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Abstract

With the growing demand for increased battery capacity and performance, a corresponding
requirement for adequate cooling of the battery cells has developed. This situation requires an
efficient design of coolant channels in battery trays. The battery tray houses the cells and regulates
their temperature, optimizing the distance per battery kilogram. The coolant channels in the battery
tray require high-pressure die casting (HPDC) to create. However, the HPDC process is limited,
and enclosed geometries for coolant flow cannot be created. Therefore, the coolant channels must
be sealed with thin aluminum plates post-casting. A liquid seal is created by joining the aluminum
plates to the HPDC component utilizing friction stir welding (FSW). FSW is an industry-emerging
solid-state joining process by which its inherent nature overcomes many problems associated with
fusion welding aluminum. These problems are due to aluminum's high-melting point oxide layer,
high thermal conductivity, solidification shrinkage, and high solubility of hydrogen and other
gases in the molten state, which are not an issue with FSW as the material being welded does not
melt, and the brittle oxide layer breaks with the torsion of the tool intrinsically overcoming many
problems related to fusion welding of aluminum. Nevertheless, the FSW welding operation leads
to the development of residual stress, which compounds into a significant amount of distortion,
specifically in multi-welded components, leading to expensive downstream straightening
processes to restore the pre-weld geometry, which may or may not further increase residual stress.
Residual stress, exceeding the stress limit of the battery tray during operation, can compromise the
battery-cell housing and risk the vehicle's safety. Hence, understanding residual stress formation
is vital for design, safety, service life longevity, and distortion control. Experiments utilizing
neutron diffraction investigate and measure residual stress inside the battery tray, comparing the
stress redistribution before and after straightening operations. The goal of the dissertation is to
investigate and potentially optimize FSW in multi-welded structures to mitigate or eliminate
straightening operations, enabling significant increases in production efficiencies, more robust

final products, and, ultimately, a safe and environmentally friendly means of transportation.



Lay Summary

Advancements in manufacturing technologies have enhanced the durability and efficiency of
components across various industries. Sectors like transportation and aerospace seek lighter,
stronger structures to reduce environmental impacts and improve fuel efficiency, making superior
joining techniques pivotal. Traditional welding methods, while foundational, often introduce
undesirable residual stresses and distortions that can reduce component life and increase
production costs. This research focuses on optimizing a novel technique called Friction Stir
Welding (FSW). Unlike traditional methods, FSW joins materials without melting them,
minimizing residual stresses and distortions. However, these effects have not been extensively
studied in large components with multiple welds, which alter the characteristics of distortion and
residual stress generation. This dissertation explores these complex characteristics to improve the
reliability and quality of entire components. Enhancements in this area could extend component
lifespans, streamline production, and reduce energy consumption and costs, aiding the automotive

industry in achieving more sustainable manufacturing practices.
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Chapter 1: Introduction

Friction stir welding (FSW) has facilitated significant component design development of many
aluminum alloys in certain sectors of the automotive industry by offering a solid-state solution that
addresses many challenges posed by traditional fusion welding methods. However, residual stress,
a byproduct of FSW, remains an unresolved issue, specifically in multi-welded components that
significantly impact the engineering properties of components, such as fatigue life, distortion, and
dimensional stability. This dissertation investigates the residual stress in battery trays
manufactured in part by FSW, specifically focusing on lap weld configurations with dissimilar
aluminum in multi-welded components; as much of the literature focuses on single friction stir
butt welds, a gap in the understanding of how the application and proximity of welds on multi-
welded components affect the distortion and resulting residual stress is present. This dissertation
also investigates the residual stress in the battery trays as a consequence of post-weld straightening
operations utilized to restore the pre-weld geometry by local deformations of the weld or forceful
global bending of the multi-welded component. To provide initial background on the project,
process, and research, the FSW operation generates heat utilizing a rotating tool pin and shoulder,
inserted into the workpiece and traversed along the weld path the thermo-mechanically stirring
and forging of the workpieces below melting temperature by the processes of dynamic
recrystallization creates the joint. Because melting is avoided, FSW enables the joining of
aluminum and dissimilar aluminum alloys, circumventing issues found in fusion welding, such as
liquidation cracking, solidification cracking, and porosity. Consequently, FSW has become
popular for aluminum applications in industries like automotive manufacturing (Majeed et al. [4]).
For instance, Nemak, a leading provider of lightweight solutions for the global automotive industry
and industry partner for this research, utilizes FSW to manufacture electric vehicle battery trays, a
critical component in electric vehicles. These battery trays consist of high-pressure die cast A365
aluminum (see Figure 1) and require FSW to seal exposed cooling channels with several aluminum
6061 plates to create a multi-welded component. The high-pressure die-casting process is limited
in creating internal geometries, therefore requiring FSW to seal all exposed (see Figure 2) cooling

channels with several 6061 plates, creating a multi-welded component (see Figure 3).
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Figure 3: Friction stir weld length dimensions and overall battery tray dimensions

Nevertheless, the welding process combines two different aluminum alloys and introduces unique
microstructure, temperature gradients, and non-uniform distortions that translate to residual stress
in the component. Residual stress in any part considerably affects engineering properties such as
fatigue life, distortion, and dimensional stability (Farhang et al. [5]). Specifically, in complex
components with multiple welds, the geometry becomes especially distorted. The distortion
remaining in the battery tray is reduced by applying the burnishing or coining straightening
processes. The burnishing process involves a rotating indention tool that plastically deforms the
surface layer material to combat the generated tensile residual stress due to FSW. In contrast, the
coining process bends the entire tray with a large die to achieve dimensional specifications. Each
straightening process uniquely influences the residual stress in the battery tray. Consequently,
residual stress analysis is a crucial stage in optimizing the manufacturing of the battery tray.
Richards et al. [6] describe how residual stresses in FSW arise from plastic misfit strains introduced
due to the steep gradients in temperatures as heat is generated from the rotating tool and distributed
down the component as the tool advances. In FSW, both tensile and compressive residual stresses
can be generated within the welding zone, affecting the residual stresses in other areas of the part
as they attempt to compensate. Usually, maximum tensile residual stresses are on either side of the
weld line, with lower residual stresses in between, forming an M-shaped residual stress profile

distribution (Richards et al. [7]; Delijaicov et al. [8]; Zhang et al. [9]).



There are several ways to assess residual stress in FSW. Dawson et al. [10] measured longitudinal
and transverse stresses in a butt weld configuration with similar steels using neutron diffraction.
Peel et al. [11] used X-ray diffraction to measure longitudinal and transverse stresses in similar
aluminum alloys. Jian et al. [12] used a common but less reliable residual stress measurement, the
hole-drilling method, on similar butted aluminum. In this dissertation, the most reliable of the

methods, neutron diffraction, is used to measure residual stress in the battery tray.

In any case, there have been few attempts to understand the residual stress in a lap weld
configuration with dissimilar aluminum alloys, especially in multi-welded components, with
insufficient comprehensive studies completed in the literature. Through the added benefit of
comparing the effects of straightening processes on the redistribution of residual stress, this work
aims to fill many gaps in the literature regarding these aspects. The completion of this task is highly
feasible due to the support of experts at Nemak, including Dr. Byczynski, Dr. Lombardi, and
Robert Hanson, who provide high-quality friction stir welded battery trays in the as-welded and
straightening condition. Furthermore, the analysis is conducted utilizing world-renowned neutron
facilities at Oak Ridge National Laboratory and the Australian Nuclear Science and Technology
Organisation. Additionally, the supervisor of this dissertation, Dr. Sediako, brings extensive
expertise in measuring residual stress in many manufacturing processes (Smith et al. [13];

Lombardi et al. [14]; Sediako et al. [15]; Sediako et al. [16]).

Therefore, this research will significantly advance the manufacturing field by providing a deeper
understanding of the factors influencing distortion and residual stress in FSW, particularly for
multi-welded components. By elucidating the effects of weld sequence, proximity, and welding
speeds at a constant speed ratio on distortion and residual stress, the research will enable engineers
to optimize the FSW process for a variety of applications, including lightweight automotive
components, aerospace structures, and other advanced manufacturing industries. Furthermore, the
findings of this research have the potential to improve the fatigue life, dimensional stability, and
overall performance of FSW components, leading to enhanced safety, reliability, and longevity in
various engineering applications. Ultimately, this research will contribute to the development of
more efficient, sustainable, and cost-effective manufacturing processes, driving innovation and

competitiveness in the global engineering landscape.



1.1 Scope of Research

This dissertation investigates the residual stress and distortion characteristics of friction-stir-
welded (FSW) hybrid electric battery trays, focusing on multi-welded components. It examines
the effects of various welding parameters, including rotational speed, traverse speed, and weld
sequence, on the formation and distribution of residual stresses in the welded battery trays. This
research also explores the impact of post-weld straightening techniques, such as burnishing and

coining, on residual stress redistribution and distortion control.

The study utilizes neutron diffraction, a reliable method for measuring internal stresses, to evaluate
the residual stress profiles in battery trays both before and after the application of straightening
processes. By comparing these profiles, the research aims to identify the optimal parameters and
techniques to minimize residual stresses and distortion, thus enhancing the structural integrity and

performance of the battery trays.

Furthermore, this dissertation advances the understanding of the microstructural changes induced
by FSW in dissimilar aluminum alloys (6061 and A365), providing insights into how these changes
affect the mechanical properties and residual stress distribution. The research leverages Smoothed
Particle Hydrodynamics (SPH) simulations to predict temperature distributions and material flow
during the welding process, complementing the experimental findings and aiding in the

optimization of FSW parameters.

The knowledge gained from this research will contribute to the development of more efficient and
robust manufacturing processes for hybrid electric vehicle battery trays, leading to improved
safety, reliability, and longevity of the components. Ultimately, this study aims to provide a
comprehensive framework for mitigating residual stresses and distortion in FSW applications,

promoting sustainable and high-quality production practices in the automotive industry.
Overall, the objectives of this dissertation can be listed as follows:

o Investigate and assess the distortion, residual stress, and texture of the as-welded and
straightened battery trays to understand their behavior and differences.

e Determine the impact of weld proximity on residual stresses in the as-welded battery tray.



e Characterize the texture of the as-welded battery tray and explore its relationship with
residual stress.

o Investigate texture variations between different welds on the battery tray and evaluate their
influence on mechanical properties.

e Compare the distortion among as-welded, burnished, and coined straightened battery trays
to identify the effectiveness of each straightening method.

e Analyze the redistribution of residual stress after each straightening operation to determine
if stresses become more favorable (less tensile and more compressive).

o Investigate how varying speed parameters, given a constant speed ratio, affect the texture
and residual stress in FSW components.

e Determine the specific welding speed that results in the desired texture and reduced
residual stress in FSW components.

e Analyze how the sequence of welds in multi-welded components influences distortion and
residual stress.

o Identify welding sequences that result in reduced distortion and residual stress in multi-

welded FSW components.

1.2 Structure of Dissertation

This proposal has been structured as follows:

Chapter 1: Introduction: This chapter outlines the significance of this dissertation for both the
automobile industry and the environment, providing a general overview of the research. It also

defines the scope of the study and details the structure of the dissertation.

Chapter 2: Literature Review and Background: In this chapter, the literature and explanations
relevant to the aluminum system, fundamentals of friction stir welding, and factors affecting the
welding process are reviewed. It identifies the knowledge gaps and sets the stage for the entire
project by highlighting their influence on mechanical properties, microstructure, and residual

stress.

Chapter 3: Stress, Texture, Distortion, and Materials Characterization on the Friction Stir Weld

Utilized on EV Battery Tray: In this chapter, the residual stress, microstructure, and mechanical



properties of the dissimilar aluminum friction stir weld lap joints on an electric vehicle battery tray
are characterized to understand the many factors that influence distortion and residual stress

generation.

Chapter 4: Stress, Texture, Distortion, and Simulations on the Friction Stir Weld Utilized on
Controlled Plate Geometry: This chapter addresses the need for optimization in distortion control
for multi-welded components, aiming to enhance the manufacturing industry's understanding of
FSW. The goal is to significantly increase production efficiencies, produce more robust final
products, and ultimately provide a safe and environmentally friendly means of transportation. The
proposed approach involves comparing in-house welded standard coupons subjected to various
monitored changes in welding speed and weld order. Each coupon is then analyzed using neutron

diffraction, texture analysis by electron backscatter diffraction, and distortion analysis.

Chapter 5: Conclusion: This chapter summarizes the findings from Chapters 3 and 4. The chapter
also outlines the findings of the project, providing a comprehensive understanding of the

significant aspects that drive the research forward.

Figure 4 outlines the general flow and connection of the studies completed and planned for this

dissertation.
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Chapter 2: Literature Review and Background

This chapter aims to review the relevant literature necessary for this dissertation. The initial
sections cover high-strength aluminum alloys and the evolving friction stir welding (FSW)
technique used to join these alloys. The chapter then explores the development of welding-induced
residual stress, particularly in the context of FSW for high-strength aluminum alloys, and how this
stress leads to component distortion. Next, existing methods for minimizing residual stress are
examined, followed by a discussion of the techniques for measuring residual stress. The chapter
concludes with a review of texture measurement methods. Neutron diffraction techniques were
employed in this dissertation to determine residual stress across multiple components, including
full-sized industrial elements and geometrically simplified structures, to understand the impact of
various welding parameters. These diffraction techniques and their associated challenges are

discussed in the final section.

2.1 Aluminum Alloys

Aluminum alloys typically consist of 90 to 96% aluminum (Al), with the remaining portion made
up of alloying elements such as silicon (Si1), magnesium (Mg), manganese (Mn), copper (Cu), or
zinc (Zn). The choice of alloying elements depends on the desired manufacturing or performance
characteristics and often includes several minor elements alongside the major ones. Aluminum
alloys are classified as either cast or wrought alloys. Wrought products include rolled plates and
extrusions. Cast aluminum alloys are formed when molten aluminum is poured into a mold or die,
taking the shape of the mold as it cools and solidifies. Cast alloys generally have a lower melting
point and higher fluidity, but they typically exhibit lower tensile strength and reduced malleability
compared to wrought aluminum. These differences in mechanical properties result from defects
introduced during the casting process and the inherently larger grains within their microstructure.
The Al-Si system is crucial in casting due to the elevated silicon levels (4.0—13%), which provide

excellent casting characteristics, such as high fluidity.

Given these material characteristics, welding aluminum, particularly when joining wrought
aluminum to cast aluminum, presents several challenges. Firstly, aluminum naturally forms a thin
layer of aluminum oxide on its surface when exposed to air. This oxide layer has a much higher

melting point than the aluminum beneath it, interfering with the fusion process. Additionally,



aluminum's high thermal conductivity and low melting point cause heat to spread quickly through
the material, making it difficult to localize the heat input required for fusion welding and increasing
the risk of burn-through. Moreover, aluminum, especially high-strength alloys, is susceptible to
hot cracking, a defect that occurs during cooling and solidification. The silicon content in
aluminum alloys also affects weldability, with a silicon content of 0.8-1.5% deteriorating
weldability due to increased fluidity and the formation of refractory silicon oxides, which can lead
to hot cracks. FSW offers several advantages over fusion welding for joining aluminum. As a
solid-state welding process, FSW does not melt the materials, eliminating issues such as hot
cracking and the formation of brittle intermetallic compounds. The frictional heat and mechanical
stirring action of FSW effectively break up and disperse the aluminum oxide layer, allowing for
better bonding. FSW generates less heat than fusion welding, resulting in reduced thermal
expansion and contraction, which in turn reduces residual stress and distortion in the welded joint.
However, differences in thermal expansion coefficients between dissimilar materials, like wrought
and cast aluminum, can still lead to residual stress. The FSW process can also handle differences
in silicon content between wrought and cast aluminum better than fusion welding, as the stirring

action helps to homogenize the silicon distribution and reduce the risk of hot cracking.

2.1.1 Processing of 6xxx Aluminum Alloys

The 6xxx series alloys are versatile aluminum alloys primarily composed of aluminum, silicon
(Si), and magnesium (Mg). These elements combine to form magnesium silicide (Mg2Si), which
imparts a range of beneficial properties to the alloys. 6xxx series alloys have a good balance of
properties, offering a combination of strength, corrosion resistance, weldability, machinability,
and surface finish. This makes them suitable for a wide variety of applications across different
industries. In transportation, these alloys are used for structural applications due to their robust
mechanical properties and corrosion resistance. In architectural projects, including bridge
construction and repair, their resistance to atmospheric corrosion makes them ideal for structures
exposed to the elements. The 6xxx series is also widely utilized in consumer products, piping and
tubing, and electrical components, thanks to their good machinability and surface finish. In
construction, the strength, finish, and ability to receive protective coatings make these alloys
suitable for various structural uses. Their extrudability, heat treatment capability, and exceptional

corrosion resistance further enhance their appeal for diverse applications.
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To evaluate the mechanical properties of welded high-strength aluminum alloys, it is important to
understand the primary strengthening mechanisms and the impact of elevated temperatures, such
as those experienced during FSW, on the material's properties. This section provides an overview
of the strengthening mechanisms in high-strength aluminum alloys. Aluminum's primary
advantage over steel is its lower density, making it suitable for lightweight applications. Pure
aluminum, however, lacks adequate strength, necessitating alloying with various elements and
several processing steps to enhance its properties. These processing stages significantly influence
the mechanical properties of 6xxx series aluminum alloys; properties such as the alloy's
microstructure, grain size and distribution, volume-fraction of precipitates, and crystallographic

orientation are dictated by the alloy's composition and processing steps.

The strength of 6xxx series aluminum alloys primarily arises from precipitation or age-hardening
mechanisms. For an alloy to be suitable for precipitation hardening, there must be a significant
decrease in the solid solubility of the alloying elements as the temperature decreases. The standard
procedure for precipitation-hardening aluminum alloys to enhance their mechanical properties,

such as maximizing material strength, involves several key steps:

1. Solution heating above the solidus temperature within the single-phase region to dissolve
all alloying elements.

2. Quenching the material to form a supersaturated solid solution of the alloying elements
within the aluminum matrix.

3. Aging by thermal treatment to decompose the supersaturated solid solution and form a fine

dispersion of precipitates.

These strengthening steps are carried out at the final stage of material processing (see Figure 5).
While the grain structure of aluminum does not undergo significant physical changes after solution
heating (see Figure 6), quenching and aging play a critical role in dispersing precipitates
throughout the material, significantly boosting its strength. These final steps are referred to as

“tempering,” and different tempers have varying impacts on strength.
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Figure 5: Schematic Processing route for 6xxx series Al alloys

(d) Cold worked (e) Annealed & Solutionized

Figure 6: Grain structure evolution during 6xxx processing (Engler et al. [17])

As Shercliff et al. [18] have outlined, these precipitates are the most significant contributors to the
material's yield strength (see Figure 7). The precipitates induce lattice distortions, which impede
dislocation motion, thereby increasing the yield strength and hardness of the material. At the
beginning of the “net aging curve” in Figure 7, under-aged conditions are evident, where peak
strength is not achieved because dislocations can disrupt smaller precipitates. However, as aging

progresses, the precipitates grow, making it harder for dislocations to break them, resulting in
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increased material strength. The peak strength is achieved in the peak-aged condition, designated
as the T6 temper. However, as the precipitates continue to develop, dislocations will begin to
bypass them by bowing around, leading to a decrease in the material's strength, known as over-
aging or the T8 temper. Temperature sensitivity plays a crucial role in the aging process, where
even minor variations can result in significant changes in the precipitation microstructure and the
material's mechanical properties. In the context of FSW of 6xxx aluminum alloys, the material
undergoes a localized thermal cycle near the weld line, which mirrors the conditions of
precipitation-hardening in terms of magnitude and duration. Due to the sensitivity of precipitate
formation and structure to both aging temperature and time, this localized thermal cycle can lead
to considerable alterations in the precipitate microstructure. These changes manifest as major

variations in the distribution, size, and density of precipitates and, consequently, the mechanical

properties across the weld.
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Figure 7: A schematic diagram of the relative contributions to the full aging curve of the intrinsic
strength, solid solution strength, and precipitation hardening (Shercliff et al. [18])

The thermal-mechanical cycle imposed by FSW impacts the mechanical properties, particularly
yield strength, which in turn affects the distribution of residual stress, as discussed in section “2.3
Residual Stress in Friction-Stir-Welding”. Therefore, to provide context for the following sections,

it is essential to introduce the general precipitation sequences and microstructures of this material.
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2.1.2 3xx.x Aluminum Alloys and Dissimilarity Considerations

The 3xx.x series casting alloys, commonly known as the 3xx series, are aluminum alloys primarily
composed of aluminum and silicon, with varying amounts of magnesium and other elements.
These alloys are designed for casting processes, offering excellent castability and a range of
mechanical properties suitable for various applications. The presence of silicon improves fluidity
and reduces shrinkage during casting, making these alloys ideal for complex shapes and thin-
walled components. The addition of magnesium further enhances their strength and hardness.
These properties make the 3xx series alloys particularly useful for manufacturing engine blocks,
cylinder heads, and various structural components where high performance and reliability are

important.

3xx.x series alloys are widely used in the automotive and aerospace industries due to their good
combination of strength, ductility, and corrosion resistance. The 3xx.x cast alloy, specifically
A365.0 (or A365), is employed in the production of complex geometries such as battery trays (see
Figure 1). These trays feature intricate and thin-walled structures that are challenging to achieve
with traditional gravity-casting methods due to insufficient pressure. High-pressure die casting
(HPDC) addresses this limitation by injecting the liquid aluminum into a negative geometry die
under high pressure (40-160 MPa) and maintaining die temperatures between 120°C to 280°C (see
Figure 8). This method ensures high metal flow and rapid solidification, leading to near-net shapes
with excellent surface finish and dimensional accuracy, minimizing post-casting machining and

finishing requirements.

