E+14 8.1E-11 3.08



Table A-11: Variables used to calculate theoretical maximum welding temperature (Equa-
tion 2.6) during FSW (2/2)

Tool ko n τr a w
̂δ
a

b−a
̂δ

i.d. (Wm−1K−1) (Pa) (m) (1/s)
A 146.9 8.41 1.23E+08 0.0015 180.4 0.91 2.20E-06
B 146.9 8.41 1.23E+08 0.002 128.3 1.65 1.21E-06
C 146.9 8.41 1.23E+08 0.0025 128.3 8.44 2.37E-07
D 146.9 8.41 1.23E+08 0.002 128.3 1.65 7.58E-07
E 146.9 8.41 1.23E+08 0.002 128.3 1.65 1.67E-06
F 146.9 8.41 1.23E+08 0.0015 180.4 0.91 2.20E-06
G 146.9 8.41 1.23E+08 0.002 128.3 1.65 1.21E-06
H 146.9 8.41 1.23E+08 0.0025 128.3 9.12 2.19E-07
I 146.9 8.41 1.23E+08 0.002 128.3 1.65 7.58E-07
J 146.9 8.41 1.23E+08 0.002 128.3 1.65 1.67E-06

FSW torque calculation variables



Table A-12: Experimental and predicted temperatures during FSW, Figure 4.5 (1/3)

Authors Tmax T̂+
max

(◦C) (◦C)
6061 Roy et al. Num (Roy et al., 2006) 469 434

463 434
456 434
518 451
522 453
526 456
547 520
545 516
541 510

6061 Roy et al. Exp (Roy et al., 2006) 547 521
497 456
500 448
493 440
482 445

6061 Nandan et al. Num (Nandan et al., 2006a) 427 434
421 434
415 434
476 451
483 453
490 456
534 520
528 516
524 510

6061 Nandan et al. exp (Nandan et al., 2006a) 412 434
472 450
517 509

6061 Khandkar et al. Num (Khandkar et al., 2003) 410 436
6061 Khandkar et al. Exp (Khandkar et al., 2003) 392 436
6061 Chen and Kovacevic Num (Chen and Kovacevic, 2003) 380 433

491 433
6063 Sato et al. Exp (Sato et al., 2002) 399 433

450 435
468 441
500 447
507 481
522 557

6061 Assidi et al. Exp (Assidi et al., 2010) 547 433
6061 Assidi et al. Num (Assidi et al., 2010) 524 433

538 433
2024 Yang et al. Num (Yang et al., 2004) 330 367



Table A-13: Experimental and predicted temperatures during FSW, Figure 4.5 (2/3)

Authors Tmax T̂+
max

(◦C) (◦C)
2024 Schmidt et al. 2004 Exp (Schmidt et al., 2004) 400 367
2024 Schmidt and Hattel 2005 Num (Schmidt and Hattel, 2005a) 426 367
2024 Schmidt and Hattel 2005 Num (Schmidt and Hattel, 2005b) 510 367
5083 Colligan Exp (Colligan, 2007) 574 568

530 465
545 534
575 584

5083 Kim at el. Num (Kim et al., 2010) 527 427
473 425
551 453

7050 Reynold et al. 2003 Num (Reynolds et al., 2003) 233 346
316 346
365 359
390 364

7050 Reynold et al. 2005 Num (Reynolds et al., 2005) 319 346
398 348
388 369
430 442

7136 Hamilton et al. Num (Hamilton et al., 2008) 314 346
413 347

2195 Chao et al. Exp (Chao et al., 2003) 399 474
418 468

AZ61 Razal Rose et al. Exp (Rose et al., 2012) 436 445
447 445
472 445
469 445
460 445

304 Roy et al. Num 2006 (Roy et al., 2006) 1139 1117
1245 1119
1043 1117
1112 1117
1040 1117
968 1116
927 1116
983 1116
1041 1117

304 Roy et al. Exp 2006 (Roy et al., 2006) 1157 1116
304 Zhu et al. Num (Zhu and Chao, 2004) 970 1116



Table A-14: Experimental and predicted temperatures during FSW, Figure 4.5 (3/3)

Authors Tmax T̂+
max

(◦C) (◦C)
1018 Roy et al. 2006 Num (Roy et al., 2006) 1155 1167

1233 1177
1076 1161
1013 1159
963 1158
1086 1163
1028 1160
1150 1169
1088 1164

1018 Roy et al. 2006 Exp (Roy et al., 2006) 1000 1161
1018 Nandan et al. 2006 Num (Nandan et al., 2007) 1190 1161
Ti64 Lienert et al. Exp (Lienert, 2007) 870 1194
5059 Tsui Exp 395 458

445 480
489 499
435 480
488 480
422 458
454 480
458 493
439 480
475 480



Table A-15: Variables used to calculate theoretical torque during FSW (Equation 2.7)

Tool τc a t
i.d. (Pa) (m) (m)
A 6.39E+07 0.0015 0.0040
B 5.30E+07 0.0020 0.0053
C 3.57E+07 0.0025 0.0067
D 5.30E+07 0.0020 0.0053
E 5.30E+07 0.0020 0.0053
F 6.39E+07 0.0015 0.0040
G 5.30E+07 0.0020 0.0053
H 3.51E+07 0.0025 0.0067
I 5.30E+07 0.0020 0.0053
J 5.30E+07 0.0020 0.0053