Molten Metal

Injection

Figure 8: Schematic of high-pressure die-casting processes for the battery tray
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The tensile strength and mechanical properties of cast aluminum alloys like A365 are significantly
influenced by their microstructure, which is determined by factors such as silicon content and grain
size. The silicon content in A365 ranges from 9.5 to 12.6 wt.%, leading to a hypoeutectic structure
comprising approximately 73% a-Al and 27% eutectic structure ( Figure 9 and Figure 10). This
hypoeutectic structure is beneficial because it enhances fluidity during casting, ensuring better

filling of the die cavity and reducing the likelihood of defects.

The critical distinction between FSW of similar and dissimilar alloys lies in the property
discontinuity across the joint interfaces, potentially leading to significant impacts on material flow
patterns during the stirring process. The considerable difference in plasticized material flow
patterns and dynamic recrystallization within the stirred regions of dissimilar compared to similar
alloys is well-known and discussed by Sharma et al. [19], DebRoy et al. [20], Tavares et al. [21]
and Peel et al. [22]. Specifically, the 6061 (wrought) and A365 (cast) alloys are dissimilar for
several reasons, including differences in post-processing, the presence and density of precipitates,
and differences in grain sizes that locally change the stiffness and other properties in wrought

alloys.

(a) | e— | | E—
75 um 75 um

Figure 9: Cast Al-Si alloys (a) hypoeutectic (b) eutectic (c) hypereutectic microstructure
(Warmuzek et al. [23])
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The compositional differences between A365 and 6061 alloys create critical phases that influence
strength and other properties specific to the alloy and its processing. One such property vital for
casting the A365 alloy is fluidity when the molten material is forced throughout the die-casting in
the HPDC operation (Wang et al. [24]). Fluidity increases with additional silicon, and a significant
difference in silicon content between A365 and 6061 can be seen in Table 1. The increased silicon
content in A365 enhances fluidity, which is crucial for achieving complex geometries in HPDC,
but it also reduces ductility, making high-silicon cast alloys more susceptible to brittle fracture
(Birol et al. [25]). Conversely, wrought alloys like 6061, with significantly lower silicon content,
exhibit higher strength and ductility due to differences in post-processing, chemical composition,

and microstructure.

Table 1: 6061 and A365 chemical composition (shown in wt.%) (Birol et al. [25]; Ekambaram et
al. [26]; Jeong et al. [27])

Si Mg Cu Fe Zn Mn Cr Ti Ni Sr Al

6061 0.70 090 030 060 020 005 03 0.10 0.05 ** Balance
A365 9.73 0.17 0.004 0.11 ** 0.560 ** 0.07 ** 0.02 Balance

One of the critical factors in welding 6061 to A365 is the difference in their thermal expansion
coefficients (A365 at ~21 um/m-K and 6061 at ~24 pum/m-K, Hidnert et al. [28]). These
differences can generate significant residual stresses during the FSW process, as each material

expands and contracts at different rates when subjected to heat. If not properly managed, these
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residual stresses can lead to distortion, compromising the structural integrity of the welded

component.

The 6061 alloy typically has a uniform and fine-grained microstructure, while the A365 cast alloy
exhibits coarser grains and varied phases. These microstructural differences affect the materials'
responses to thermal cycles during welding, influencing the formation of residual stresses and
potential distortion. The mechanical properties of 6061 and A365, such as yield strength, ductility,
and hardness, also differ. These variations can lead to differential deformation during welding,
potentially compromising the integrity and performance of the welded joint. The quality of the
weld and the likelihood of defects such as voids, cracks, and incomplete fusion can vary between
6061 and A365 materials. These defects, influenced by the welding process, can significantly
impact the overall quality of the weld; therefore, steps are taken in this dissertation to identify
welding parameters in which defects do not occur and verify that fact with non-destructive testing

as completed in section “4.1.1.1 Weld Layout and Quality Assurance of Single Welded Plates™.

Optimizing welding parameters, such as tool rotation speed, traverse speed, and tool design, is
crucial to minimize residual stress and distortion while ensuring a strong, defect-free weld. The
Heat Affected Zone (HAZ) characteristics of 6061 and A365 alloys differ due to their distinct
thermal conductivities and microstructures. Understanding these differences is important for
accurately understanding the measured residual stresses in this dissertation and for predicting and

managing deformation during or after welding.

2.1.3 Section Summary

In summary, the successful welding of 6061 aluminum alloy to A365 cast alloy requires careful
consideration of their distinct microstructures, thermal properties, and mechanical behaviors. By
optimizing welding parameters and understanding the inherent differences between these

materials, it is possible to achieve high-quality welds with minimal residual stress and distortion.

Research on the FSW of dissimilar materials, such as aluminum and magnesium alloys,
underscores the complexity of achieving a uniform weld. The formation of complex, intercalated
vortex and flow patterns in dissimilar FSW systems is facilitated by dynamic recrystallization,
leading to significant hardness variations and residual stresses across the weld zone (Mutrr et al.

[29]). This complexity necessitates being aware of the differences in properties and how they might
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affect the analysis of distortion and residual stress. Murr et al. [29] highlight that residual micro-
indentation hardness measured across the weld face provides comparative performance signatures,
showing how hardness fluctuations or complex spikes occur in dissimilar systems, often skewed
from the weld centerline when the tool rotation direction changes. Although the referenced studies
mainly consider butt welds, many insights remain relevant to lap welds, such as the 6061-on-top

and A365-on-bottom configurations used in this research.

Further research is essential for a comprehensive understanding of the effects of dissimilar alloys
on residual stresses in FSW. Although the material system for the battery tray is predetermined by
industrial requirements, awareness of these effects is critical. The studies by DebRoy et al. [20],
Murr et al. [29], and Shah et al. [30] suggest that the impact of dissimilar alloys on residual stress
outcomes depends on the specific materials being joined, the employed welding parameters, and
the material location within the joint. This understanding is crucial for developing robust FSW
practices that ensure high-quality, reliable welds while minimizing distortion and residual stress

in industrial applications.

In conclusion, while significant progress has been made in understanding the challenges and
optimizing the FSW of dissimilar materials, ongoing awareness and consideration of these factors
are necessary. By addressing the unique challenges presented by dissimilar alloy welding,
researchers can continue to enhance the performance and reliability of FSW joints in various

applications.

2.2 Friction-Stir-Welding

A joining process is required to seal the inner coolant channels of the battery tray (see Figure 1)
created by the casting processes. Because the channels transport liquid coolant, a liquid-tight seal
is required. A gasket and fastener system could provide a liquid seal; however, this would require
intensive labor, add more weight to the battery tray, and increase production time. Fusion welding
is an alternative joining approach, but it presents several challenges when applied to aluminum.
Firstly, the melting point of aluminum (around 660°C) is significantly lower than that of, for
example, steel (around 1538°C). This lower melting point makes aluminum more prone to warping
and distortion during the welding process due to the intense heat required for fusion welding. In
contrast, steel's higher melting point provides greater stability, reducing the likelihood of
distortion. Secondly, aluminum forms an oxide layer when exposed to air. This oxide layer can
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hinder proper fusion during welding, requiring special techniques and equipment to remove it.
Steel, on the other hand, does not form a similar oxide layer, simplifying the welding process.
Thirdly, aluminum has a higher thermal conductivity than steel. This characteristic causes heat to
spread more quickly through aluminum, making it more difficult to control the heat input during
welding. The rapid dissipation of heat can lead to inadequate weld penetration, as cold areas of the
aluminum continuously draw heat away from the welding zone. Additionally, hydrogen is very
soluble in liquid aluminum. As the filler material and aluminum base metal become liquid during
the welding process, they absorb hydrogen and can hold it in solution. Once the molten material
starts to solidify, it can’t hold the hydrogen in a homogeneous mixture anymore. The hydrogen
forms bubbles that become trapped in the metal, leading to porosity. Porosity not only weakens
the joint but also compromises the essential liquid seal required for the battery tray. This issue is
less prevalent in steel welding, where hydrogen solubility is lower. Furthermore, welding
techniques for steel, such as metal inert gas and tungsten inert gas welding, are relatively easy to
learn and yield consistent results. In contrast, welding aluminum often requires more specialized
techniques and careful control to achieve quality welds. Lastly, fusion welding dissimilar
materials, such as aluminum and other metals, is problematic due to the different melting points
of the materials. The varying melting temperatures can cause grain boundaries to overheat, leading

to the evaporation or burning of alloying elements in the material with a lower melting point.

In comparison, solid-state joining techniques such as FSW can successfully prevent problems
associated with melting and solidification inherent to fusion welding aluminum. FSW is a solid-
state welding process that requires no melting of the material. Therefore, solid-state welding
negates hydrogen absorption, reducing the risk of porosity. It also minimizes residual stress by
maintaining lower temperature differences and allows full-contact bonds between dissimilar
materials with different melting temperatures. Additionally, FSW mechanically breaks the oxide
layer and disperses it around the weld, eliminating its impact on the welding process. These
advantages make FSW a superior choice for welding aluminum components, ensuring a robust

and liquid-tight seal for the battery tray.

2.2.1 Operating Principles of FSW

The FSW process involves three distinct steps, as shown in Figure 11. Initially, both overlapping

components are securely clamped to the backing plate to counteract the welding downforce. The
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process begins with a rotating FSW tool, spinning at high RPM and plunging into the workpiece
with significant axial force. This action generates heat through friction between the workpiece
material and the tool, causing the material to plasticize near and around the tool. The tool is held
in place until sufficient plasticization occurs. In the next step, the tool traverses along the joint line
at the desired plunge depth. During this traversal, the plasticized material is confined between the
solid material outside the heated zone, forcing it to flow around the pin from the retreating side to
the surrounding solid material. This action fills in the hollow space left by the advancing tool.
Vertically, the plasticized material is restricted between the rotating shoulder and the solid material
below the heated zone, creating a case for the weld to form a joint. Upon reaching the end of the
weld path, the tool is withdrawn from the material, leaving an exit hole, as no material moves to
fill the void. FSW is an asymmetric process, with the two sides of the weld experiencing different
conditions. On the advancing side, where the tool rotation and translation move in the same
direction, the movement interaction is greater. Conversely, on the retreating side, the tool rotation
and translation are in opposite directions, causing less movement interaction compared to the
advancing side. Additionally, the front of the tool is referred to as the leading edge, while the back

is known as the trailing edge.

Step 3

Step 1

i s Axial Force
Exit Hole f r Retreating Side

Advancing Side 5
. Tool Direction

Tool Rotation

6061 Plate

A365 Cast

Figure 11: General friction stir welding processing steps
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The detailed FSW process involves the following steps:

1. Plunging: The rotating tool is lowered until the pin penetrates the material and the tool
shoulder contacts the plate surface, applying a preset downforce. Friction at the tool
shoulder-material interface generates near-melting point temperatures, softening the metal
in this area. Lower temperatures and less softened material are found around the tool pin,
closer to the weld root, and lateral to the FSW tool.

2. Traversing: After a stationary period called the dwell, which heats and softens the
surrounding material, the rotating tool traverses along the joint line. This action heats,
softens, and stirs the material at the interface. The tool's shoulder and pin draw in the
softened metal in front of the tool, stir it horizontally and vertically, and then forge it behind
the tool to form a coherent weld upon cooling.

3. Tool Withdrawal: Upon reaching the end of the weld path, the tool is extracted from the
material, leaving an exit hole. Typically, both the dwell point and the exit hole are removed

from the welded structure.

2.2.2 FSW Heat Generation and Simulation Considerations

As the tool rotates, the friction between the tool and the aluminum generates heat, which softens
the aluminum without melting it. Additionally, the rotating pin and shoulder apply pressure,
causing the aluminum to plastically deform around the tool. This plastic deformation adds further
heat due to internal friction within the aluminum. The tool is then moved along the joint line,
continuing to generate heat and causing the aluminum to flow and mix along the joint line. The
heat generated by friction and plastic deformation is concentrated around the tool but spreads into
the surrounding material (see Figure 12). However, heat generation during FSW is not uniform
around the entire tool. The interface between the tool shoulder and workpiece generates nearly
70% of the tool heat during the operation, while the tool pin and tool side make up the remainder
(Sharghi et al. [32]). Additionally, since the tool is constantly rotating, the temperature distribution
is non-uniform. Wang et al. [33] measured and simulated this with Finite Element Method (FEM),
indicating that the advancing side of the tool has a maximum temperature compared to the

retreating side. However, this is highly dependent on the processing parameters and material used,
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with many studies measuring that the maximum temperature is neither on the retreating nor

advancing side but on the trailing side of the tool (Silva-Magalhaes et al. [34]).

Heat generated by friction
at the tool/workpiece
interface

Diffusional ¢—— Heat generated
- by plasticity —»
heat flow

I I I I | I
v vV Vv VY VY VY VY VvV Vv YV

Heat flow in the backing plate
Figure 12: Heat generation and transfer in the FSW process (Simar et al. [31])

However, in conjunction with the consideration of dependencies on processing parameters, it's
essential to understand that FEM-based models are meshed simulations. FSW is a complex joining
process that involves multiple intertwined physical phenomena such as friction, inelastic heat
generation, heat conduction, and high plastic deformations. Traditional numerical FSW models
based on grid methods like FEM can predict and estimate the flow field and temperature
distribution around the tool; however, they do not provide information about the interface between
materials and the final distribution of welded materials. On the other hand, Smoothed Particle
Hydrodynamics (SPH), being a mesh-free method, can simulate the dynamics of interfaces, large
material deformations, and the material’s strain and temperature history without employing
complex tracking schemes. This framework makes SPH more suitable for simulating FSW, which
involves large deformations and requires tracking of the material interface. Fraser et al. [35] have
demonstrated the effectiveness of SPH in their work, utilizing SPHriction-3D to predict
temperature, process forces/torques, internal and surface defects, tool wear, and residual stresses.
Fraser et al. [35] highlight that the SPH method allows for a better understanding of the exact

placement of the most heated material.

The SPH simulation method is utilized in this dissertation to better understand the exact placement
of the most heated material, whether it is consistent between welding parameters for a specific
material subset, and to connect this to experimentally obtained residual stress measurements as
discussed in the section, “4.1.3 Smoothed Particle Hydrodynamics Simulations”. Understanding

the position of the maximally heated material is fundamental for analyzing how asymmetric
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temperature and thermal distribution affect residual stresses along the welding line and

perpendicular to it.

2.2.3 FSW Parameters

When evaluating FSW, several vital parameters must be considered: the tool's rotational speed
(RPM), the traverse speed of the tool along the weld line (mm/min), and the axial force (kN). The
direction of rotation, either clockwise or counterclockwise, determines the advancing side with
respect to the tool traverse vector. Furthermore, factors such as the geometry of the structure, the
material being welded, the tool's tilt angle, the degree of clamping and its release schedule, and
the weld sequence or layout are all important and can significantly impact the outcome of the weld.
Comprehensive interpretations of these variables are outside the purview of this section and are
available in other sources (Threadgilll et al. [36]; Shah et al. [30]), where relevant parameters are
discussed briefly in certain experimental procedure sections before data analysis. Although
substantial investigations and reviews have been undertaken on how tool rotational speed, traverse
speed, and axial force influence the weld characteristics (Prabhakar et al. [37]; El-Sayed et al. [38];
Peel et al. [39]), the interactions among these and other variables are complex, and the effects on
many measurements, such as distortion and residual stress, are not wholly comprehended. The
ensuing sections will offer a concise summary of the existing knowledge concerning the impacts

of rotational speed, travel speed, and axial force.

Arbegast's equation is widely referenced in FSW literature for its empirical representation of the
peak temperature during welding. This equation demonstrates how changes in welding parameters
affect temperature. Schwartz et al. [40], Geng et al. [41], Mishra et al. [42], et al. Sedmak et al.
[43] and Golezani et al. [44] have utilized this equation to model thermal behavior in FSW.

Arbegast et al. [45] represent the peak temperature empirically in Equation 1:

w? 1°
T=K [v : 104] *Tin Equation 1

The variables listed in Equation 1 are: T is the maximum temperature during welding (°C), Ty 1s
the melting temperature of the material (°C), v is the tool traverse speed, w is the rotational tool
speed, and a (~0.005) and K (~0.7) are constants. The ratio of w*/v in Equation 1 demonstrates

that increasing the rotational speed with constant traverse speed or decreasing the traverse speed
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with constant rotational speed leads to higher welding temperatures. Additionally, the ratio of w?/v

signifies the rotational speed's dominant effect on maximum welding temperature.

Colligan et al. [46] present a conceptual model that relates the main process variables structured
around the interrelation of the main categories of physical effects in heat generation and
distribution in FSW (see Figure 13). This model distinguishes between the effects of friction and
plastic work on heat generation, highlighting that the physical effects include metallurgical,
mechanical, heat generation, and heat transfer effects. According to Colligan and Mishra, spindle
speed significantly influences power and specific energy, which are directly related to temperature
distribution. They state that as spindle speed increases, the resultant in-plane force initially
decreases, reaches a minimum, and then increases with further spindle speed increases. This

behavior reflects the complex interplay between spindle speed, torque, and heat generation.
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Figure 13: Influence between variables with increasing spindle speed (Colligan et al. [46])

Furthermore, the influence between variables for increasing spindle speed, as shown in Colligan
and Mishra’s Figure 13, demonstrates that increased spindle speed leads to decreased torque,
which exerts a downward influence on power and specific energy. However, increasing spindle

speed also exerts an upward influence on power and specific energy, resulting in increased
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maximum temperature and temperature distribution. This balance between heat generation and

heat loss is critical for understanding the effects of welding parameters on the FSW process.

Peel et al. [39] provide empirical evidence supporting the correlation between predicted and
measured thermal histories in FSW. Their study examined dissimilar welds of AA5083 to AA6082
using various welding parameters. They found that the tool's traverse speed influences the heat
input inversely compared to the rotational speed. With a fixed rotational speed, increased travel
speeds result in reduced temperatures because the material experiences frictional heating for a
shorter duration. Conversely, excessively slow travel speeds can cause the material to overheat.
Specifically, Figure 14b from their study shows the correlation between the predicted (dotted) and
measured (solid) thermal histories for welds produced at 100 mm/min and 300 mm/min traverse
speeds with a rotation speed of 840 RPM. The slower travel speed of 100 mm/min results in higher
and more widespread temperatures due to prolonged exposure to frictional heating, whereas the
faster travel speed of 300 mm/min results in lower and more localized temperatures. Additionally,
Figure 14a from their study illustrates the temperature at the location of the backing plate
thermocouple as a function of weld pitch. Weld pitch, defined as the ratio of rotational speed to
traverse speed, indicates how changes in speed parameters affect the temperature. Peel et al. [39]
show that with increasing weld pitch (speed ratio), the temperature decreases, thus confirming that

faster traverse speeds and slower rotational speeds lead to lower temperatures.
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Figure 14: (a) Temperature at the backing plate thermocouple as a function of weld pitch; (b)
Difference in temperature on the advancing side of the weld between different weld speeds and
constant rotational speed (Peel et al. [39])

The final crucial parameter to address is the axial force. Increasing axial force has a comparable

impact on temperature, as does increasing tool rotational speeds (refer to Figure 13). The
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heightened pressure enhances frictional heating at the tool-material interface, leading to higher
welding temperatures. However, caution is necessary as overheating can adversely affect
mechanical properties, and the rotating tool shoulder may penetrate the material surface, causing
excess material to be pushed to the weld sides, usually termed flash. Conversely, insufficient axial
force prevents the tool from penetrating entirely into the workpiece, causing inadequate contact
between the tool shoulder and the component surface. This results in a lack of frictional heating,
leading to ineffective stirring and potentially causing internal and/or surface defects. The axial
force, for a given set of speed parameters, is crucial in maintaining the quality of the weld.
Depending on which parameters are set constant and which are allowed to vary, such as in this
dissertation, where the torque is allowed to vary while speed parameters and axial forces are

constant, the axial force significantly contributes to the weld quality.

This understanding is crucial for optimizing welding parameters to achieve high-quality welds
while minimizing residual stress and distortion. This area of research is particularly important for
studying residual stress, as changing multiple parameters, such as welding speeds, affects residual
stress, which is further discussed in the section “4.1 Residual Stress Characteristics in Friction Stir
Welding: An In-depth Temperature, Texture, and Neutron Diffraction Analysis of Speed

Parameters™.

2.2.4 FSW Microstructures

The significant plastic deformation of the weld material and the elevated temperatures during the
FSW of aluminum alloys produce a distinctive macroscopic structure, depicted in Figure 15.
Moving outward perpendicular from the weld, this structure can be divided into the following

unique microstructural zones:

e The stir zone or dynamically recrystallized zone (DXZ) at the weld undergoes both high
temperatures and intense plastic deformation due to tool rotation, resulting in grain
recrystallization.

e The thermo-mechanically affected zone (TMAZ) experiences high temperatures and some
plastic deformation. However, since aluminum can endure significant plastic strain without
recrystallizing, this creates a distinct boundary between the recrystallized DXZ and the
deformed regions of the TMAZ.
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o The heat-affected zone (HAZ) is where the material encounters elevated temperatures that
alter its microstructure without inducing mechanical deformation.
e The unaffected base material (BM) is located far from the weld zone, remaining unaffected

by the stirring deformation and high welding temperatures.

The grain refinement in the FSW microstructure transpires during mechanical stirring in the DXZ.
The tool pin causes intense plastic deformation in the depth of the material, which is pulled up to
the shoulder from the retreating side of the weld and deposited on the advancing side, creating a

unique marker signifying the advancing side (see Figure 16).

The formation of the DXZ in FSW is heavily influenced by the dynamic recrystallization process,
which depends on the temperature and strain rate during welding. Rhodes et al. [47] found that the
DXZ develops a fine-grained, recrystallized structure due to the high temperature and extensive
localized deformation introduced by FSW. This solid-state process avoids melting, preventing the
formation of cast or resolidification microstructures. Instead, a fully recrystallized fine-grain
structure is formed within the DXZ. Rhodes et al. [47] highlighted that the peak temperatures
during FSW are below the melting point of aluminum, and temperature measurements taken near
the DXZ indicate that these peak temperatures are sufficient to cause dynamic recrystallization

without melting the material.

Figure 15: Cross-section of a friction stir weld in a lap configuration (Aldanondo et al. [48])
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Figure 16: (a) Flow path of surface material around a clockwise rotating pin in friction stir
welding; (b) Metallographic marker experiment using transverse copper foil, illustrating internal
material flow induced by pin (Seidel et al. [49])

Similarly, Su et al. [50] examined the microstructural evolution in various regions of a friction stir
weld and found that the grain structure in the DXZ undergoes significant changes due to the
dynamic recrystallization process. This zone experiences the highest temperatures during welding,
often exceeding 480°C. This high temperature, combined with severe plastic deformation, leads to
the formation of fine, equiaxed grains in the DXZ. Benavides et al. [51] builds on the effects of
initial temperatures by studying the effects of low-temperature friction stir welding on aluminum,
focusing on how varying the initial temperature impacts the DXZ grain growth. Comparing the
grain sizes and microstructures welded at room temperature (30°C) and at a low temperature (-
30°C), they found that reducing the initial temperature decreased the DXZ grain size. The grain
size at room temperature welding was approximately 10 um, whereas at low temperature, it was
reduced to about 0.8 um. This reduction is attributed to the lower temperatures achieved during

welding, which limits grain growth (Benavides et al. [51]).

While the initial temperature of the plates significantly affects the DXZ grain size, the effects of
changing welding parameters on the DXZ are more complex. Satyavallabh et al. [52] discussed
how varying welding parameters, such as rotational and traverse speeds, influence the grain size.
They found that the relationship between welding speed and grain size does not seem to directly
increase or decrease with welding speed. Their experimental results showed that the average grain
size for various welding speeds does not consistently increase or decrease with higher speeds.
Instead, grain size reduces to an optimal value and then increases again with further increases in
welding speeds, sometimes resulting in significantly larger grain sizes than those observed at

slower speeds (Satyavallabh et al. [52]). This may be clarified by the work of Mishra et al. [53],
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who presented the work of many researchers studying different magnesium alloys with different
welding parameters. They found some general trends, as shown in Figure 17 that a decrease in
average grain size is observed with a decrease in tool rotation rate and an increase in tool traverse
velocity. When both the rotational speed and traverse speed are increased, as is often the case for
industrial welds like in the battery tray, the consideration that now matters is not specifically either
the rotational or traverse speed but the ratio of the rotational over the traverse speed (i.e., the speed
ratio: ®/v). When the speed ratio decreases, the average grain size also decreases. Although this
trend was found for magnesium, Mishra et al. [53] directly states that a decrease in ®/v results in
a decrease in average grain size, a fact that is observed for aluminum alloys. This statement implies
that keeping this ratio constant could result in consistent average grain sizes for different welding

parameters.

This is further supported for aluminum by the a study from Wu et al. [54] that found for constant
rotational speed the average grain diameter of the DXZ would decrease as the traversing speed of
the tool increased whereas the grain size increased with increasing rotational speed. Two
competing mechanisms that may potentially keep the grain size relatively consistent when both
rotational and traversing speed are increased at constant speed ratio. Wu et al. [54] determined
these relationships using the Zener-Hollomon parameter, which describes the combined effects of
temperature and strain rate on the deformation behavior of materials. It is often referred to as the
'temperature-compensated strain rate' because it integrates both the strain rate (rate of deformation)
and the temperature into a single parameter (Purkiss et al. [55]). Since the relationship is a negative
exponential relationship, an increase in the Zener-Hollomon parameter (which indicates higher
temperatures or strain rates) results in a decrease in grain size. When both rotational and traversing
speeds are increased by a constant ratio, the temperature increase due to higher rotational speed is
partially offset by the reduced heat input per unit length due to faster traversing speed. The strain
rate increases with higher rotational speed, promoting finer grains, while the reduced thermal
exposure due to faster traversing speed promotes coarser grains. Reduced thermal exposure during
faster traversing speeds means that the material spends less time at elevated temperatures. This
shorter exposure time limits the extent of dynamic recrystallization and grain refinement processes
that typically occur at high temperatures. As a result, the grains do not undergo as much
recrystallization and remain coarser. Thus, these two effects counterbalance each other, leading to

a net grain size that remains relatively consistent.
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Figure 17: (a) Variation of average grain size as a function of the tool rotation rate, ®; (b) Tool
traverse speed, v; (c) Ratio, o/v (Mishra et al. [53])

The dynamics around speed ratios have important implications for the subsequent sections that
discuss a constant speed ratio utilized, with changing measured properties and how texture and its
effects on mechanical properties, ultimately yield strength, could contribute to affecting residual
stress. By maintaining a constant speed ratio, the literature suggests that grain sizes should remain
relatively consistent despite changes in rotational and traverse speeds. This is an important
consideration when comparing residual stress profiles measured for different welding parameters
at a constant speed ratio, as discussed in the results section “4.1.4 Residual Stress on Single Welded

Plates” and “4.1.5 Texture Measurements of Single Welded Plates™.

TMAZ for AA6061-T6 (Fadaeifard et al. [56])
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Figure 19: Typical grain sizes of 6061 microstructure in DXZ, TMAZ, and HAZ (Liu et al. [57])

Nevertheless, the direct differences in properties due to the grain refinement between the DXZ and
other zones are substantial. Figure 18 displays the direct interface between the DXZ and the
TMAZ, while Figure 19 shows the differences between the HAZ and the DXZ/TMAZ. These
mechanical properties are discussed in the section “2.2.5 Mechanical Properties of DXZ, TMAZ,
and HAZ”. These property differences are an important consideration for yield strength directly
across the weld and help to explain the residual stress profiles measured across the weld,

particularly the cross-sectional "M" shape observed in Chapters 3 and 4.

2.2.5 Mechanical Properties of DXZ, TMAZ, and HAZ

Following the discussion on the microstructural distinctions between the dynamically
recrystallized zone (DXZ), the thermomechanically affected zone (TMAZ), and the heat-affected
zone (HAZ) in friction stir welds of aluminum alloys, it is important to explore the mechanical
properties of these zones to understand their impact on residual stress profiles in preparation for

the discussions in 2.3 Residual Stress in Friction-Stir-Welding.

Lemmen et al. [58] conducted extensive studies on yield strength and residual stress profiles across
different aluminum alloys, including AA2024-T3, AA7075-T6, and AA6013-T4. Their research
emphasizes the significance of local yield strength variations in defining the residual stress
profiles. Lemmen et al. [58] describe that yield strength profiles were obtained through digital
image correlation (DIC) to measure local yield strength across the friction stir welds. DIC is a non-
contact optical technique that captures images of the material before and during deformation. By

analyzing these images, the researchers were able to generate detailed local strain data, which,
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when combined with the applied load during tensile testing, provided local stress-strain curves.
These curves allowed for precise determination of the local yield strength at intervals of
approximately 1 mm. From these measurements, Lemmen et al. [58] obtained yield strength
profiles across the different zones of the welds, observing that the DXZ generally exhibits reduced
yield strength compared to the base material (BM). The TMAZ, which experiences both thermal
and mechanical effects but to a lesser extent than the DXZ, shows intermediate yield strength
values (see Figure 20). The HAZ, affected primarily by thermal cycles without substantial plastic
deformation, often retains higher yield strength similar to the BM, which is also found in this
dissertation in section “4.2.4 Residual Stress of Multi Welded Plates”. The relationship between
yield strength and residual stress is particularly evident in the stress profiles. Lemmen et al. [58]
found that residual stress profiles in the longitudinal direction exhibit an M-shape, especially in
alloys like AA6013-T4, which resembles the stress profiles observed in this dissertation's study of
AA6061-T6. They noted that the residual stresses near the edge of the weld, close to the TMAZ
and HAZ, are high tensile stresses, which decrease toward the central weld region (see Figure 20a).
Lemmen et al. [58] describe how the thermal stress distribution is influenced by the yield strength
of the material. During the cooling process, as the material cools and its yield strength increases,
the residual stress is limited by this yield strength. The residual stress generally cannot exceed the
yield strength, leading to the observed residual stress profiles. This relationship underscores the
critical role of yield strength and its dependence on temperature in determining the final residual

stress profiles.

These discussions have important implications for this dissertation. By maintaining a constant
speed ratio in the welding parameters, relatively consistent grain sizes across different welds can
be achieved (as described in section “2.2.4 FSW Microstructures™). Still, much different residual
stresses can be measured (see results in Chapter 4). However, with residual stress
profiles/maximums and minimums being limited by the yield strength (Lemmen et al. [58]), other
mechanisms that affect yield strength must be considered in the case of consistent grain sizes,
especially after the effects of temperature on yield strength are considered. This is further discussed
in the section “2.3.2 Evolution of Residual Stresses in FSW”. Nevertheless, a potential key
mechanism discussed in this dissertation is the influence of texture on changing welding speeds at

a consistent speed ratio (therefore, higher temperature, see Equation 1). The mechanism by which
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texture affects mechanical properties is discussed in the next section, “2.2.5.1 Texture

Considerations”.
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Figure 20: (a) Yield strength profiles of friction stir welded AA6013-T4, compared to hardness
profile from an equivalent friction stir weld; (b) Longitudinal, L, and transverse, LT, direction
residual stress profile for FS welded AA6013-T4 (Lemmen et al. [58])

2.2.5.1 Texture Considerations

The phenomenon of texture-induced grain convergence is particularly relevant in the context of
FSW, especially when examining polycrystal structures like the aluminum alloys discussed in this
dissertation. Zhang et al. [59] describe that during severe plastic deformation, extensive grain
fragmentation occurs, breaking down the original grain structure into smaller, more fragmented
grains, often associated with the formation of a complex profile of crystallographic textures across
the weld region. This process occurs before the recrystallization in FSW, where severe plastic
deformation in the material leads to grain fragmentation, breaking the initial grains into smaller

grains.
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Dynamic recrystallization involves the formation and growth of new, less-defective grains within
a deforming material. In the context of FSW, the severe plastic deformation and resulting grain
fragmentation can stimulate dynamic recrystallization. Essentially, grain fragmentation provides
the "raw material" (small grains) that can then recrystallize to form the new grain structure in the
weld. However, this process can also lead to grain coarsening as neighboring grains may align to
the same ideal orientation, effectively merging into a single grain. This process is referred to as

"texture-induced grain convergence" or "texture-induced grain coarsening" (Zhang et al. [59]).

As a material undergoes deformation, the grains within it can change their orientation to match
that of their neighbors. When neighboring grains achieve the same orientation, they can merge or
"coalesce" into a larger grain. This results in an increase in the average grain size within the
material, a phenomenon known as grain coarsening. Importantly, while grains do not necessarily
need to physically merge into one larger grain, they align in such a way that they share the same
crystallographic orientation, making them behave as if they were a single, larger grain. This effect
significantly impacts the mechanical properties of the material, making understanding and

controlling texture-induced grain convergence crucial for optimizing these properties.

During FSW, severe plastic deformation leads to changes in the grain structure of the material. As
the grains reorient to match their neighbors, they can act as larger grains due to their aligned
texture. This grain coarsening can affect the mechanical properties of the welded joint, such as
yield strength. Xie et al. [60] found that in friction stir processing (a similar process on non-jointed
structures) of an aluminum alloy, texture-induced grain convergence causes neighboring grains to
converge under strong texture, which limits the extent of grain refinement. They also found that
the texture is negatively correlated to the amount of high-angle grain boundaries or misoriented

grains, which is also discussed in section “3.2.3 EBSD”.

In the context of FSW, if the texture-induced grain convergence process leads to large regions of
similar texture (i.e., many small grains aligning in the same direction), it could result in a situation
where the material behaves as if it had larger grains. The strength of a material with small grains
can be attributed to the randomness or disorientation of the grains. This effect on strength is known
as grain boundary strengthening or the Hall-Petch effect, which states that the yield strength of a
material increases as the grain size decreases. In a material with small but randomly oriented

grains, the grain boundaries act as barriers to dislocation movement, which is a primary mechanism
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of deformation in crystalline materials. The more grain boundaries there are (i.e., the smaller the
grains), the more barriers there are to dislocation movement, and thus, the stronger the material
becomes Armstrong et al. [61]). However, if the grains are extremely small but all aligned, the
grain boundaries may no longer act as effective barriers to dislocation movement. This inefficient
barrier is due to the dislocation's ability to move along the common crystallographic direction
shared by the aligned grains. As a result, the material may exhibit lower yield strength compared

to a material with the same small grains but more randomly oriented.

This leads to an interesting dynamic where, if the speed ratio is kept constant, the grain sizes, as
mentioned in section “2.2.4 FSW Microstructures”, remain consistent. By increasing the welding
speed, the temperature increases (refer to Equation 1), but the grains are not being refined any
smaller. Instead, it is observed that either increasing or decreasing welding speed parameters, even
though it affects temperature, does not necessarily refine the grain size further. Hence, it’s worth
considering the alignment or randomness of the grains, which is influenced by welding parameters,
determines many of these mechanical properties, particularly the yield strength and how that may

impact the residual stress profiles.

In support of the statement of how texture effects the yield strength, Woo et al. [62] friction stir
processing (FSP) a magnesium alloy, considered two cases; Case 1 refers to the FSP plate that was
processed using both the stirring pin and tool shoulder, which induced both heating and
deformation during FSP. In this case, the severe plastic deformation caused significant texture
changes, resulting in a localized softening effect in the DXZ. Case 2 refers to the FSP plate that
was processed under the same conditions as Case 1 but using a special tool without the stirring
pin. This setup minimized the plastic deformation, isolating the thermal effects. Woo et al. [62]
found a sharp decrease in residual stress in Case 1's stir zone and attributed it to the severe plastic
deformation from the tool pin, which caused significant changes in the material's texture. This
localized texture change led to a reduction in yield strength (softening effect), thereby decreasing
the residual stress. This phenomenon was not observed in Case 2 because the tool without the
stirring pin did not cause the same level of plastic deformation, resulting in a different residual
stress profile without a sharp decrease. However, Woo et al. [62] did not attribute the described
outcome specifically to texture-induced grain coarsening, instead to the increase in Schmid factor

(Schmid et al. [63]).
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The Schmid factor (m, see Equation 2) is a measure used to describe the ease with which a
particular slip system in a crystal structure can be activated under applied stress. It is an important
parameter in understanding and predicting the onset of plastic deformation in crystalline materials.

The Schmid factor is defined as:

m = cos ¢ cosi Equation 2

Where ¢ is the angle between the applied stress direction and the slip direction, and 4 is the angle
between the applied stress direction and the normal to the slip plane. In Equation 3, the Schmid

factor determines the resolved shear stress (7) on a slip system for a given applied stress (o):

T=0m Equation 3

A high Schmid factor means that a lower applied stress is required to activate the slip system,
facilitating plastic deformation. Conversely, a low Schmid factor means that higher stress is needed
to cause slip. Aluminum, like many face-centered cubic (FCC) metals, has multiple slip systems
due to its high symmetry. The primary slip system in FCC metals, including aluminum, is the

{111} plane in the <110> direction (see Figure 21).
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Figure 21: (a) Predominant slip systems in cubic lattices; (b) Derivation of Schmid factor for a
single slip system (Schmid et al. [63]; Ennis et al. [64])

The consideration of the Schmid factor is essential in aluminum for the following reasons:
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e Predicting Yield Strength: By understanding which slip systems have the highest Schmid
factors, one can predict the yield strength of aluminum under different loading conditions.

e Texture and Anisotropy: The distribution of Schmid factors among different grains in
polycrystalline aluminum affects the material's texture and anisotropic mechanical
properties. For instance, during processes like rolling, certain crystallographic orientations
become more prevalent, influencing the overall deformation behavior.

e Deformation Mechanisms: The ease of activation of various slip systems, as indicated by
the Schmid factor, helps in understanding the mechanisms of plastic deformation in

aluminum, especially under complex loading conditions.

Ultimately, the Schmid factor may be a significant factor in explaining yield strength reduction
during texture-induced grain convergence in aluminum. In aluminum, during processes such as
rolling, extrusion, or friction stir welding, certain crystallographic orientations become more
prevalent, leading to a preferred texture. This means that the grains are oriented in a way that
specific slip systems are more aligned with the direction of applied stress. The Schmid factor
determines the ease with which these slip systems can be activated. If the texture alignment
increases the Schmid factor for the primary slip systems, the material will deform more easily in
the direction of applied stress. Conversely, if the texture alignment decreases the Schmid factor,

higher stress will be required for deformation.

When grains converge in a texture that increases the Schmid factor for the dominant slip systems,
the resolved shear stress on these slip systems increases for a given applied stress. This makes it
easier for the material to deform, effectively lowering the yield strength plastically. In other words,
the material yields (begins to plastically deform) at a lower applied stress because the slip systems
are more favorably oriented. For example, in rolled aluminum sheets, the rolling process can
produce a texture where the {111} planes and <110> directions (the primary slip systems for FCC
metals; see Figure 21) are aligned with the rolling direction. This alignment increases the Schmid
factor for these slip systems, leading to easier activation under applied stress. Similarly, in FSW
aluminum, the severe plastic deformation and thermal cycles can create a texture that enhances the

Schmid factor for certain slip systems, thus reducing the yield strength due to easier slip activation.

Thus, understanding texture-induced grain coarsening is an important consideration for this

dissertation. This alignment and/or randomness affects residual stress indirectly by first
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influencing yield strength, which then limits the maximum residual stress. However, as mentioned,
this only affects the maximum residual stress; the generation of residual stress is driven by other
mechanisms like temperature gradients and the resulting misfits, as discussed in section “2.3
Residual Stress in Friction-Stir-Welding”. Therefore, understanding the effects of texture during
FSW for varying welding parameters is important for optimizing the mechanical properties of the
weld and minimizing detrimental residual stresses, as discussed in the section “4.1.5 Texture

Measurements of Single Welded Plates”.

2.2.5.2 Strain Rate Sensitivity Considerations

Strain rate sensitivity is a significant factor in the context of FSW for polycrystalline structures
like 6061 aluminum alloys. Strain rate sensitivity refers to the change in a material's flow stress
(the stress required for continuous plastic deformation) with varying strain rates. Materials with
high strain rate sensitivity exhibit significant increases in flow stress as the strain rate increases.
This characteristic is particularly relevant for 6061 Aluminum T6 at the high temperatures

encountered during FSW.

During FSW, the material undergoes severe plastic deformation as the rotating tool plunges into
the workpiece and traverses along the joint line. This process generates significant heat due to
friction and plastic deformation, raising the temperature of the material around the tool. As the
traverse speed and rotational speed increase, competing mechanisms affect the thermal and
deformation characteristics. The increased rotational speed generates more heat through friction
and large deformations, while the faster traverse speed reduces the exposure time to elevated
temperatures. Consequently, the overall temperature increases, but the width or breadth of the

temperature distribution decreases.

The decrease in temperature distribution width is important because it limits the area affected by
high temperatures, leading to a more localized heating effect. This localized heating influences the
dynamic recrystallization process within the dynamically recrystallized zone (DXZ). Dynamic
recrystallization, where new grains form and grow during deformation, is significantly affected by
the strain rate sensitivity of the material. Higher strain rates can lead to more pronounced grain
fragmentation (where grains break into smaller pieces) and distinct reorientation patterns
compared to lower strain rates. These changes impact the crystallographic texture or preferred

orientation of grains.
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At elevated temperatures, aluminum alloys undergo two main softening mechanisms: dynamic
recovery and dynamic recrystallization. Dynamic recovery involves the rearrangement of crystal
defects, reducing dislocation density and softening the metal. Dynamic recrystallization, on the
other hand, begins when the material reaches its limit for storing immobile dislocations as a result
of strain hardening and recovery. It involves the formation and growth of new grains, significantly
affecting the microstructure and mechanical properties of the material. Dynamic recrystallization
is particularly influential in modifying the crystallographic texture, which affects material
anisotropy. Aluminum, due to its high stacking-fault energy, typically exhibits dynamic recovery,
causing the flow stress to reach a steady state after initial hardening. However, under conditions
where dynamic recrystallization occurs, such as during high-temperature deformation, the

material's texture and mechanical properties can change significantly (Salvado et al. [65]).

An important aspect to consider in this context is the sticking and sliding mechanism. When the
material sticks to the tool, it undergoes severe plastic deformation, resulting in higher strain rates
in these regions. Higher strain rates in the sticking region lead to greater resistance to deformation
(higher flow stress) and influence the texture by activating different slip systems. Conversely, in
regions where the material slides over the tool without significant sticking, the strain rate is lower,

leading to less resistance and potentially different texture patterns.