Material properties and constants



Table A-16: Experimental and predicted torque during FSW, Figure 4.9 (1/2)

Authors Mexperimental M̂+

(N-m) (N-m)
6061 Khandkar et al. Exp (Khandkar et al., 2003) 84.4 84.9
6061 Lienert et al. (Lienert et al., 2000) 30.6 24.9
2024 Yang et al. Num (Yang et al., 2004) 95.5 84.3
2024 Schmidt et al. 2004 Exp (Schmidt et al., 2004) 40.0 22.1
7075 Lienert et al. (Lienert et al., 2000) 58.6 45.6
5083 Colligan Exp (Colligan, 2007) 369.0 400.2

300.0 319.1
320.0 358.0
334.0 400.2

5083 Long et al. (Long et al., 2007) 181.0 222.4
152.0 167.9
128.0 135.5
108.0 111.8
94.0 94.1
79.0 75.6
70.0 66.0
64.0 56.2
50.0 45.9
40.0 38.9
35.0 33.8

7050 Reynold et al. 2003 Num (Reynolds et al., 2003) 108.2 107.5
100.1 106.4
86.5 91.4
116.3 106.8
103.9 91.3
78.8 88.1
74.8 65.4
78.3 65.6
61.2 57.7
64.0 68.1
73.5 86.5
66.7 57.7
56.5 47.3
52.5 47.6
61.7 47.3
52.3 43.8
41.9 34.2
35.9 27.9



Table A-17: Experimental and predicted torque during FSW, Figure 4.9 (2/2)

Authors Mexperimental M̂+

(N-m) (N-m)
7050 Long et al. (Long et al., 2007) 305.0 308.6

273.0 287.5
129.0 143.4
95.0 115.6
76.0 102.2
68.0 87.8
60.0 63.9
57.0 49.7
54.0 46.4

7136 Hamilton et al. Num (Hamilton et al., 2008) 82.5 65.0
58.9 46.6

5059 Tsui Exp 6.7 4.8
6.0 9.4
10.0 12.6
10.3 9.4
8.0 9.4
3.2 4.8
5.7 9.4
12.4 12.4
6.7 9.4
7.4 9.4



Table A-18: Material properties of aluminum (Tello, 2008)

Al2024 Al2195 Al5083 Al6061 Al7050 Al7075
Tm (◦C) 502 540 574 582 488 532

(◦K ) 775 813 847 855 761 805
T∞ (◦C) 25 25 25 25 25 25

(◦K ) 298 298 298 298 298 298
τy (Pa) 5.97E+07 4.00E+08 1.23E+08 3.18E+07 2.63E+08 5.97E+07
A (1/s) 6.52E+14 2.37E+13 3.5E+14 1.72E+13 2.88E+19 2.05E+09
n 11.47 3.54 8.41 7.68 13.20 12.85
Q (J/mol) 178176.4 161777.2 163672.4 191289.7 122698.0 123126.9
To (◦K ) 747.0 779.0 810.6 823.2 721.8 761.2
ΔTo (◦K ) 449.0 481.0 512.6 525.2 423.8 463.2
ΔTm (◦K ) 28.0 34.0 36.4 31.8 39.2 43.8
η 0.9 0.9 0.9 0.9 0.9 0.9
ηs 1 1 1 1 1 1
k (Wm−1K−1) 185.0 196.0 146.9 200.0 180.0 192.0
Cp (Jkg−1K−1) 1100.0 1338.0 1261.4 1160.0 861.0 1109.0
r (kg/m3) 2670.0 2770.0 2552.8 2590.0 2827.0 2693.0
α (m2/s) 6.30E-05 5.29E-05 4.56E-05 6.66E-05 7.40E-05 6.43E-05
B 9.78E-13 4.03E-11 8.05E-11 2.06E-12 3.78E-09 1.02E-08



Table A-19: Material properties of non-aluminum (Tello, 2008)

AISI 1080 AISI 304 Ti-6Al-4V AZ31 AZ61
Tm (◦C) 1460 1400 1604 566 610

(◦K ) 1733 1673 1877 839 883
T∞ (◦C) 25 25 25 25 25

(◦K ) 298 298 298 298 298
τy (Pa) 1.18E+08 1.67E+08 5.05E+08 1.5E+08 2.17E+08
A (1/s) 6.95E+16 6.37E+18 4.18E+13 6.26E+12 1.82E+13
n 5.67 5.89 5.36 7.57 9.00
Q (J/mol) 371349.5 441226.7 175844.0 129407.4 143090.9
To (◦K ) 1665.8 1620.3 1710.4 793.8 837.7
ΔTo (◦K ) 1367.8 1322.3 1412.4 495.8 539.7
ΔTm (◦K ) 67.2 52.7 166.6 45.2 45.3
η 0.75 0.5 0.47 0.9 0.9
ηs 1 1 1 1 1
k (Wm−1K−1) 33.1 33.5 27.0 114.3 80.0
Cp (Jkg−1K−1) 699.0 720.0 750.0 1446.3 1050.0
r (kg/m3) 7314.0 7350.0 4198.0 1696.2 1800.0
α (m2/s) 6.48E-06 6.33E-06 8.58E-06 4.66E-05 4.23E-05
B 6.41E-12 1.67E-14 1.28E-05 8.77E-09 3.43E-09