The transition between sticking and sliding is influenced by temperature, with higher temperatures
promoting more sliding and less sticking. This introduces competing mechanisms: in sticking
regions, the high strain rate at higher speeds increases flow stress and modifies texture. In sliding
regions, which become more prominent at higher speeds, the texture may remain similar to that
observed at lower speeds due to lower strain rates. At higher strain rates, certain slip systems that
typically remain inactive may become more active, leading to distinct texture variations as speeds

Increase.

In all cases, it is expected that FSW will result in the formation of a strong texture, where many
grains are aligned in a specific orientation, affecting the mechanical properties of the weld.
Texture-induced grain convergence, where grains with similar orientations coalesce or align,
effectively behaving as larger grains, can be significantly affected by strain rate sensitivity. The
alignment of grains in a specific orientation can impact the yield strength and other mechanical

properties of the weld. Higher strain rates can lead to textures that either enhance or reduce yield
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strength, depending on the specific orientation of the grains and the direction of the external

loading.

Understanding the strain rate during FSW is important for recognizing the effects of welding
parameters such as tool rotation speed and traverse speed. Strain rate sensitivity plays a key role
in the creation of texture during FSW of 6061 aluminum T6. The high-temperature deformation
inherent in FSW leads to varying strain rates, which significantly affect dynamic recrystallization,

grain fragmentation, and texture development.

2.2.5.3 Precipitation Considerations

In the context of FSW of aluminum alloy 6061, both texture-induced grain coarsening and
precipitation strengthening can play a role in determining the yield strength of the weld. However,
these two mechanisms operate in different ways and are influenced by different factors. According
to the study by Hakem et al. [66], investigations have shown that the heat-affected zone (HAZ)
experiences dissolution, over-aging, and coalescence of precipitates, leading to a decrease in
hardness and strength. In addition to the HAZ, the microstructural zones within the weld, such as
the dynamically recrystallized zone (DXZ) and the thermomechanically affected zone (TMAZ),
also show variations in precipitation behavior. The study indicates that the DXZ often contains
fewer precipitates due to the high temperatures during welding, which can dissolve existing

precipitates.

Initial studies by Liu et al. [67] revealed that in the base metal of FS-welded 6061-T6 aluminum
alloy, precipitates were homogeneously distributed. However, after FSW, the DXZ exhibited far
fewer precipitates, and those that were present were larger compared to those in the base metal.
Liu et al. [67] also noted that the process involved a continuous increase in misorientation within
the grains, which is different from classical recrystallization involving nucleation and growth of
new grains. This aspect of texture is important in understanding the material's mechanical

properties post-welding.

Sato et al. [68] used transmission electron microscopy to examine the microstructural evolution of
Al 6063-T5 during FSW. They found that the DXZ lacked any precipitates, indicating that all the
strengthening precipitates dissolved in the aluminum matrix during FSW. This dissolution

contributes to the understanding that the DXZ, characterized by fine-grained microstructures, may
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rely less on precipitation strengthening and more on grain boundary strengthening. Therefore,
changes in the yield stress from one weld parameter to the next must be due to these grain
boundaries. However, if the grain sizes are maintained at a constant speed ratio, then other
mechanisms must be considered. This suggests that other factors, such as texture-induced grain

coarsening, might have a more significant impact on the mechanical properties of the weld.

2.2.6 Section Summary

The exploration of FSW in the above literature section highlights several important aspects
influencing the mechanical properties and residual stress profiles of aluminum alloys. Fusion
welding presents numerous challenges for aluminum, including issues with melting points, oxide
formation, and hydrogen solubility, making solid-state processes like FSW a preferable alternative.
FSW avoids the complications associated with melting, significantly reduces the risk of porosity,
and provides robust joints through mechanical stirring and plastic deformation. A review of the
operating principles of FSW, including the plunging, traversing, and tool withdrawal stages,
underscores the importance of understanding heat generation and its non-uniform distribution
around the tool (i.e., advancing vs. retreating sides). The discussion extends to the advantages of
using Smoothed Particle Hydrodynamics (SPH) simulations over traditional Finite Element
Method (FEM) simulations, particularly in accurately predicting temperature distributions,
understanding material flow, and handling large deformations inherent in the FSW process. Key
welding parameters such as rotational speed, traverse speed, and axial force were reviewed,
illustrating their complex interactions and impacts on weld quality. Increased welding speeds while
maintaining weld quality is required to meet industrial demands. Keeping certain variables
constant, such as the speed ratio and axial force, is important to understand the effects of varying
speed parameters on many properties measured throughout this dissertation. The review of
microstructural changes in FSW highlighted the formation of distinct zones within the weld, with
dynamic recrystallization being important for grain refinement. However, the phenomenon of
texture-induced grain convergence, where grains align and behave as larger grains, can affect yield
strength and, consequently, the residual stress profile. This review identifies gaps in understanding
how texture-induced grain convergence influences yield strength and residual stress, particularly

in the context of FSW.
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Few studies have addressed the effects of texture on yield strength and its impact on residual stress
in FSW aluminum alloys; specifically, the consideration of texture coarsening in FSW is only
available in a few literature sources (Mironov et al. [69]; Xie et al. [70]). Therefore, this
dissertation aims to help fill this gap by analyzing the microstructure, texture, temperature, and
stress evolution using applicable industrial speed parameters on lab-generated samples (refer to

Chapter 4).

2.3 Residual Stress in Friction-Stir-Welding

This section reviews the fundamentals of residual stress generation from a general welding
standpoint in section “2.3.1 Residual Stress” before introducing the residual stress explicitly
generated during FSW. From a broad welding perspective, a better correlation is made between
the residual stress distributions and the welding parameters of FSW. Lastly, the relationship

between residual stress and distortion is discussed.

2.3.1 Residual Stress

Residual stresses remain in a stationary part that is in equilibrium with its surroundings after the
initial cause of the stress is removed (Withers et al. [71]). Most typically, residual stresses are
caused by sharp thermal gradients, an elastic mismatch between different phases within the
material, or non-uniform plastic deformation (see Figure 23). These factors cause residual stress
because, in multiphase materials, there can be differences in thermal expansivity, yield stress, or
stiffness (Withers et al. [72]). It is important to consider that stress is caused by elastic strain; this
is independent of plastic deformation. However, non-uniform plastic deformation can put applied
stress on elastic material, consequently creating residual stress by elastic strain. If the material is
entirely and uniformly plastically deformed, there can be no measurement of residual stress. In
practice, plastically deformed materials always contain elastic components that are measurable as
elastic strain and, therefore, residual stress. For example, the generated heat during welding
expands the local material. This expansion is either taken up by the molten and/or softened material
or by the placement of welded parts. Residual stresses then arise due to the differential thermal
expansion and contraction of some areas compared to others, leaving some expanded material,
constantly imparting a force on other elastic material, producing compressive residual stress. In

other cases, the material is contracted, pulling on adjacent materials, resulting in tensile residual
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stress. Consequently, residual stresses are self-equilibrating; if some component material is in
tension, then elsewhere in the component, there must be material in compression so as to have a
zero net internal force. In Figure 22, self-equilibrating residual stress is depicted for a
polycrystalline specimen, such as an aluminum alloy. The various colors represent different grain
orientations within the magnified portion of the specimen. Internal residual stresses correspond to
the characteristic length at which they self-equilibrate. Macro-stress or Type 1 stress (oi) is the
average stress across a large area, encompassing multiple grains. Second-order or Type 2 stresses
(on) occur within individual grains or groups of grains in a polycrystalline material. These stresses
arise from differences in the behavior of grains that share similar crystallographic orientations but
experience different local environments, such as variations in grain boundary constraints or
neighboring grain interactions. Third-order or Type 3 stresses (o), on the other hand, are even
more localized and occur at the scale of the microstructure within a single grain, such as dislocation
structures, precipitates, or other micro-defects. These stresses represent the fine-scale variations
from the average stress within a grain family, reflecting the influence of very localized
microstructural features (Daniel et al. [73]). In Figure 22, compression regions are followed by a
shift to tension and vice versa, as shown in the stress vs length plot across the specimen.
Additionally, Figure 22 illustrates a crucial aspect: the impact of grain orientation and size on Type
2 and 3 stresses. This effect is particularly significant when calculating residual stress, as it affects
the ‘stress-free’ references, a key component in these calculations. Further discussion on ‘Stress-

Free Material’ can be found in section ‘“2.4.3.4 Stress-Free Material”.

Figure 22: Schematic view of internal stresses in a polycrystalline specimen (Daniel et al. [73])
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Figure 23b demonstrates the stress transitions using a welding example, where the weldment
separates in tension, and the heat-affected material compresses, as illustrated by the directional
arrows. The thermally and mechanically induced residual stresses in welding are Type 1 macro-
stresses, which vary continuously over long distances (see Figure 23b). Type 1 macroscopic
residual stress is vital for assessing the lifespan of metallic components because they balance
external forces or self-equilibrate throughout the specimen (Withers et al. [71]). These stresses are
significant because they affect the entire component, influencing its load-bearing capacity and
creating or amplifying stress concentrations. Managing Type 1 stress is crucial to ensure that the
component can withstand operational loads without premature failure. They are also essential for
maintaining the structural integrity of the component, as any imbalance can lead to large-scale
deformation or failure. Consequently, industrial studies often prioritize Type 1 stresses, as they
can significantly reduce a component's performance. Moreover, in plastically deformable
materials, uncontrolled residual stress hastens plastic deformation, leading to distortion and,
eventually, cracking. Now, it is ideal to consider how residual stresses develop and differ between
fusion welding and friction stir welding. Fusion welding involves melting the base material to
create a weld pool. As the material cools and solidifies, it forms a cast structure. The primary
mechanism for residual stress generation in fusion welding is thermal contraction during cooling.
As the molten material cools, it contracts, and the surrounding cooler material constrains this
contraction, leading to the development of tensile residual stresses in the weld zone and
compressive stresses in the adjacent regions. The temperature gradient in fusion welding is steep,
with the highest temperatures at the center of the weld pool and decreasing outward. Consequently,
the residual stress profile typically peaks at the center of the weld, where the material was molten,
due to the maximum thermal contraction occurring in this region. The residual stress is largely
influenced by the thermal cycle, with less impact from the texture of the material since the
solidification process results in a relatively random grain orientation similar to casting (see Figure

23c¢).
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Figure 23: (a) Origins of macro and micro residual stresses; (b) Fusion welding residual stress
profile; (c) “Cast-like” structure of fusion welds (Withers et al. [71]; Gordo et al. [74];
Sokkalingam et al. [75])

In contrast, FSW is a solid-state welding process that does not melt the material. Instead, a rotating
tool generates heat through friction and mechanically mixes the plasticized material. The material
undergoes severe plastic deformation and dynamic recrystallization, creating a fine-grained
microstructure. The heat generated by friction and plastic deformation causes thermal expansion
of the material around the tool. As the tool moves, the material behind it cools and contracts.
Unlike fusion welding, FSW involves significant mechanical deformation, which contributes to
the residual stress distribution. The residual stress profile in FSW is often characterized by an "M-
shape," with lower residual stress in the center of the weld and higher stresses on the advancing
and retreating sides (further discussed in section “2.3.2 Evolution of Residual Stresses in FSW”).
This is due to the solid-state nature of the process, where plastic deformation and texture play
significant roles. The central region undergoes more uniform deformation and thermal cycling,

reducing residual stress. Texture has a considerable impact on FSW, as the alignment of grains
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due to mechanical stirring can affect how residual stresses develop and distribute across the weld.
The fundamental differences between fusion welding and FSW—melting versus solid-state
processing and minimal versus significant mechanical deformation—Iead to distinct residual stress
profiles. Fusion welding results in maximum residual stress at the weld center due to thermal
contraction, while FSW produces an "M-shaped" stress profile with lower stress at the center and

higher stresses on the sides, influenced by plastic deformation and texture.

In either case, more and more attention is given to residual stress generation during manufacturing
in component design, as if managed correctly, lighter and more robust components can be
achieved. All materials have a usable stress limit; when that stress limit is exceeded, the component
will distort and eventually crack or break. If the manufacturing process generates tensile residual
stress in the component, that residual stress reduces the usable stress limit of the component. In
many cases, more material must be added to the component to strengthen it due to the usable stress
lost from tensile residual stress generation during manufacturing. If the residual stress is
eliminated, the component no longer requires the extra material, and it can be eliminated, leading

to a lighter component.

However, residual stress is not strictly a disadvantage; depending on its condition, residual stresses
can be advantageous. For example, cracking caused by fatigue will self-arrest in compressive
residual stress fields but propagate in tensile residual stress fields (Woodtli et al. [76]). The shot
peening process capitalizes on this fact by producing near-surface compressive residual stress in
manufactured parts such as turbine blades, crankshafts, and connecting rods to prevent the
initiation and propagation of fatigue cracks. As a result, residual stress can be either harmful or
advantageous based on its nature and the operational conditions. Accordingly, residual stress can
be considered a design element in mechanical engineering and is incredibly important to consider
in welded structures. Thus, it is helpful to understand their development in friction stir welds, as

discussed in the next section, “2.3.2 Evolution of Residual Stresses in FSW”.

2.3.2 Evolution of Residual Stresses in FSW

FSW joins materials via heat generated by a rotating tool that is plunged into the workpiece and
then advanced along the weld joint, thereby mechanically mixing and forging plasticized material

together (El-Sayed et al. [38]). However, the intense thermal gradient created by the rotating tool
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generates residual stresses due to the uneven distribution of thermal input and plastic deformation
across the weld. A study by Richards et al. [7] describes how residual stresses in FSW arise from
plastic misfit strains. Plastic misfit strains occur when different parts of a material undergo varying
amounts of plastic deformation, leading to mismatches in their shapes or sizes. In the context of
FSW, as the tool moves through the material, it heats and plastically deforms the metal around it.
However, not all parts of the material deform uniformly—some areas may deform more than others
due to differences in temperature, pressure, and material properties. These differences create
misfits or mismatches between the deformed regions and the surrounding material. When the
material cools and tries to return to its original shape, these misfits cause residual stresses because
the deformed regions are constrained by the less deformed or undeformed areas. In simple terms,
plastic misfit strains are the strains that result from uneven plastic deformation, leading to residual
stresses as the material tries to adjust to these mismatches. This process is simulated by Richards
et al. [7] as follows: the FSW tool approaches the material heating it and expanding the material.
However, the material behind and on either side of the hot material is cold; thus, the expanding
hot material is constrained, generating compressive stress in the material (see Figure 24 - line 2).
This compressive stress increases as the tool approaches and eventually exceeds the local
compressive yield strength, leading to compressive plastic deformation and a reduction in the
measured compressive stress (see Figure 24 - line 3). After the tool continues to advance, the
material behind the tool will cool down as the heat source (rotating tool) moves further away. The
heated material now cools and contracts; however, the material behind and on either side of the
material is much colder (see Figure 25 - contracting case). Because the neighboring cold material

restricts this contraction, tensile residual stress will start to generate (see Figure 24 - line 4).
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For high-strength aluminum alloys, the tensile yield stress decreases rapidly with increasing
temperature. Consequently, as the material directly behind the tool is at high temperatures, the
local tensile yield stress is low. This low yield stress limits the generation of residual stress, as the
magnitude of residual stress is determined by the material's elastic strain limit (i.e., before yielding)
(see Figure 24 - line 4). The yield stress will continue to increase as the tool traverses further away
from the material, reducing the temperature, therefore allowing the tensile residual stress to
continue and generate (through a further contraction) the material's elasticity until the yield stress
reaches its maximum at room temperature (Figure 24 - line 5). However, many important events
occur between line 4 and line 5 in Figure 26, which help explain the ”M” shaped final profile.
Price et al. [77] effectively explain the temperature-dependent yield strength through a schematic

(see Figure 26).
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Figure 26: Schematic representation of (a) Temperature variation; (b) Yield stress variation; (c)
Residual stress variation; (d) Stress interaction at time To; (e) Stress interaction at time T1; (f)
Resultant residual stress field at different locations behind FSW (Price et al. [77])

This schematic describes that the yield strength of a material is dependent on temperature, which
significantly impacts the formation of residual stresses during the welding process. As the FSW

tool moves along the weld line, it creates a marked variation in temperature across the weld, which
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becomes shallower over time as the tool's distance increases. This variation is schematically

represented in Figure 26a by the curves To, T1, and To.

Price et al. [77] note that this temperature variation leads to a corresponding variation in the yield
stress across the weld (Figure 26b). As the weld cools, a tensile residual stress peak develops across
the weld, increasing in magnitude. At the initial temperature To, the tensile residual stress in the
weld zone is too low to exceed the yield stress profile (Figure 26d). However, as the temperature
drops to Ti, the tensile stress peak surpasses the yield stress curve. This overlap causes stress
relaxation through plastic straining of the hot material (Figure 26¢). This plastic yielding imprints
the shape of the yield stress curve onto the residual stress curve, producing a small trough. The
final shape of the residual stress curve is determined by the position where the curves overlap the
most (Figure 26f) (Price et al. [77]). However, there is some contention with the final T3 yield
stress line, depicted by the red dotted line in Figure 26f, returning to near pre-weld yield strength.
As mentioned in section “2.2.5 Mechanical Properties of DXZ, TMAZ, and HAZ”, referring to
Figure 20, the final yield stress across the weld may not return to near constant yield strength for
6xxx series aluminum but retain the yield strength variations across the weld. Still, if the residual
stress matches the yield strength of the material, it signifies that the material is at its elastic limit.
Any additional stress applied to the material would instigate plastic deformation. However, it’s
crucial to note that the distribution of residual stress in a friction stir welded structure is not
uniform. Moreover, some researchers (Li et al. [78]; Liu et al. [79]) have found that the ratio
between the maximum tensile residual stress and the base material yield strength is approximately
60 to 70% for welded joints under normal friction stir welding conditions. Even in the event that
the residual stress does match the yield strength, the structure could still potentially handle an
operational load without plastically deforming. This is because the operational load is typically
distributed over a large area and across multiple directions, and not all parts or directions of the
structure are subjected to the maximum residual stress. In fact, considering other directions is an
important aspect. The transverse and normal directions usually exhibit much lower residual stress.
This non-uniformity and the multi-directional nature of stress distribution can contribute to the
structure’s ability to withstand operational loads without deforming. However, areas with high
residual stress would be more susceptible to plastic deformation and failure, especially under high
operational loads. For instance, the peak value of the residual stress is often located in the

thermomechanically affected zone. This zone is prone to fracture due to its relatively poor
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mechanical properties. This is an important fact that promoted the multi-directional analysis of
residual stress in all three stress directions (longitudinal, transverse, and normal) for this

dissertation.

2.3.3 Distortion in FSW

As discussed in previous sections, residual stress can interact with operational stress. This
interaction can reduce the total stress that the structure can withstand during operation. If the
combined stress exceeds the yield strength of the material, it may cause deformation. This
deformation could ultimately lead to the failure of the structure. However, when residual stress
alone reaches this threshold, particularly in the context of welding, it is released through plastic or
elastic deformation in the affected area, leading to what is termed distortion. In the weld zone, both
tensile and compressive residual stress, resulting from nonuniform heating and subsequent cooling,

can cause various types of distortion, as illustrated in Figure 27 (Masubuchi et al. [80]).
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Figure 27: Common modes of distortion that occur during welding (Masubuchi et al. [80]; Van
der Aa et al. [81]; Williams et al. [82])

These distortions include angular distortions, which are primarily due to tensile residual stress, and
bending distortions, which are also primarily due to tensile residual stress. There’s also buckling
distortion, which is primarily due to compressive residual stress. Additionally, the distortions
encompass transverse and longitudinal shrinkage as well as rotational distortion (Masubuchi et al.
[80]). As Williams et al. [82] remark, the applied weld load refers to the load generated by the

residual stresses induced during the welding process. These residual stresses, particularly the
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compressive residual stresses in the outer regions of the welded plates, create a force or load on
the structure. This load can cause various forms of distortion, including buckling if it exceeds the
critical buckling load of the plates. The magnitude of this critical load is influenced by the stiffness
and geometry of the plates, with thinner and narrower plates having a lower threshold for buckling.
The specific buckling mode determines the final distortion's level and shape, which can often
resemble bending distortion, making it easy to confuse the two. However, the origins and
management strategies for buckling and bending distortions differ. Buckling direction can be
highly unpredictable, influenced by variables such as the orientation of pre-existing residual
stresses or the clamping configuration used during the welding process (Williams et al. [82]).
Nevertheless, for friction stir welds, the resulting distortion is generally accepted to be mostly a
combination of angular and a mixture of buckling or bending (El-Moayed et al. [83]; Wen et al.

[84]; Altenkirch et al. [85]) resulting in the typical distortion shape seen in Figure 28.
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Figure 28: Typical distortion shape of friction stir welds (El-Moayed et al. [83])

According to the research conducted by Masubuchi et al. [80], the extent of distortion is influenced
by both the dimensions of the plate and the weld. Masubuchi et al. [80] noted that materials with
less thickness tend to display less significant thermal disparities and subsequent plastic misfit,
which in turn minimizes deformation. On the other hand, materials of greater thickness have the
capacity to resist the residual stress that is responsible for causing distortion. Yu et al. [86],
studying welding-induced buckling due to non-uniform stress fields during FSW, noted that the
buckling load increases for the structure with a larger thickness. Van der Aa et al. [81] support this
statement, stating thicker welds are generally less prone to buckling and tend to deform through
bending and angular distortions. In contrast, thinner welds are more susceptible to buckling.

Hence, the distortion is significantly affected by material support. Another notable aspect of
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material support is the degree of clamping during welding and subsequent cooling, as shown in

Figure 29.
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Figure 29: Relationship between the degree of clamping and the level of distortion as well as the
effect on residual stresses (Van der Aa et al. [81]; Porzner et al. [87])

Welding with minimal clamping can cause significant deformation but low residual stress, while
rigid clamping results in high residual stress but less deformation (Porzner et al. [87]). However,
specific clamping configurations are beyond the scope of this dissertation. This dissertation
investigates the distortion of full industrial components (e.g., battery trays) and welded plates using
practical stress engineering techniques. The goal of stress engineering is to control and reduce
residual stress, which is closely related to distortion in weldments. Successful application of these
techniques should mitigate component distortion. The dissertation considers several methods of
managing residual stress and distortion, referred to as "straightening" operations. These include
the burnishing and coining operations discussed along with other methods for controlling
distortion in the section “2.3.4 Minimizing Residual Stress and Controlling Distortion in FSW”,
with the results presented in Chapter 3. Chapter 4 delves into more fundamental considerations,
such as how varying welding speeds affect distortion and how multiple welds and their proximity

may affect residual stress and, consequently, distortion.

2.3.4 Minimizing Residual Stress and Controlling Distortion in FSW

The formation of residual stress is an inherent aspect of material processing, but with appropriate
control of process input parameters, their impact can be minimized up to a certain limit. Beyond
this limit, secondary thermal or mechanical loads are required to reduce residual stress further.
This section will review a few essential techniques that researchers and industry utilize to mitigate

the effects of residual stress.
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2.3.4.1 Thermal Tensioning

In FSW, residual stresses and distortions can be mitigated using a technique called thermal
tensioning, which includes both heating and cooling methods. The heating approach involves
applying a heat source, such as a laser or resistive heating blankets, to the weld zone before or
during welding to locally increase the material's temperature. This localized heating reduces the
yield strength of the material, making it more ductile and easier to deform without causing large
residual stresses. By promoting more uniform deformation, this method helps minimize residual
stresses and distortions (El-Moayed et al. [83]). On the other hand, cooling methods have been
reported to significantly reduce residual stress during FSW. These methods typically involve
directing a cooling source, such as liquid CO2, water, or a mixture of compressed air and water,
towards the tool during the FSW process. Studies by Staron et al. [88], Richards et al. [6], and Han
et al. [89] have all reported significant reductions in residual stress due to this in-situ cooling (see

Figure 30).
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Figure 30: Residual stresses across AA 2024 T351 butt weld with and without CO; cooling
(Staron et al. [88])

Thermal tensioning's efficacy in reducing residual stress stems from the cooling source's role as a
heat sink, which diminishes the temperature gradient within the welded material. A large
temperature gradient causes different sections of the material to expand and contract at non-
uniform rates during heating and cooling, resulting in internal thermal stresses. By reducing these
temperature gradients, thermal tensioning lessens the thermal stresses that arise during FSW,
which is a key factor in generating residual stress. Notably, this reduction in residual stress occurs

in the longitudinal direction surrounding the weld centerline (see Figure 30). This direction is
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particularly significant as it is parallel to the weld and experiences the most substantial temperature
changes and material flow during the FSW process. Various factors influence the effectiveness of
thermal tensioning, including the size, power, and positioning of the cooling source (Richards et
al. [6]). Additionally, the distance between the cooling source and the weld centerline, as well as
the flow rate of the cooling medium, impact the extent to which residual stress is reduced.
Therefore, optimizing temperature control, not only for active cooling but also for pre-heating
surrounding areas in multi-welded components, could potentially improve residual stress

management in welds.

2.3.4.2 Mechanical Tensioning

Mechanical tensioning is a technique employed to reduce residual stress in FSW by applying
mechanical force to the workpiece. Staron et al. [90] describe this technique, which involves
applying mechanical tensioning to aluminum sheets during the FSW process. The mechanical
force is applied using a tensioning device, stretching the sheets to 70% of the tensile yield strength
prior to welding. At this level, the material remains within its elastic range, meaning the tensioning
itself does not permanently deform it. When the sheets are stretched to 70% of their yield strength,
they undergo elastic deformation. The material returns to its original shape after the removal of
the applied force, but during the welding process, the material's behavior can be influenced by this
pre-applied stress. When the tension is released after welding, the material, which was elastically
deformed, generates compressive stresses as it attempts to return to its original state (Staron et al.
[90]). This generation of compressive stress occurs because the weld area, having been heated and
deformed plastically during the welding process, is now in a state of outward expansion. When the
tension applied during welding is released, the surrounding material, which was under elastic
deformation, contracts back to its original dimensions. This contraction pulls against the plastically
deformed weld area, creating compressive stresses. These compressive stresses counteract the
tensile residual stresses produced during the FSW process. Staron et al. [90] observed significant
changes in residual stress distribution. The sheets emerge from this modified welding process with
large compressive stresses in the longitudinal direction, which is the direction in which the
tensioning was applied during welding (see Figure 31). Similar findings have been reported by
other researchers, demonstrating the effectiveness of mechanical tensioning in reducing tensile

residual stress (Price et al. [77]; Altenkirch et al. [91]).
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Roller tensioning, a variation of mechanical tensioning, involves using rollers to apply force either

during (in situ roller-tension) or after (post-weld roller-tension) the FSW process. Altenkirch et al.

[92] investigated the effects of roller tensioning on residual stress distribution by employing both

in situ and post-weld roller tensioners. The results of both in situ and post-roller tensioning are

shown in Figure 32, where in situ rolling had little effect while post-weld rolling had significant

effects on the final residual stress distribution.
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Another variation to mechanical tensioning, the coining operation utilized in this dissertation (see
section “3.3.1.1 Post Weld Straightening”), is relatively specific to individual component
geometries (i.e., battery tray). This operation requires specialized die tooling analogous to a
coining press and a supportive structure below the component to deform the part and restore its
geometry to the design specification (see Figure 33). Hence, the coining operation is similar to the
post-weld global mechanical tensioning (PWGMT) method described by Altenkirch et al. [92].
PWGMT is a stress leveling technique requiring high tensioning loads that exceed the cold
weldment yield strength to elongate the weld material plastically, which deforms the component

to restore its geometry to the design specification.
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Figure 33: Schematic concept of the straightening coining operation (Park et al. [93])

PWGMT was specifically investigated by Price et al. [75], who referred to it as a “cold stretch”
after welding. The cold stretch utilizing an applied stress corresponding to 80% of the material's
yield strength was applied to panels 2024-T3 joined by FSW aluminum alloy. Price et al. [77]
found the approach effective at removing weld distortions, specifically buckling. The post-weld
cold stretch also had significant effects on residual stress (see Figure 34). The residual stress profile
of the cold-stretched weld showed a much flatter distribution compared to an untensioned weld
produced under identical conditions. The compressive stresses near the weld were reduced, falling
between 210 and 250 MPa, which is below the critical buckling load for the plate's geometry. This
flattening of the stress profile indicates a reduction in the residual compressive stresses that cause

buckling.
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The effects of mechanical tensioning on multi-welded components, which often experience
excessive distortion, are not well-defined. These components frequently undergo operations aimed
at reducing distortion by bending them back to pre-weld specifications, often without considering
the potential increase in residual stress. A significant part of this dissertation focuses on exploring
how far a component can be bent to achieve the desired dimensions without introducing additional
undesirable residual stresses. Furthermore, it examines whether the plastic deformation resulting
from such operations, if the applied stresses exceed the yield strength, could potentially release
residual stress. This discussion is elaborated in detail in the section “3.3 Analyzing Distortion and

Stress Effects in Response to Straightening the Battery Tray™.

2.3.4.3 Surface Treatment

Surface treatment is a common method for reducing residual stress in FSW. Among those
treatments that exist, burnishing is a surface treatment method that involves the use of a hard,
smooth tool to apply pressure and friction to the surface of a material. Burnishing is a technique
that employs a hard tool, such as a ball or roller, to press against a metal surface, compacting and
smoothing it. This method enhances the surface finish of the workpiece and can also increase its
microhardness. It’s a beneficial finishing process that doesn’t remove material from the
workpiece’s surface. The burnishing process introduces compressive residual stress due to the
effect of plastic deformation. When a burnishing tool is applied to a material’s surface with
sufficient force to cause plastic deformation, it smooths out the high points of the metal surface
into the low points. This action results in a uniform surface and introduces compressive residual
stress. The compressive residual stress induced by burnishing can enhance the fatigue life of the

treated part, delaying the onset of cracks on the surface (Basak et al. [94]; Kluz et al. [95]; Prevéy
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et al. [96]). In the case of FSW joints, burnishing can be used as an effective means of minimizing
residual stress generation (Kluz et al. [95]). It is known that due to the high heat and mechanical
deformation experienced by the material during the FSW process, tensile residual stresses are
introduced in and around the weld zone. To counteract this, burnishing introduces compressive
stresses into the surface layer of materials through plastic deformation caused by sliding contact
between a hard tool and material surfaces (see Figure 35). This process continuously indents the
weld surfaces, causing localized cold working and compressive residual stress formation beneath
these indentations. These indentations have been shown to significantly reduce both longitudinal
and transverse tensile residuals while increasing microhardness values compared with non-

burnished samples (Rodriguez et al. [97]).
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As a positive consequence, the weld's fatigue life increases, reducing the risk of premature failure
in welded structures. However, it is worth noting that burnishing is not a one-size-fits-all solution
for minimizing residual stress generation during FSW joints. The optimal burnishing parameters
will depend on material properties, joint geometry, tool design, and process conditions. Therefore,
it is important to carefully evaluate the effects of different burnishing parameters on residual stress
formation before implementing this technique into industrial applications. Other surface treatment

options include laser and shot peening, which utilizes high-energy laser and shot particles,
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respectively, to bombard the material's surface. Hatamleh et al. [100] found that, similarly to
burnishing, this process causes the surface to undergo plastic deformation, introducing

compressive stresses that counteract the tensile stresses generated during welding (see Figure 36).
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Figure 36: Residual stresses for the various peened AA 2195 joints FSW specimens (Hatamleh et
al. [100])

Although burnishing is widely used and frequently referenced in literature for friction stir welds,
precise documentation of its effects on both deformation and residual stress in multi-welded
components is sparse. This dissertation compares the burnishing operation with the coining
operation in reducing, eliminating, or mitigating distortion and residual stress. The study also
examines how these residual stresses redistribute in various directions. For a detailed explanation,

please refer to section “3.3.4 Residual Stress after Burnishing and Coining”.

2.3.5 Section Summary

FSW introduces a unique residual stress profile that differs from traditional fusion welding, largely
due to its solid-state nature and the mechanical stirring involved. As highlighted, FSW generally
results in an 'M-shaped' residual stress profile with localized peaks. This unique profile contributes
to reduced distortion and lower residual stresses compared to traditional welding methods because
mechanical stirring promotes more uniform thermal distribution and plastic deformation, reducing
the likelihood of high-stress concentrations. However, existing literature predominantly focuses
on single weld scenarios, leaving a knowledge gap in understanding residual stresses in industrial
components with multiple welds in proximity to each other. This dissertation helps to address this

gap by exploring the cumulative effects of multiple welds on residual stress and distortion,
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particularly in industrial components (in this case, a battery tray), as well as in simplified
geometries such as plates used for multi-welded analysis. Additionally, the dissertation
investigates the efficacy of post-weld treatments such as mechanical coining and burnishing in
modifying residual stresses and enhancing component geometry, specifically in the battery tray,
the multi-welded industrial component. Through a study of the interactions between residual
stresses and post-weld treatments, this research contributes to a deeper understanding of FSW,

supporting its broader application in manufacturing complex, high-integrity components.

From a more fundamental perspective, although still industrially connected, as manufacturing
sectors seek to weld at faster and faster speeds while maintaining manageable residual stress, there
are still aspects to understand. The dissertation conducts single-welded analysis at increasing
welding speeds with a constant speed ratio to examine the effects of texture on residual stress,
primarily through its influence on yield strength. Texture influences yield strength, which, in turn,
limits the total residual stress. Mechanisms that actually generate residual stress, such as high-
temperature gradients, are supported through Smoothed Particle Hydrodynamics (SPH)
simulations, given this dissertation's unprecedented view in combining residual stress, texture, and
temperature measurements. This dual approach highlights both industrial applications and

fundamental insights into residual stress mechanisms.

Thus, the subsequent sections of the literature review will elaborate on the principal methods for
measuring residual stress and texture. Supporting experiments, such as distortion measurement
with coordinate measuring machines, tensile testing, ultrasonic analysis, and PiP analysis, are

briefly introduced and reviewed before being utilized in their respective results sections.

2.4 Methods for Measuring Residual Stress in Friction-Stir-Welding

In this study, it is important to explore relevant techniques employed for residual stress
determination and address practical issues associated with its measurement to select the most
appropriate method. Residual stresses are more challenging to predict than the in-service stresses
they superimpose, necessitating reliable measurement methods and understanding the extent of
information they can offer. It is fundamental to recognize that stress arises from elastic strain,
which is independent of plastic deformation, as residual stress is no longer present when the

material undergoes complete and uniform plastic deformation. However, in real-world scenarios,
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plastic deformation is non-uniform, meaning that different regions of the material deform to
different extents. This non-uniform deformation occurs due to various factors such as differences
in temperature, material properties, or applied forces during processes like welding. As a result,
while some parts of the material may undergo significant plastic deformation, other parts may
remain largely elastic. Due to this non-uniformity, materials consistently contain elastic
components. These elastic components are areas of the material that have deformed but not to the
point of permanent plastic deformation. Instead, they have deformed elastically, meaning they can
return to their original shape when the applied stress is removed. These elastic regions contribute
to the overall residual stress within the material. Residual stresses arise because the material tries
to return to its original shape after the external forces are removed, but the presence of plastically
deformed areas prevents this, creating internal stresses. These residual stresses are measurable as
elastic strain, which is the deformation that remains in the material after the external forces are no
longer applied. Most methods for determining residual stresses are considered indirect because
they involve measuring a related property (such as strain or material deformation) and using that
information to infer the residual stress. Due to the inherent nature of residual stress as a “locked-
in” property, the direct measurement of residual stresses is not entirely possible; some methods

are just more direct than others.

2.4.1 Hole-Drilling Method

The hole-drilling method is a destructive technique for assessing residual stress in various
materials, including those used in FSW (Javadi et al. [101]; Ya et al. [102]; Dattoma et al. [103]).
When a small hole is drilled into a stressed body, the local stresses around the hole are relieved,
leading to stress redistribution in the nearby region. This occurs because the surface of the hole,
acting as a new free surface, nullifies both shear and normal stresses (Mathar et al. [104]). The
hole-drilling method measures specific strain components (perpendicular and shear), which are
then used to estimate the transverse and longitudinal residual stresses. This approach provides
useful information about the stress state in two directions but has limitations in fully capturing the
vertical stress component (Bandyopadhyay et al. [105]). Vertical stresses refer to the stress
components that act through the thickness of the material, perpendicular to the plane of the

material's surface. These stresses that the hole-drilling method can measure are generally
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accounted for by measuring the resulting strain changes on the surface of the test specimen using

a strain gauge rosette, which can have either three or six elements (refer to Figure 37).

=

@ (b)
Figure 37: 2 Schematic geometry of a typical three-element clockwise hole-drilling rosette; (a)
Rosette Layout; (b) Detail of a strain gage (ASTM E837 [106])

This setup allows for an indirect assessment of the stress components in different directions by
analyzing the strain responses at various orientations around the hole. Residual stress values can
be derived from these strain measurements through specific calculations and formulas that
incorporate experimental data and finite element analysis (TN-503 [107]). The hole-drilling
method is cost-effective and quick to execute. Despite its advantages, the hole-drilling method has
certain limitations. These include limited sensitivity to strain, potential errors and uncertainties
associated with hole dimensions (such as diameter, concentricity, profile, and depth), and issues
related to surface preparation, including roughness and flatness. Interpreting the data can also be
complex, and the technique is inherently destructive, permanently altering the tested component.
Incremental hole drilling, however, enhances the method's flexibility, enabling stress profile and
gradient measurements. A variant known as deep hole-drilling method has been developed
specifically for assessing residual stresses in thick-section materials. This involves creating a small
reference hole and then removing a column of material around it using a trepanning technique,
which refers to the process of cutting a circular groove around the hole to isolate a cylindrical core
of material. Changes in the dimensions of the reference hole and the material column after stress

relaxation provide the basis for calculating the residual stresses (Schajer et al. [108]).
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When it comes to measuring residual stresses in complex aluminum parts that have undergone
FSW, the hole-drilling method might not be the most effective approach. For example, the stress
fields in these parts are often non-uniform because of the extensive plastic deformation involved
in the welding process. Second, the method involves drilling into the material, which can cause
localized damage. This might not be a concern for a single measurement, but when multiple
locations need to be probed, the cumulative damage could affect the part’s integrity. Third, the
microstructure of the welded aluminum is typically complex, which could potentially compromise
the accuracy of the measurements. Lastly, the method requires surface access, which might not be
feasible for all areas of interest in complex parts. Therefore, while the hole-drilling method has its
merits, its limitations should be considered when dealing with complex aluminum friction stir

welded parts. Other stress measurement techniques are more suitable in such cases.

2.4.2 X-Ray Diffraction

X-ray diffraction (XRD) is a non-destructive method employed to measure residual stresses in
materials. This technique is based on the elastic deformation of the crystal lattice induced by
residual stresses, resulting in altered lattice plane spacing compared to stress-free conditions. XRD
involves projecting a beam of X-rays onto the material's surface and examining the diffraction
pattern created by scattered X-rays (Chang et al. [109]). This pattern is then analyzed to deduce
the residual stress present in the material by strain through the measurement of the interplanar
spacing by Bragg’s law, which will be discussed further in section “2.4.3.1 Bragg Diffraction”.
XRD boasts several advantages, including its widespread availability due to its established role in
measuring residual stress across various materials. It also offers high spatial resolution, ranging
from 1-2 mm to tens of microns, and a penetration depth of approximately 10-30 microns,
depending on the material and source. These attributes make XRD suitable for assessing residual
stresses in numerous materials, such as those found utilized in FSW (Zapata et al. [110]; Prime et
al. [111]). As a non-destructive method, XRD allows for in-situ residual stress measurements

without damaging the material.

However, XRD also presents some limitations. The ability of X-rays to penetrate substances is
limited due to their interactions with the atomic structure of the material. When X-rays come into

contact with a substance, they engage primarily with the material’s electrons. Some X-ray photons

64



will interact with atoms, losing their energy in the process, while others may traverse the material
with little to no interaction (Cullity et al. [112]). Their energy levels also influence the penetration
depth of X-rays. X-rays with higher energy (and consequently shorter wavelengths) possess more
energy that needs to be absorbed, allowing them to penetrate deeper into the material. This is
because the energy of an X-ray photon is inversely proportional to its wavelength. Higher energy
(shorter wavelength) X-rays can overcome the atomic and electronic interactions more effectively,
enabling deeper penetration (Cullity et al. [112]). Nonetheless, even these high-energy X-rays will
expend some of their energy as they traverse materials. For instance, certain metals can absorb a
portion or all of the energy from the X-rays (Cullity et al. [112]). The absorption of X-rays by a
material is closely tied to the X-ray cross-section of the material, which is a measure of the
likelihood that an X-ray photon will interact with an atom in the material. When an X-ray photon
encounters an atom, it can be absorbed, scattered, or pass through without interaction. The
probability of each of these events is determined by the cross-section. A larger cross-section
implies a larger “target” for the X-ray photon, increasing the chance of an interaction (Warren et
al. [113]). For example, if aluminum has a relatively large X-ray cross-section, it is more likely for
X-ray photons to interact with aluminum atoms (see Figure 40). This interaction can lead to the
absorption of the X-ray photon’s energy. Due to this, X-rays have limited penetration power (more
so in some materials than others); therefore, analyzing residual stresses deep within the target

material (i.e., aluminum) is not possible with X-rays.
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Moreover, certain researchers, including Prime et al. [111], have mentioned that X-ray
investigations have revealed a degree of uncertainty in aluminum FSW. Referring to uncertainties
that would have complicated the process of obtaining meaningful measurements from the
specimen analyzed in their study. As a result, they chose to employ a combination of neutron
diffraction and other measurement strategies for their residual stress assessment. Moreover, the
entire component must fit within the diffractometer, which can be problematic for larger pieces. Ji
etal. [114] conducted a comparison study between short-wavelength X-ray diffraction and neutron

diffraction, finding similar differences (see Figure 38).

2.4.3 Neutron Diffraction

Neutron diffraction is a method that utilizes elastic deformations in polycrystalline materials to
assess residual stress. This approach is akin to X-ray diffraction, in which a detector revolves
around the sample to identify high-intensity diffracted beams' positions. The primary advantage of
neutrons over X-rays is their significantly better penetration depths, enabling measurements from
near-surface depths of approximately 0.2 mm up to bulk depths of 300 mm in aluminum or 25 mm
in steel (Hutchings et al. [115]; Pynn et al. [116]; Kandil et al. [117]). This penetration difference
is due to the fact that X-rays are electromagnetic radiation, and they interact with the charged cloud
of electrons around the atom's nucleus. Neutrons, on the other hand, are electrically neutral and
interact directly with the nucleus of the atom. This leads to a difference in the cross-section of
interaction between the two, where the cross-section of interaction determines how likely the
respective particle will hit an atom, leading to a larger penetration depth by neutrons for most
materials (see Figure 39). For example, an X-ray cross-section is essentially a proportional
relationship to the number of electrons in the atom (see Figure 39). Such elements, like hydrogen,
have very low cross-sectional areas compared to elements like iron for X-rays (see Figure 40). On
the other hand, neutrons' scattering length or cross-section of interaction varies chaotically between
elements because of a complex relationship between many factors; even different isotopes of the
same element can have very different neutron cross-sections. This chemical sensitivity is a crucial
aspect of neutron diffraction that cannot be achieved with X-rays. Furthermore, since elements
with many electrons, such as aluminum and iron, have a large cross-sectional area for X-rays, they
have a relatively small cross-sectional area for neutrons. This quality allows neutrons to penetrate

deep into metal or non-transparent objects, whereas X-rays cannot penetrate as deeply into non-
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transparent objects due to their photon nature. Furthermore, facilities like the High-Intensity
Diffractometer for Residual Stress Analysis at Oak Ridge National Laboratory and the Kowari
stress spectrometer at the Australian Nuclear Science and Technology Organisation (facilities

utilized in this study) are capable of handling large engineering components, enabling the creation

of comprehensive three-dimensional stress maps.
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Neutron diffraction's ability to collect vast amounts of data across entire surfaces and depths has
proven invaluable for validating theoretical and numerical models. In addition to its research
applications, neutron diffraction is employed commercially to optimize new joining processes by
minimizing residual stress development. Despite its numerous benefits, neutron diffraction has
some drawbacks when compared to other techniques, such as X-ray diffraction. The primary
challenges include higher costs and limited availability, which are attributed to the difficulties in
generating sufficient neutron flux and the requirement of large-scale facilities. Currently, neutron
diffraction is conducted at centralized facilities, such as ISIS (Didcot, England), ILL (Grenoble,
France), Saclay (Paris, France), ORNL (Oak Ridge, United States), LANL (Los Alamos, United
States), and ANSTO (Australia, Lucas Heights). Beam-time access is typically granted through a
competitive peer-review process, often necessitating instrument reservations several months in
advance. To summarize, while neutron diffraction is a powerful tool for measuring residual stress
in polycrystalline materials, factors such as cost, availability, and limitations in shape complexity
must be considered. Nevertheless, its advantages outweigh these limitations, making it a key
method used in this study for residual stress measurement. The following sections will provide a
brief overview of the physical principles underlying neutron diffraction and the specific techniques

applied to calculate residual stress.

2.4.3.1 Bragg Diffraction and Laue Equations

Bragg diffraction is a cornerstone principle in materials science and is critically required to
measure residual stress. This principle revolves around the constructive interference of waves
scattered by a crystal lattice. For example, neutron diffraction occurs when a beam of neutrons
with a wavelength that matches the distance between atoms in a crystal lattice interacts with that
lattice. The diffracted neutrons interfere with each other constructively or destructively. Neutrons
can behave like waves and exhibit different phase shifts, causing them to either amplify or cancel
out their amplitudes. This interference is particularly relevant in diffraction when waves traveling
different path lengths can fall out of phase even if they possess the same wavelength, resulting in

destructive interference (see Figure 41).
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Figure 41: Schematic diagram of constructive interference and destructive interference (Gao et
al. [119])

These interactions are significant as only specific angles lead to fully constructive interference,
which results in a strong signal. When millions of neutrons shot from the beam are involved, even
small deviations from the fully constructive condition can cause significant cancellation. However,
when the Bragg condition is met, constructive interference occurs, resulting in the amplification
of waves and a diffraction peak from the counted neutrons. The angle at which this peak appears
is linked to the spacing between atoms in the lattice and the incident beam's wavelength. According
to Bragg's law, if the total path length difference, calculated in Equation 4, equals an integer
multiple (n) of the wavelength (1), constructive interference occurs (see Figure 42), meaning the

waves do not cancel each other out, but instead amplify the signal (Als-Nielsen et al. [120]).
n/‘lhkl = Zdhkl sin @ Equation 4

This results in neutron counts at specific angles (6), where constructive interference is maintained
for a given interplanar distance (d). In contrast, other angles lead to a combination of constructive

and destructive interference, reducing the number of neutrons reaching the detector and resulting
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in the bell-shaped effect moving away from the angle that caused constructive interference in

diffraction patterns (see Figure 44).
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Figure 42: Bragg diffraction (Britannica [121])

Laue's equations, on the other hand, are a set of three equations that describe the relationship
between the reciprocal lattice vectors and the real-space lattice vectors. They are used to determine
the angles at which constructive interference occurs in a three-dimensional crystal. They describe
the conditions under which neutrons are diffracted by a crystal, resulting in constructive
interference. In one-dimensional diffraction patterns, the spacing between diffraction lines is
inversely related to the distance between atoms, which defines the reciprocal lattice space. Adding
another dimension requires solving Laue's equations for that direction, generating a grid of
diffraction points instead of lines. When solving Laue's equations for all three dimensions,
constructive interference occurs where all three lines or cones intersect, known as a Debye-
Scherrer cone. This cone shows at which specific angles the incident neutron diffracts

constructively, creating a series of diffraction spots in a conical shape (see

Figure 43). Laue's equations in the context of neutron diffraction represent the three dimensions
h, k, and [, known as Miller indices, which in turn denote the (4k/) planes in a crystal lattice (see
Equation 5). Each dimension corresponds to one of the three crystallographic axes. For
constructive interference to occur in three dimensions and produce a diffraction peak, all three of
Laue's equations must be satisfied simultaneously. Laue's equations are often used for indexing
diffraction patterns and determining the crystal orientation in a 3D material using interplanar

spacing formulas; Equation 6 exhibits the cubic system interplanar spacing formula for aluminum
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FCC derived from Equation 4 and Equation 5. However, for calculating strain, Bragg's Law is
sufficient because the specific set of (hkl) planes for which constructive interference occurs is
already known before diffraction. Therefore, although not explicitly utilized in the calculation, the
(hkl) planes from Laue's equations are inherently considered. For instance, utilizing the diffraction
pattern of aluminum in Figure 44, along with the wavelength (1 = 1.7232 A), peak center (O =
89°), and lattice parameter of FCC (4.05 A), the hkl plane of the peak can be indexed. Hence, from
the result of Equation 7, the diffraction peak occurring in Figure 44 is the {311} plane.

hA=ad-(S—-5,)
kA=b- (f = So) Equation 5
M=2¢-(S-5)

1 h*+k*+ 12 Equation 6
dhit a?

BACK
REFLECTIONS

220 CONE

200 CONE
111 CONE

DIRECT /]
BEAM

REFLECTIONS FORWARD REFLECTIONS —————————

Figure 43: This schematic shows the Debye cones that intersect the film in the camera (Connolly
et al. [122])

0 ~ (89°)/2 = 44.5° Equation 7

nlhkl = Zdhkl Sin9,n =1

1.7232 A = 2d},,; sin 44.25°
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Figure 44: Example diffraction peak from counting neutrons
It is important for a diffraction experiment focused on Type 1 stress to select a diffraction plane
unaffected by intergranular strains. Intergranular strains originate from stress concentrations at the
boundaries of crystalline grains, which can introduce errors in residual stress measurements and
lead to inaccurate results. In aluminum alloys, the {311} plane is commonly utilized for this
purpose. The {311} plane exhibits a relative insensitivity to intergranular strains, making it a
reliable choice for obtaining precise residual stress measurements (ISO/TS 21432:2005 [123]).
Intergranular strains can impact residual stress results when inappropriate diffraction planes are
used because these strains cause local variations in lattice parameters and atomic positions within
the crystal lattice. When a diffraction plane is sensitive to intergranular strains, these variations
can alter the expected peak positions and intensities in the diffraction pattern. Consequently, the
resulting measurements may not accurately represent the true residual stress within the material.
Instead, they may reflect a combination of the intrinsic residual stress and the effects of

intergranular strains, leading to a distorted understanding of the material's properties. The
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influence of intergranular strains on residual stress measurements can be minimized by selecting
appropriate diffraction planes, such as the {311} plane in aluminum alloys. This ensures more
accurate results and a better understanding of the material's behavior under various conditions. The
following section, “2.4.3.2 The Peak-Shift Method in the Calculation of Residual Stresses”, will
provide an example of the differences in peak behavior caused by residual stresses that are utilized

to calculate strain and then stress.

2.4.3.2 The Peak-Shift Method in the Calculation of Residual Stresses

After establishing the fundamentals of Bragg's law and Laue's equations in diffraction and atomic
plane indexing, the peak-shift method in calculating residual stresses is now discussed. The peak
shift method builds on the concepts introduced earlier, utilizing specific diffraction peaks and their
positions to determine the stress experienced by the material. The peak shift method identifies and
quantifies the differences in peak positions between a stress-free material (dp) and a stressed
material (d) in the diffraction patterns. Comparing these peaks allows for the calculation of the
strain (¢) experienced by the material. This method is particularly effective in conjunction with
neutron diffraction, as it accurately determines d-spacing in specific component directions. The
specific methods reviewed to acquire strain were initially applied by Sediako et al. [16], employing
the equations established by Hutchings et al. [115] to determine the stress in all three orientations
(longitudinal-X, transverse-Y, and normal-Z). Furthermore, the breakthrough work by Schajer et
al. [124] formulated in detail the method of experimental elastic strains and stresses in terms of
lattice interplanar spacing measurements. This section utilizes an example segment of friction stir
weld on an aluminum battery tray to demonstrate the processes of these methods to determine
residual stress. According to Bragg’s law, when the {311} atomic planes of the aluminum battery
tray diffract the incident monochromatic neutron beam with a wavelength of 1 = 1.7232 A, a
diffraction pattern with a peak at an angle 6hkl can be observed. For thermal neutrons, the {311}
reflection typically occurs in the range of 75-100 degrees of 20. Ideally, researchers aim for a 90-
degree angle to simplify the gauge geometry and data processing. For pure aluminum, this
diffraction typically exists at a wavelength of 1.727 A. Given the differences in the alloy, a
wavelength of L = 1.7232 A was selected, placing the beam at approximately 90°, depending on
the strain experienced by the {311} atomic planes. As mentioned in the section “2.4.3.1 Bragg

Diffraction and Laue Equations, the {311} planes are unaffected by the material's intergranular
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stress; therefore, only macro-scale stress from the manufacturing process is detected. After pattern
collection, Bragg's law relates the 6, obtained from the diffraction pattern and the wavelength 4
to the position of each duu plane, otherwise known as d-spacing, which is the distance between
parallel planes of atoms. Bragg's Law (Equation 4) incorporates the following symbols: n for the
atomic order, A for the wavelength, diu for the d-spacing, and 6y for the diffraction angle. Neutron
diffraction is utilized to obtain the d-spacing in a specific component direction. The measured
component direction is identified by the scattering vector (S-Sp), which is the subtraction of the
diffracted vector (Sp) and the incident vector (S). The scattering vector is perpendicular to the
measured plane. The sample can then be rotated by 90 degrees to obtain the strain value measured
in the next direction for the same location. From the d-spacing measurements, strain can be
calculated with Equation 8. As shown in Equation 8, a stress-free (dy) reference is required as a
baseline to quantify the strain (¢) in the stressed (d) material.

Consequently, two individual diffraction scans are required: one for the stressed material and one
for the stress-free material. After obtaining the angular positions of the peaks for both conditions,
the d-spacing of the stressed (d) and stress-free (dp) material is determined using Bragg's Law
(Equation 4). The strain experienced by the material is then calculated using Equation 8.
Measuring the positions of the diffracted peaks for the stressed (d) and stress-free (dy) material and
determining the difference in peak positions to calculate strain (¢) is known as the peak shift

method. This process is completed for strain in three orientations (longitudinal-X, transverse-Y,

dy Equation 8

and normal-Z), allowing the calculation of stress in each orientation using Equation 9 (Noyan et
al. [125]). In this equation, oy, represents the stress for each orthogonal direction in MPa, E is the

modulus of elasticity in GPa, v is Poisson's ratio, and &y, is the strain for each direction.

B E
T A+v)A-2v

Oy ) [(1—v)e + v(ey +&)]

YT A +vA-2v) [ =v)ey +v(ex + &) Equation 9

o, ) [(1 —v)e, + v(sx + ey)]

" a+va-—

The multiplier term outside of Equation 9 adjusts the modulus of elasticity by Poisson's ratio,

accounting for the material's overall response to stress. The first term inside the brackets of
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Equation 9 represents the direct strain in the x, y, or z direction, contributing directly to the stress
in the corresponding direction. The second term inside the bracket accounts for the influence of
the sum of the strains in all three directions (X, y, and z) due to Poisson's effect, reflecting the
material's tendency to contract or expand in perpendicular directions when stretched or
compressed. Thus, the total stress in any given direction is influenced by both the strain in that
specific direction and the combined effect of strains in all three directions. Below is an overview
of the peak shift method procedure utilized in this dissertation, starting with Figure 45a, displaying
the location of a scan line in the middle of the battery tray. The following image includes the
diffraction pattern of each scan point along the example scan line (see Figure 45). First, the
diffraction patterns must be fitted to obtain the peak center angle (see Figure 45). The fitting is
done with a pseudo-Voigt function as the line profile for the diffraction patterns. The pseudo-Voigt
function is a linear combination of Gaussian and Lorentzian functions and is the most common
line-fitting function for neutron diffraction data (Pecharsky et al. [126]). As mentioned earlier, a
stress-free reference is required to determine strain by comparing the shifting peaks between the
stress-free and stressed patterns. Figure 45¢ contains the diffraction patterns, with the stress-free
pattern situated above the stressed pattern. The stress-free reference is positioned above the
stressed pattern due to its different background intensity. Therefore, the backgrounds are removed
to visually compare the shifting peaks, as shown in Figure 46. With the pseudo-Voigt fitted peaks,
each peak center angle can be obtained and converted into the distance between parallel planes of
atoms (d-spacing) using Bragg's law (Equation 4), given that 6y is half of 26. Following Bragg’s
calculation, the d-spacing is converted to strain using Equation 7, as shown in Figure 46. Since the
stressed peak is shifted to the left of the stress-free peak, the resulting strain is tensile, as indicated
at the end of the calculation in Figure 46. For comparison, the resulting strain would have been
compressive if the stressed peak had shifted to the right of the stress-free peak. The strain is then
calculated for the remaining directions (including normal), and using Equation 9, the residual stress
can be determined. As defined by the method just described, this dissertation does not adopt the
plane stress assumption method, which assumes that the residual stress in the plate's normal

direction is zero.
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The assumption that normal stresses are zero, or the plane stress condition, is often used for
simplification in stress analysis. However, in complex geometries and welding processes, this

assumption may not hold true. Several factors contribute to this:

e Complex Geometry: The use of a thin 2 mm plate welded to a much thicker component
creates uneven temperature fields during welding, leading to non-zero normal stresses.
Thin-wall components are particularly susceptible because they lack the strength to support
residual stresses, which can result in changed d-spacing without significant normal stress.
Additionally, when a plane-stress plate is welded to a thicker component, the combined
thickness no longer satisfies the plane stress condition, transitioning it out of the thin-wall
system and altering the stress distribution.

e Casting: The A365 structure in its 'as-cast' state may exhibit residual tensile stress due to
contraction during solidification. This initial stress state can influence the stress profile of
the welded joint, as the residual tensile stresses inherent in the casting process can
compound the stresses induced during welding.

e Material Properties: The distinct alloying elements (e.g., copper, manganese, silicon,
magnesium, zinc) and their varying percentages in different aluminum alloys (e.g., 6061
and A365) significantly influence their material properties and response to welding.

e Microstructure: The microstructure of the material, differing between wrought and cast
aluminum, affects stress distribution in the weld. Wrought aluminum typically has a more
uniform grain structure, while cast aluminum has a more heterogeneous structure with
areas of different phases. These differences can lead to varying stress distributions as the
weld cools and solidifies.

e Stress Concentration: Welding processes can lead to high-stress concentrations, especially
at the transition between weld metal and the heat-affected zone (HAZ). In a lap weld
configuration, the HAZ extends into the cast material below, adding to the complexity of

stress distribution, unlike a simpler in-plane butt weld.

Given the complex geometry utilized in Chapter 3 (i.e., the battery tray), where a thin 2 mm plate
is welded to a much thicker component below, and the similar situation in the simplified geometry

discussed in Chapter 4, this dissertation does not use the in-plane stress condition. Instead, it
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calculates the strain in all three directions and then determines the stress as described above. This

approach is employed throughout the dissertation.

2.4.3.3 Uncertainty in Neutron Diffraction Measurements of Residual Stress

Uncertainty in residual stress determination via neutron diffraction involves various sources of
error that must be carefully managed to ensure accurate results. First of all, for instrument
calibration and characteristics, precise calibration is necessary for minimizing systematic
uncertainties. These uncertainties can stem from misalignment, detector errors, or calibration
offsets. Although it is often assumed that systematic uncertainties have been minimized, they still
represent a significant potential source of error if not properly addressed (Webster et al. [127]).
Another significant source of error is the properties of the sample being measured. Factors such as
grain size, texture, and compositional variations can significantly impact the accuracy of strain
measurements. For example, large grains can introduce variability due to the 'grain size effect,’
where random uncertainties are exacerbated by local variations within the sample (Lorentzen et al.
[128]). Once the sample is measured, the fitting of Bragg peaks becomes a critical source of
random uncertainty. The precision of strain determination heavily relies on the accuracy of these
fits. The fitting uncertainty is inherently unpredictable and must be correctly propagated through
the stress calculations. This process is further complicated by additional factors, such as grain size,
which can impact the fitting accuracy (Hutchings et al. [129]). Beam attenuation is another factor
influencing measurement accuracy. High neutron beam attenuation occurs in regions of high
stress, especially within thick components, leading to significant errors. This attenuation affects
the intensity of the neutron beam, making it difficult to measure peak positions accurately and
resulting in higher uncertainty (Webster et al. [127]). Errors in peak and multi-peak analysis must
also be considered. Determining peak positions using Gaussian or other fitting routines is a
standard part of neutron diffraction measurements but is limited by the statistical quality of the
data and the symmetry of the peak. Strain-induced peak asymmetry, which can occur due to an
asymmetric strain distribution within the gauge volume, complicates the interpretation of results
(Lorentzen et al. [128]). Thermal effects, grain size, texture, and compositional variations all
contribute to the uncertainty in residual stress measurements. These factors introduce both
systematic and random uncertainties, affecting the reliability of the measurements. For instance,

differential thermal expansion in multiphase materials can lead to significant discrepancies

78



(Hutchings et al. [129]). Uncertainties in defining the sampling volume and strain tensor
determination play a key role in the overall accuracy. The precise positioning of the gauge volume
relative to the scanner reference point and its shape and location within the sample are critical for
accurate measurements. Misalignment or incorrect positioning can introduce substantial errors,

particularly in regions with high-stress gradients (Webster et al. [127]).

Establishing a true 'zero strain' condition is a fundamental challenge in residual stress
measurements. Any error in defining this baseline can propagate through the entire measurement
process, leading to significant inaccuracies in the final stress determination (Hutchings et al.
[129]). The lattice constants often depend on the concentration of solutes in materials, and
variations in chemical composition can create a "virtual" strain. This issue can be addressed using
techniques such as prompt gamma analysis (PGA) following neutron capture, which can detect
concentration gradients within materials. The emitted gamma radiation provides information about
the capturing isotopes and their concentrations, improving the reliability of determining the stress-
free reference lattice spacing (Priesmeyer et al. [130]). Alternatively, in the case of this
dissertation, utilizing physical stress-free samples across the material that take into account these
variations in the concentration of solutes, such as across a friction stir weld, can be done by
employing a comb sample that includes many samples across the weld, as mentioned in the section

see “2.4.3.4 Stress-Free Material”.

To accurately calculate the uncertainty in residual stress measurements, it is essential to consider
both random and systematic components. Random uncertainties typically arise from the fitting
process of Bragg peaks and the inherent statistical fluctuations in the data. Systematic uncertainties
stem from instrument calibration, sample positioning, and the physical properties of the material
being measured. A comprehensive uncertainty analysis must propagate these uncertainties through
the stress calculations to provide a realistic estimate of the overall measurement error (Lorentzen
et al. [128]). Smith et al. [13] provide quantitative values for the uncertainties of several factors
discussed in this section. These include the uncertainty in wavelength calibration (approximately
+0.005 A), the uncertainty of dy, the quality of the Gaussian or Lorentzian fit (largely affected by
the attenuation of the beam by the sample materials), the uncertainty in gauge volume positioning

within the sample (0.1-0.2 mm), and the beam divergence of approximately 0.6 degrees.
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Additionally, the presented Pseudo-Voigt fitted curve (see Figure 45) is of high quality; however,

it does not capture all experimental points with 100% precision.

In practical terms, these uncertainties necessitate careful planning and execution of neutron
diffraction measurements. Techniques such as using smaller gauge volumes, optimizing beam
paths to minimize attenuation, and employing precise alignment methods can help reduce these
errors. Understanding the sources and magnitudes of these uncertainties allows for better
interpretation of results and more informed decisions regarding material performance and safety.
Ultimately, neutron diffraction is a powerful tool for measuring residual stresses in materials, but
it is not without its challenges. By understanding and mitigating the various sources of error, from
instrument calibration to sample properties and fitting uncertainties, it is possible to achieve more

accurate and reliable measurements.

2.4.3.4 Stress-Free Material

When studying the properties across friction stir welds, the variation in solute content across the
weld must be considered for the stress-free material. Barrett et al. [131] discuss in detail the
influence of solute atom size and the chemical differences between solute and solvent atoms on
the lattice spacing of solid solutions. In this context, the solute refers to the element being added,
while the solvent is aluminum. The lattice spacing distortions are observed as a function of these
chemical differences and atomic numbers, emphasizing the significance of these differences in
altering the crystal lattice structure. This relationship is demonstrated through empirical evidence
(see Figure 47), illustrating the impact of chemical differences and the specific behavior of
aluminum-based solid solutions. It is important to note that different chemistries across friction
stir welds can result in varying dy lattice spacings from point to point. The term "apparent strain"
should be understood as representing deviations from the original state, which refers to the stress-
free condition of pure aluminum due to differing stress-free points. Rather than indicating actual
strain, these variations reflect changes in the lattice spacing caused by the different compositions.
The term "pseudo-strain," as used by Hutchings et al. [115], may be more appropriate to describe
this phenomenon interchangeably with "apparent strain." The significance of this consideration is
asserted by Peel et al. [11], stating if the residual stresses had been measured using a single piece
of unstrained reference material to determine dy, then variations of up to £150 microstrains may

have been measured, equating to errors of ~25% in the aluminum 5083 friction stir weld samples
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measured. To consider the variations in material for dp measurements, a comb-style set of stress-

free samples can be extracted (see Figure 48).
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Figure 47: The variation (expressed in microstrains) of the unstrained lattice parameter with
solute content for different solutes in aluminum (Hutchings et al. [132]; Barrett et al. [131];
Hutchings et al. [115])
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Figure 48: Schematic diagram of the welded plate measured, and the comb sample machined out
from the end of the plate. LD: longitudinal direction; TD: transverse direction; ND: normal
direction (Ganguly et al. [133])

The stress-free reference is obtained by cutting the material into small sections, often referred to
as matchsticks, to alleviate stress from the surrounding material. The matchstick geometry, with a

cross-sectional side in the range of 2-4 mm and a length of 8 mm or longer, ensures the full release
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of stresses in the X-Y directions of the cross-section. This geometry can be square or rectangular.
In some experiments, particularly where the material chemistry or microstructure changes rapidly
over short distances, it is convenient to arrange these stress-free reference samples into a comb-
shaped gallery of matchsticks, which accounts for compositional and microstructural differences
across the weld caused by the thermomechanical cycle of welding. Local fluctuations cause
changes in the stress-free lattice; each tooth of the comb considers these fluctuations while

standing insufficient in dimension to hold a stress field in the scanning direction.

Type I and Type 1II stresses, also known as macrostresses and microstresses, respectively, are
released when a material is cut into small shapes, such as the teeth on a comb sample less than 3
mm in size (see Figure 48). These stresses affect peak positions in diffraction measurements by
altering the atomic planes' spacing, which causes shifts in the diffraction peak positions according
to Bragg’s Law. Upon cutting, the release of Type I and II stresses allows for the measurement of
"stress-free" material. However, Type III stresses, in contrast, remain after cutting and cause
broadening of the diffraction peaks rather than shifting them. These microstresses exist within
individual grains and vary from point to point, resulting in a range of different lattice plane
spacings within each grain. This variation leads to a range of different diffraction angles, observed

as a broadening of the diffraction peak.

Both Type II and Type III stress contribute to peak broadening in diffraction patterns. For example,
the full width at half maximum (FWHM) signal, which measures the width of the diffraction peak
at half its maximum intensity (see the diffraction peak in Figure 45 and Figure 46), is used to
analyze this broadening. However, it is nearly impossible to differentiate between Type II and
Type Il stresses based on the FWHM signal alone. When studying Type II stresses, such as fatigue
damage accumulation, it is important to acknowledge that a small component of Type III stress is
also present in the signal. The significance of Type I, II, and III stresses in diffraction patterns
varies depending on material properties, manufacturing processes, and specific experimental
conditions. Type I and II stresses, being macroscopic and microscopic in nature, generally have a
more significant effect on peak positions because they cause uniform strain over some length scale

in the material (see Figure 22), changing the atomic planes’ spacing.
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In the context of friction stir welded aluminum material, grain size and orientation significantly
influence the initial stress state by affecting Type II stresses. As previously described, while solute
content directly affects stress-free measurements, grain orientation and size impact the initial stress
state that is in reference to these stress-free measurements, ultimately affecting the final residual
stress results, which are primarily supposed to be Type 1 stresses. The influence of other stress
types on residual stress is considered by the planes selected for diffraction as both Type II and
Type 111 stresses are mitigated by selecting diffraction planes with low sensitivity to intergranular
stresses and strains, such as the {311} plane for aluminum (ISO/TS 21432:2005 [123]). Although
Type 111 stresses are primarily considered for broadening effects, the chosen diffraction plane with
low sensitivity to intergranular stresses and strains still means that grain sizes and orientations

specifically affecting Type II stresses can have an impact, as the sensitivity is low but not zero.

Stress-free measurements are often obtained from small cubes machined from the weld instead of
the comb-style sample shown in Figure 48. Ganguly et al. [133] compared both measurement
methods and found that the teeth size in the comb sample is small enough to alleviate the macro-
stress field except in the direction of maximum dimension. Paradowska et al. [134] conducted a
comparative study between the comb and cube methods and measured nearly identical d-spacing
values for the stress-free references. While a comb sample, as previously used by Sediako et al.
[16] and Liu et al. [135], serves as a valid baseline for residual stress calculations, it is important
to note that a comb sample is a combination of many matchsticks joined on one side. Stress-free
conditions exist only in the two directions of the single tooth (matchstick) cross-section distanced
from the joint end. In contrast, a cube has minimum size on all three dimensions, satisfying stress-
free conditions in all directions. Therefore, while both methods are effective, the choice between
a comb and a cube can depend on the specific requirements of the stress measurement and the

nature of the material being analyzed.

2.4.4 Section Summary

Methods for measuring residual stress in FSW are outlined, emphasizing why specific non-
destructive and destructive techniques are not suitable for this study's objectives. Non-destructive
techniques like X-ray diffraction lack the necessary penetration depth and introduce uncertainties
when applied to aluminum friction stir welded components. Destructive methods such as hole-

drilling, while cost-effective and quick, are unsuitable due to their localized measurement
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capabilities and the cumulative damage they cause, affecting subsequent measurements. This
makes both methods inadequate for analyzing large areas such as the battery tray, where
understanding Type 1 component-wide residual stresses is important. Neutron diffraction, in
contrast, offers deeper penetration, and with specific beamlines such as HIDRA and Kowari, large
components can be handled for residual stress measurement. This method allows for
comprehensive stress mapping, making it ideal for the detailed analysis required in this study.
Understanding Bragg's law and Laue's equations is essential for interpreting neutron diffraction
results, as they explain how the diffraction angles and wavelengths relate to the lattice spacing in
the material. The focus on the {311} plane, which is less affected by intergranular strains, is crucial
for accurately assessing Type 1 residual stress and directly supports the study's objectives. Using
a 90-degree angle for a given wavelength simplifies the gauge geometry and data processing.
Additionally, using stress-free reference materials is necessary due to the variation in solute
content across friction stir welds. In aluminum alloys, significant changes in the unstrained lattice
parameter can occur due to solute variations, which must be considered to avoid significantly over-
or underestimating residual stress. This ensures accurate stress measurements across the weld.
Finally, the decision to avoid the plane stress assumption and calculate strain and stress in all three
directions provides a more accurate representation of residual stresses in complex geometries,
utilizing the lap weld configuration between dissimilar aluminum alloys. This approach is essential
for the comprehensive analysis presented in Chapters 3 and 4, ensuring the reliability and relevance

of the findings.

2.5 Measuring Texture in Friction-Stir-Welding

This section provides a brief overview of the fundamentals of the scanning electron microscope
(SEM) and the related electron backscatter diffraction (EBSD) technique. All texture analyses in
this dissertation utilize EBSD, making it crucial for many of the conclusions drawn, which is why
it is highlighted here. EBSD offers exceptional resolution for detecting minute differences in
texture. By slightly sacrificing resolution, new EBSD equipment can even analyze extremely large
areas of material, including full welds, in the friction stir welding process. This capability, though
rarely documented in the literature, allows for efficient comparisons between different welding

parameters and their associated textures, as entire regions can be compared across welds.
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2.5.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is an imaging method that delivers much higher resolution
capabilities than optical microscopes. The resolution depends on the wavelength of the imaging
beam; visible light, used in optical microscopes, spans approximately 380 to 760 nm (Ul-Hamid
et al. [136]). Shorter wavelengths allow for finer detail because they can resolve structures
comparable in size to their wavelength, which means they can interact with and reflect off smaller
features, providing a clearer image of fine details. Electrons accelerated to 15-30 keV, as employed
in this study, have a wavelength of about 0.01 nm. This shorter wavelength is achieved because
accelerated electrons have higher energies, and according to the de Broglie principle, the
momentum (which increases with energy) inversely affects the wavelength, resulting in a shorter

wavelength.

Using electrons for imaging necessitates a vacuum environment to prevent scattering by air
molecules, which would degrade the image quality or potentially prevent image formation. SEM
requires careful sample preparation to address issues such as the charging of the sample. Non-
conductive samples or non-conductive holders can accumulate charge under the electron beam,
distorting the image. This can be mitigated by coating the sample with a thin conductive layer or
using copper tape. Additionally, the sample must be polished to a fine degree, and oxide layers on
materials like aluminum can alter image quality by changing the surface's electrical properties.
Once properly prepared, SEM allows for highly detailed and magnified observations of sample
microstructures. Figure 49b illustrates the layout of a scanning electron microscope and the various
signals generated from the interactions of accelerated electrons within different regions of the
sample. Electrons are emitted from a field emission gun due to an intense external electric field. A
high voltage then accelerates these electrons, and an electromagnetic lens aligns the resulting
beam. After passing through an adjustable aperture, the beam is periodically deflected by a set of
scanning coils, resulting in a line scan from the top to the bottom of the screen, sweeping across
the selected area of the sample surface. The deflected beam is then focused by the objective lens
and interacts with the sample. The interaction of primary electrons with the sample results in
various types of radiation originating from different depths beneath the sample surface (see Figure
49a). One such useful radiation is characteristic X-rays, which are often used to analyze the local

chemical composition of the sample, known as energy-dispersive X-ray spectroscopy (EDS).
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However, the key signals for this work are secondary electrons and, most importantly,
backscattered electrons for texture analyses. Secondary electrons are expelled from the electron
shells of sample atoms by primary electrons. Due to their low energy, they originate from a very
shallow layer of the sample, typically around 1 nm in metals. The secondary electron signal is
sensitive to surface orientation, providing topographical contrast for surface observations, such as
distinguishing areas of high silicon content (A356) from those with low silicon content (6061).
Backscattered electrons, on the other hand, are almost entirely elastically scattered by atomic
nuclei within the sample at acute angles that enable them to exit the sample surface. Their
interaction volume in metals is typically in the range of hundreds of nanometers due to their higher
energy compared to secondary electrons. The backscattered electron signal provides composition
contrast based on variations in scattering amplitude with the atomic number of the nuclei (Ul-
Hamid et al. [136]). This is important for electron backscatter diffraction (EBSD), which takes

advantage of specific crystallographic patterns to analyze the texture of materials.
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Figure 49: a) Schematic representation of the interaction volumes from which specific signals in
SEM originate; (b) Diagram of the scanning electron microscope (Sutton et al. [137])
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2.5.2 Electron Backscatter Diffraction

Electron backscatter diffraction (EBSD) is a powerful microstructural analysis technique used to
investigate the structure and texture of materials. In this method, an electron beam scans the sample
surface in a grid-like pattern, and at each point, the diffraction of electrons by the crystal lattice is
measured. This allows for the determination of local crystallographic orientations. EBSD provides
both qualitative and quantitative insights into various characteristics such as grain boundaries,
grain size distribution, texture, and misorientation between individual grains (Ul-Hamid et al.
[136]). Kikuchi lines, utilized in EBSD, are formed through a series of diffraction events involving

Bragg diffraction conditions for electrons, which create Kossel Cones.

1. Initial Scattering: The primary electrons from the electron beam interact with the specimen
and undergo incoherent scattering, meaning they scatter randomly due to thermal
vibrations or inelastic interactions (see Figure 50a).

2. Secondary Scattering (Bragg Diffraction): Some of these incoherently scattered electrons
(backscattered electrons) then undergo a secondary scattering event, which is a coherent
(elastic) Bragg diffraction. This secondary Bragg diffraction aligns the scattered electrons
with the crystal planes, forming distinct patterns (see Figure 50b).

3. Formation of Kikuchi Lines: The secondary scattering event (Bragg diffraction) of these
backscattered electrons leads to the formation of intensity excesses and deficits, which,
when organized in three dimensions, create Kossel cones. The intersections of these cones
with the viewing screen in an EBSD setup form the nearly straight Kikuchi lines (see Figure

50c).

The formation of Kikuchi lines begins with incoherent scattering that creates a forward-peaked
diffuse background. This forward-peaked diffuse background refers to a spread of scattered
electrons predominantly in the forward direction, leading to a less defined, somewhat fuzzy
appearance behind the Kikuchi lines. This diffuse background is why Kikuchi lines appear on a
gray or less distinct background. (see Figure 50a). Some of these incoherently scattered electrons
undergo a secondary Bragg diffraction, leading to regions of intensity excesses and deficits. These
regions of intensity excesses and deficits result in strong dark lines and lighter gray lines in the

Kikuchi pattern. This occurs because the secondary Bragg diffraction creates areas where electrons
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constructively or destructively interfere, producing the observed pattern. Essentially, a series of
Kossel cones form the full Kikuchi pattern. (see Figure 50b). These regions, when organized in
three dimensions, form Kossel cones, which intersect with the viewing screen to produce Kikuchi
lines (see Figure 50c). This interplay between incoherent scattering and secondary Bragg
diffraction results in the Kikuchi lines observed in electron diffraction patterns, providing

information on the crystallographic planes and their orientation (see Figure 51).
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Figure 50: (a) Top: Electron wavevectors before and after incoherent scattering. Bottom:
Diffuse intensity from forward-peaked incoherent scattering; (b) Top: Electron paths with
incoherent scattering and Bragg diffraction. Bottom: Intensity pattern showing sharp
modulations from Bragg diffraction; (c) Intersection of Kossel cones with the viewing
screen (Fultz et al. [138])

To determine the crystal orientation from the diffraction patterns, specialized software
analyzes the positions of the Kikuchi lines using the Hough transform (Duda et al. [139]). The
software calculates the mutual angles of the lines and compares them to a database of
interplanar angles for the specific crystal structure being studied. The best matching orientation
is then assigned to that point on the sample surface (Wright et al. [140]). The accuracy of this
match is quantified by a metric known as the confidence index. By systematically and
automatically analyzing the diffraction patterns across all points on the sample, the software

generates an EBSD map. Figure 51c depicts this EBSD map and how it relates to the spherical

Kikuchi maps, which are used to represent the diffraction patterns in three dimensions.
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Different crystal orientations (such as (100), (110), and (111) planes) are shown, indicating
how the Kikuchi patterns change with varying orientations. The diagrams at the bottom show

how these patterns relate to the orientation of the crystal planes within the sample.
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Figure 51: (a) Sample at 70° produces Kikuchi patterns; (b) Kossel cones intersect the screen,
forming Kikuchi lines; (c¢) Kikuchi diffraction patterns for different crystal orientations (Adapted
from Bouscaud et al. [141]; Herron et al. [142]; Oxford Instruments; EDAX)

Lastly, as shown in Figure 51a, the sample is inclined at a 70-degree angle. This specific inclination
serves several crucial purposes. Firstly, it enhances the backscattering yield by optimizing the
interaction volume between the electron beam and the sample surface, resulting in a higher yield

of backscattered electrons, which improves the quality and intensity of the Kikuchi patterns,
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making them easier to detect and analyze. Secondly, the tilt aligns the crystal planes more
favorably with the incident electron beam and the EBSD detector, enhancing the conditions for
Bragg diffraction and leading to clearer and more defined Kikuchi lines. Additionally, the 70-
degree tilt reduces background noise and enhances the contrast of the Kikuchi lines, thus
improving the signal-to-noise ratio crucial for accurately determining crystallographic
orientations. Finally, this inclination ensures efficient detector positioning, directing the scattered
electrons toward the detector more effectively, thereby maximizing the detection of the
backscattered electrons that form the Kikuchi patterns (Schwartz et al. [40]). These combined
factors significantly improve the quality and reliability of EBSD measurements, allowing efficient

acquisition of grain and texture data within sufficiently prepared samples.

2.5.3 Section Summary

EBSD is highly effective for analyzing the texture in Al alloy friction stir welds due to its detailed
microstructural information capabilities, including grain size, orientation, and boundary
characteristics. This detailed analysis is crucial for understanding the properties of the weld and
how they influence yield strength, as discussed in the section “2.2.5 Mechanical Properties of
DXZ, TMAZ, and HAZ”. EBSD’s accuracy stems from its reliance on the fundamental principles
of Bragg diffraction. It excels in capturing the complex and three-dimensional texture variations
induced by the Friction Stir Welding process. Unlike other texture analysis methods that require
larger sample volumes, EBSD can provide highly detailed maps down to very small regions,
limited only by the time invested in the analysis. FSW causes dynamic recrystallization,
significantly impacting the grain structure and, consequently, the material properties. EBSD
efficiently detects these microstructural changes, offering valuable insights into the effects of the
welding process (Liu et al. [57]; Liu et al. [79]; Kar et al. [143]; Patel et al. [144]; Nourani et al.
[145]; Moradi et al. [146]). This makes EBSD an indispensable tool in this dissertation for
understanding the evolution of microstructure and properties in Aluminum Alloy Friction Stir

Welds.

2.6 Background Conclusion

This chapter provides the fundamental background necessary for this dissertation. Friction Stir

Welding (FSW) is a progressive welding process, especially suitable for materials traditionally
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deemed non-fusion weldable, such as aluminum alloys. During FSW, the combination of thermal
cycles and mechanical stirring generates a unique microstructure that encompasses a dynamically
recrystallized zone (DXZ), a thermomechanically affected zone (TMAZ), and a heat-affected zone
(HAZ). These zones exhibit variations in microstructure, texture, and precipitation patterns,

resulting in significant alterations in mechanical properties along the weld line.

Similar to other welding processes, FSW induces thermal residual stresses and potential distortions
in components. Residual stresses, which are internal stresses remaining in the absence of external
forces, typically display an M-shaped distribution along the weld line in aluminum alloys. Peak
tensile stresses, often reaching 60-70% of the base material's yield strength at room temperature,
are commonly found around the TMAZ and HAZ. While transverse and normal residual stresses
are usually minor, they can be relevant in specific scenarios. Distortions arising from these stresses
can manifest as concave or convex bending, angular deformation, and buckling, especially in thin

plates joined via FSW.

Mitigation of residual stresses can be achieved through the optimization of welding parameters.
Additionally, implementing stress engineering techniques—whether thermal or mechanical—
during or post-welding can further alleviate tensile stresses or even introduce compressive residual
stresses along the weld line. Thermal methods, though effective, are often intricate and challenging
to control, whereas mechanical techniques like coining and burnishing are easier to apply but may
increase production costs and time. Notably, limited experimental research has been conducted on

multi-welded components.

The effectiveness of stress engineering methods can be assessed through non-destructive testing
techniques like neutron diffraction. This approach leverages the crystal structure of the material as
an inner-material strain gauge, with diffraction patterns shifting according to Bragg’s law in
response to stress-induced changes in lattice spacing. By analyzing these diffraction patterns, one
can derive critical insights into the stress state of the material. However, this requires accurate
measurement of the unstrained unit cell parameter, which varies with alloying element distribution

across the weld, for precise stress assessment in aluminum alloy welds.

A review of current industrial applications of FSW, particularly in battery tray production, has

outlined several objectives for this dissertation.
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Objectives for Chapter 3:
1. Investigate Distortion, Residual Stress, and Texture:
e Assess the distortion, residual stress, and texture of the as-welded battery tray.
e Compare these parameters between the as-welded and straightened battery trays.
2. Identify Clues to Residual Stress Susceptibility:
e Determine if the proximity of welds influences residual stresses in the as-welded
battery tray.
3. Analyze Texture:
e Characterize the texture of the as-welded battery tray.
e Explore the relationship between texture and residual stress.
4. Examine Texture Variation:
e Investigate if there are significant texture variations between different welds on the
battery tray.
e Evaluate how these variations might influence the mechanical properties of the tray.
5. Compare Distortion Among Different Straightening Methods:
e Compare the distortion in as-welded, burnished, straightened, and coined
straightened battery trays.
6. Assess Residual Stress Redistribution:
e Analyze how residual stress redistributes after each straightening operation.
e Determine if the residual stresses become more favorable (i.e., less tensile and more
compressive) after straightening.
Objectives for Chapter 4:
1. Analyze the Effect of Varying Speed Parameters:
e Investigate how varying speed parameters, given a constant speed ratio, affect the
texture and residual stress in FSW components.
2. Identify Optimal Welding Speed:
e Determine if there is a specific welding speed that results in the desired texture and
reduced residual stress in FSW components.
3. Examine Weld Sequence Effects:
e Analyze how the sequence of welds in multi-welded components influences

distortion and residual stress.
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4. Identify Effective Welding Sequences:
e Identify welding sequences that result in reduced distortion and residual stress in
multi-welded FSW components.
The following chapters will present the experimental techniques employed and the results obtained

from the aforementioned objectives.
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Chapter 3: Analysis of Stress, Texture, and Distortion in Friction
Stir Welded Battery Tray

This chapter encompasses the research carried out on the EV battery tray joint via the friction stir
welding process. The experiments executed in this chapter are separated into the following
sections, which consider the initial examination of the as-welded battery tray and an in-depth
discussion of the subsequent findings. The next segment explores the impact of the straightening

processes on the tray and the resultant outcomes.

3.1 Characterization of FSW Microstructure and Residual Stress in the As-Welded Non-
Straightened Battery Tray

This section investigated the residual stresses in the lap 6061 to A365 friction stir weld joint.
Neutron diffraction is utilized to measure the d-spacing of various locations on a battery tray and
stress-free reference samples to calculate the residual stresses. Using electron backscatter
diffraction and optical microscopy analyses, the study also associates certain measured residual
stress to microstructure variations. The results showed that the FSW operation affects the chemical
composition, creating varying elastic anisotropy across the weldment, which creates unique d-
spacing profiles even in a stress-free environment. Cooling rate, rather than peak temperature
during welding, is considered to have a greater influence on the maximum resulting tensile residual

stress.
3.2 Microstructural Changes in Friction Stir Welds of the Battery Tray

This section investigates the effects of plastic deformation on the mechanical properties of the lap
6061 to A365 friction stir weld joints on the battery tray, focusing on the influence of tool rotation,
traverse speed, and plunging force. The results characterize two distinct weld groups with different
welding parameters by employing electron backscatter diffraction, microhardness, and inductively
coupled plasma emission analyses. The grain structure analysis reveals distinct zones with varying
microhardness. The study finds that increased plastic deformation, driven by higher rotational
speed, traverse speed, and plunging force, leads to variations in mechanical properties between the

weld groups rather than the distribution and generation of precipitates

3.3 Analyzing Distortion and Stress Effects in Response to Straightening the Battery Tray
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This section analyzes the effect of residual stress on the structural integrity of the battery tray after
straightening. Neutron diffraction analysis was used to characterize the residual stresses generated
during the welding process, and after burnishing and coining operations were used to mitigate the
distortion. The results show that the FSW operation generates residual stresses exceeding the
material's yield strength, causing the tray to deform from its pre-weld geometry. However,
burnishing and coining operations restore the tray's geometry to within acceptable limits, although
the latter increases the number of locations where the residual stress exceeds the material's yield

strength.

3.1 Characterization of FSW Microstructure and Residual Stress in the
As-Welded Non-Straightened Battery Tray

Joining cast aluminum components with wrought metals is becoming an efficient design strategy
frequently utilized in the automotive industry. For example, this strategy has recently been
employed to develop complex and large body structures that require lightweight solutions further
by enabling different manufacturing techniques such as casting, extrusion, and forming in a single
joint component. One such casting technique is high-pressure die-casting (HPDC), which utilizes
pressure-injected molten aluminum into a steel mold to form thin-walled components. After the
system's initial cost, the HPDC technique is fast and inexpensive in producing components as it
delivers near-net structures with minimal post-cast machining required (Kridli et al. [147]).
However, during the HPDC operation, turbulence is generated in the liquid metal due to the high
velocity required to produce thin-walled castings. Unfortunately, turbulent conditions cause
porosity and gas entrapment. As a result, the entrapped gas of air, hydrogen, and vaporized die
lubricants render fusion welding an impractical joining method unless expensive vacuum HPDC
equipment is employed to minimize porosity (Wang et al. [148]). Furthermore, fusion welding
struggles with dissimilar-material welding as fusion requires the materials to melt before joining.
Because dissimilar materials have different melting temperatures, the alloying elements required
for strength and other properties burn in the material with lower melting temperatures before the
second material reaches the required temperature for fusion, creating a compromised weld (Soysal
et al. [149]). Additionally, there are several other challenges related to dissimilar welding due to
differences in the joined materials' mechanical, physical, chemical, and metallurgical properties
(Khan et al. [150]; Cam et al. [151]). While there are still obstacles to surmount, the FSW technique

invented by Thomas et al. [152] has successfully been demonstrated to join dissimilar materials in
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a solid state, i.e., below-melting temperature. The solid-state nature of FSW avoids many
problems, one of which is the joining of materials with different melting temperatures. The joining
of dissimilar materials with FSW is achieved by severe plastic deformation of both materials,
utilizing heat generated by a rotating tool plunged into the workpiece and advanced along the weld
joint, mechanically mixing and forging plasticized dissimilar material together. The severe plastic
deformation leads to dynamic grain recrystallization, enabling the flow of plasticized material
occurring in the solid-state weld (Zhao et al. [153]). Consequently, the recrystallization results in
the formation of equiaxed and submicron grains in the weld zone after complete solidification.
Therefore, FSW is a highly effective method for joining dissimilar materials, as the operation
produces a weld joint with high mechanical strength due to the associated reduction of grains and

the operation's solid-state nature (Mohammadi et al. [154]).

Although the FSW method is effective in joining dissimilar materials, the heat generated during
the operation and subsequent cooling of the body leads to the evolution of residual stress in that
body. Typically, for similar-alloy aluminum FSWs, the maximum tensile residual stresses are on
either side of the weld line, with lower residual stresses in between, forming an "M" shaped stress
profile distribution. However, as described by the literature, this stress profile is heavily influenced
by several factors, including the heat generation of the tool geometry, tool rotational speed, tool
traverse speed, and plunging force (de Giorgi et al. [155]; He et al. [12]; Peel et al. [11]; Nie et al.
[156]). Additionally, Giorgi et al. [155] show an example specific to tool geometry and its effect
on the residual stress profile on a 1.5 mm thick 6082-T6 aluminum sheet. It was observed that
when the tool geometry was modified, the tool's heat generation in the material was influenced
significantly. As a result, it was concluded that tool geometries with a larger contact area between
the tool shoulder and material surface produced higher peak temperatures, decreasing the
maximum tensile residual stress. In comparison, Aval et al. [157] examined the effect of rotational
speed and traverse speed on the resulting residual stress in 8 mm thick dissimilar welded 6082-T6
and 7075-T6 aluminum plates. They found that as the rotational speed increased and the traverse
speed decreased, both actions increased the material's heat generation, raised peak temperatures,
and decreased the maximum tensile residual stress. The result of additional heat input and its
effects on residual stress for Aval et al. [157] contradicts the result of Giorgi et al. [155]. The
contradicting results might be explained by Richards et al. [6], who described that the stress profile

from FSW is due to the misfit of plastic strains that are introduced through steep temperature
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gradients as heat is generated from the FSW operation and distributed into the component during
the advancement of the tool during welding. Therefore, combining the conclusions presented in
the available literature suggests that peak temperatures alone do not determine the maximum
tensile residual stress. Instead, the gradient in temperature or, more specifically, the material
cooling rate and its uniformity has a more pronounced influence on the maximum tensile residual
stress. The above statement is supported by the results from Campanelli et al. [158], who analyzed
the effects of preheating the weld zone with a high-powered laser; in this research, it was found
that by preheating the work material, the peak temperatures increased, and the maximum tensile
stress decreased, not because of the increased peak temperature but due to a control of the cooling
rate, which reduced the steep gradients in temperature that the material experienced during
welding. Additionally, there might be a significant difference in the cooling rate between FSW
operations conducted on similar welded material and dissimilar welded material. Where FSW is
conducted on dissimilar material, one must also consider the weld joint's abrupt property changes
due to the weldment's heterogeneity. If, for example, thermal expansion coefficients of dissimilar
metals vary significantly, it will give rise to the internal stress evolution in the weldment during
every temperature change (Liu et al. [159]). Whether the FSW operation is conducted on dissimilar
or similar material, a significant amount of residual stress develops from the inevitable temperature
gradients generated during the operation. Depending on the amount and type of residual stress, the
friction-stir-welded component's structural performance, reliability, and service life may be

reduced considerably.

A few mechanisms that heavily depend on the type and amount of residual stress in a component
are fatigue crack propagation and distortion. For example, cracking caused by fatigue will self-
arrest in compressive residual stress fields and propagate in tensile residual stress fields (Woodtli
et al. [76]). Additionally, if the amount of residual stress surpasses the yield stress, the component
will distort in response not only due to tensile stress surpassing yield stress but by the entire
magnitude of the difference between the peak tension and peak compression. The distortion
mechanism 1is particularly pronounced in thin-walled HPDC structures (i.e., reduced cross-
sectional areas) (McCune et al. [160]). Therefore, a comprehensive understanding of the residual
stress is required to maintain the longevity of consistent and high-quality friction stir welds on

HPDC components required in the automotive industry.
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This chapter focuses on joining a thin-walled HPDC component (A365) to several plates (6061)
utilizing FSW. The joined component completes the manufacturing stage of an electric vehicle
battery tray; however, the welding operation distorts the component due to the generation of
residual stress. To investigate the residual stress that leads to the distortion of the component, this
study utilizes neutron diffraction for its deep, non-destructive material penetration, allowing for
the residual stress measurement in an unaltered battery tray. Furthermore, the residual stress profile
is linked to microstructure marks left by the FSW operation, utilizing an optical microscope and
EBSD. This evaluation enables a better understanding and application of many parameters, such
as tool geometry, weld direction, and initial temperature conditions, to minimize high-stress

evolution in FSW components.

3.1.1.1 Materials and Weld Process

The battery tray encompasses several 6061-T6 aluminum plates with a 2 mm thickness friction stir
welded onto an A365 high-pressure die-casted aluminum component with varying thicknesses (5
- 10 mm). The plate and casting are joined in a lap weld configuration (see Figure 52b). The tool
is plunged through the entirety of the 2 mm plate and slightly into the A365 casting to provide a
solid bond between the two materials. The difference in chemical composition and processing
leads to different precipitates or particles that locally change the alloys' stiffness and other
properties (see Table 1). A significant difference between A365 (cast) and 6061 (wrought) alloys
is in the silicon composition, as one benefit of additional silicon is the increase in cast fluidity of
the A365 alloy when the molten material is forced throughout the die in the HPDC operation
(Wang et al. [24]). However, with the increase in silicon, there is a corresponding decrease in the
thermal expansion coefficient, which could have significant implications as the materials are

heated and cooled through welding (Hidnert et al. [28]).
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Figure 52: (a) Battery tray coolant channels, cast structure, and plate position; (b) Cross-section
of battery tray coolant channel with weld path in magenta

The HPDC operation and subsequent FSW used to manufacture the battery tray was conducted at
the Nemak Alabama plant, United States. The manufacturing begins by casting the battery tray's
main structure and coolant channels with the A365 aluminum alloy. Because the HPDC process is
limited in creating internal geometries, the FSW operation is required to seal all exposed cooling
channels with 6061 plates (see Figure 52a). Unfortunately, the FSW operation leaves behind a
“keyhole” defect where the tool is retracted at the end of the operation. This portion of the weld is
the weakest, and several methods exist to repair this defect (Mehta et al. [161]). However, the
keyhole defect falls outside the scope of the section. Nonetheless, the FSW operation in this study
utilizes a tool with a 12 mm diameter shoulder that is filleted to a 14 mm diameter with a triangular
M12 threaded 2.2 mm long pin (see Figure 52b). The operation is divided between peripheral and
non-peripheral welds (see Figure 53), with different traverse speeds, rotational speeds, and

plunging forces, as described in Table 2.
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Figure 53: Peripheral and non-peripheral weld placement on the battery tray, welds in magenta,

and scanning region outlined in blue

Table 2: FSW processing conditions (battery tray)

Weld Type Plunge Dwell Traverse  Rotation Plunge Plunge Withdraw

Depth  Time Speed Speed Force Feed Feed

(mm) (s) (mm/min) (RPM) (kN) (mm/min) (mm/min)
Peripheral 22 1.2 1300 2000 5.7 120 250
Non-peripheral 2.2 0.2 2300 3600 10 120 250

Please note that a constant speed ratio (rotational speed/traverse speed) of nearly 1.5 is held
between the two processing conditions, with the plunging force requiring a significant increase to

maintain a defect-free weld at the higher speeds of the non-peripheral (center) weld.
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3.1.1.2 Microstructure Sample Preparation

The microstructural analysis is completed on a metallurgical sample extracted from the cross-
section of a weld line that combines the 6061-wrought and A365-cast material (see Figure 54).
First, the sample was mounted and polished following the principles outlined in the ASTM E3-11
standard. Following polishing, the specimen was electro-etched using Barker's etchant (5 ml of
fluoroboric acid diluted with 200 ml of distilled water) for 15 seconds with an applied voltage of
30 V through a stainless-steel anode and cathode. Following etching, the sample was rinsed in
distilled water and air-dried. Next, a microstructure analysis was completed with an optical
microscope and scanning electron microscope (SEM) utilizing acquisition and processing software

for composition analysis.

Figure 54: Location of metallurgical sample

Additionally, electron backscatter diffraction (EBSD) was used for grain orientation
characterization. The EBSD procedure requires separate samples due to the extra precision
necessary for reasonable grain detection rates. The EBSD sample followed the same polishing
procedure as the SEM samples. However, following the last polish stage, a vibrating polisher with

colloidal silica blue (10 pHs) as the suspension was used to reduce scratch sizes to 0.06 microns.

3.1.1.3 Neutron Diffraction Equations and Preparation

Neutron diffraction experiments were conducted in the High Flux Isotope Reactor facility at Oak
Ridge National Laboratory on the HB-2B High-Intensity Diffractometer for Residual Stress

Analysis (HIDRA) instrument. The specific methods utilized to calculate residual stress are
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extensively discussed in the section “2.4.3.2 The Peak-Shift Method in the Calculation of Residual

Stresses”.

3.1.2 Stress-Free Comb

The scanning was conducted in a 400x400 mm? area at the bottom left of the battery tray (see
Figure 53), where the HIDRA instrument could be orientated to obtain all three directions of strain
required for stress analysis. As the scanning occurred over several FSWs, stress-free samples that
encompassed each weld were required (see Figure 55). The sample used to measure the data in
Figure 56 contains the d-spacing profile for the comb stress-free sample, where a notable change

in the dy value across the sample is established, corresponding to the physical operations during

welding.

FSW
(112 mm)

ABCDEF G H PTKLMN o P QRS TU
Figure 55: Stress-free comb sample and the direction of the tool during welding shown with the
black arrows
For example, in Figure 56c¢, the stress-free d-spacing profile of the 56 and 112 mm weld is similar,
and in both welds, the FSW tool is rotating and traversing in the same direction (see black arrows).
However, at the 0 mm weld, the profile is a vertical mirror of the 56 and 112 mm profiles,
corresponding to a change in tool rotation and direction. The changing dy value across the comb
stress-free sample is due to the welding action changing the chemical composition across the weld
(see Figure 56). This varying dy parameter across the weld line was also observed by Peel et al.
[11], stating that significant errors in inferred residual stress would occur if a single value of dy
were used for a diffraction-based experiment. The varying chemical composition that contributes
to the changing dy throughout the sample is influenced by the strain rate, heat input, cooling rate,

and direction of movement for the plasticized material during the FSW operation. On a processing
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level, these factors are primarily controlled by the geometry, direction, and speed of the rotating

and traversing FSW tool.

Whole Comb
12227,
i 1 T T, S 5 | I S ) . )
1.221%:# b gt 1 {):%\ R Fooeeg A A
: Ny wF : {, -4 2 N
EFgwmz an)E ‘ BASE2 | EﬁSW(56 mm)E‘ ‘ BASE 1 | FSW(0 r‘nm)‘i
(a) 116112108 104 100 03 77 65 61 57 53 49 45 36 20 10 6 202 68
FSW (112 mm) FSW (56 mm) FSW (0 mm)
1222}, , 1222, , 1.222
- 1 1 1 1 1 1
< {4 : : :
o 1221 '% A 12210 r{x\ g 12210 et JUURt
2 ! ey o™ | ol I T ey " S
S , } : . $. :‘{* . {5 .
© I !
Q 122 ' 1220 : 1,220 '
) 116 112 108 104 61 57 53 49 48 6 2 0 2 6 8
o (b
5 BASE 2 BASE 1
1.222 1.222
1.221 4}—‘{’ """"""""""" t 1.221 _,_——""i’ """"""""""" et iy <
4 bt T
1.22 : : : 1.22 : :
104 100 93 77 65 62 49 45 36 20 10 6

1) Y distance (mm) (Weld Locations)
Figure 56: (a) Stress-free comb sample data; (b) Isolated welds; (c) Isolated base

3.1.3 Residual Stress

The stress measurements were obtained from the locations indicated in Figure 57a for the left wing
of the battery tray (the blue highlighted region in Figure 53), where three orientations of stressed
d-spacing could be measured. The scan on the left wing includes a line at -81 mm, shown in blue,
a red scan line at 0 mm, and a yellow scan line at 81 mm (see Figure 57a and Figure 57b). The
grey dotted planes in Figure 57b correspond to the weld location at 0, 56, and 112 mm from the
component reference in Figure 57a. The 3D stress profile is shown in Figure 57b, and the
corresponding projected 2D profile is shown in Figure 57c. This data presentation method is

utilized throughout chapter 3 of this dissertation.

Moreover, this section presents data for the longitudinal-X, transverse-Y, and normal-Z directions
(see Figure 57a for the directions), corresponding to residual stress measured in the X-direction,
Y-direction, and Z-direction. The stress measurements are spaced out a few millimeters from each
other, crossing three friction stir welds from 0 to 112 mm in the Y distance for the images in Figure

57. This Y distance spacing corresponds to the arrangement of the stress-free sample so that for
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each location, the stress-free data can be applied. For example, the stress-free measurements are
applied directly for the yellow and red lines, shown in Figure 58b; as these lines traverse over the
three welds at 0, 56, and 112 mm, the exact layout situation in the comb stress-free samples.
However, only the first two welds at 0 and 56 mm intersect the blue scan line, as there is no weld
at the 112 mm mark for the blue scan line (see the black circle in Figure 58b). Therefore, un-
welded 6061 stress-free d-spacing values are used in the outlined region shown in Figure 58b.
Because the blue line does not intersect the weld, the maximum measured tensile stress is not on
the 112 mm location; instead, high tension is in the location outlined in black for Figure 58a. In
comparison, the red and yellow scan lines that intersect with welds measure maximum tensile
stress directly adjacent to the weld lines and decreased tensile or compression stress outside the
direct weld zone (see Figure 59). In the case of FSW, after part of the body's temperature is raised
to welding temperatures and then starts to cool, there are significant differences in the cooling rate
throughout the body. The difference in cooling rates experienced by the surface and depth of the

body results in local differences in thermal contraction.
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Figure 57: (a) Visualization of scan point locations; (b) Three-dimensional view of X-direction
stress data; (c) Two-dimensional view of X-direction stress data
The formation of the X-direction stresses is explained in detail in section “2.3.2 Evolution of
Residual Stresses in FSW”, referring to the results of Richards et al. [7] predicting the formation
of longitudinal-X direction stress in Figure 24. As concluded in the description referred to above
for X-direction stress development, any residual stress generated above the yield stress will result

in plastic deformation of the material.
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Additionally, considering this process's dependence on temperature, a situation may arise where
the weld that is conducted at 1.5 times the rotational speed (56 mm weld), resulting in higher
temperatures (see Equation 1) and strain rate, inducing more plastic deformation into the material
compared to the welds at slow rotational speed (0- and 112-mm weld). If significant strain-
hardening effects were found in the 56 mm weld through hardness testing, this could support the
theory of increased plastic deformation; this is considered and measured in the section “3.2.2
Microhardness”. Nevertheless, in all three weld cases, the residual stress builds up through thermal
stress evolution during cooling. At this point, the uniformity and rate of cooling will determine
how much thermal-generated residual stress is measured as yield stress increases with decreasing
temperature. If the yield stress returns to a similar point and thermal contractions are comparable,
then the residual stress is expected to be the same for each of the three peaks at 0, 56, and 112 mm
welds, regardless of the process parameters. However, this is not the case, as seen by the 56 mm
weld in Figure 59, with substantially lower residual stress than the 0 and 112 mm welds; this may
come down to the order of operations. For example, consider the sequence order of welding: first
conducted is the 56 mm weld; after completion, the tool is retracted and plunged into the peripheral
weld path line (see Figure 53) that includes the 112 and 0 mm welds connected in a bend around
the tray (see Figure 59). The 56 mm weld has already started to cool, gaining back more yield
strength and allowing residual stress formation with thermal contraction. Now that the tool is
welding and generating heat at the peripheral bend path for the 0 and 112 mm welds, that heat
conducts through the aluminum and relaxes the residual stress in the 56 mm weld. James et al.
[162] describe a weakly time-dependent temperature mechanism that causes the relaxation of the
residual stresses; in the case of the aluminum battery tray cooling down to room temperature, this
mechanism should be considered. The mechanism describes the relief of elastic strain through
rapid thermal activation of dislocations in the presence of a temperature environment high enough
to cause a sizeable reduction in the material yield strength. This mechanism necessitates that the
yield strength approaches the value corresponding to the residual stress measured. The implication
is that in the case of the FSWs, the peripheral welding generated enough heat to reduce the yield
strength of the 56 mm weld to the measured residual stress state in Figure 59 to allow the thermal
activation of dislocations to occur and redistribute to that yield strength. However, this topic is
explored in greater detail in the section “4.2 Influence of Multiple Welds on Residual Stress and

Distortion in Friction Stir Welding: A Neutron Diffraction Study”.
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Regardless, considering the results of this section, Figure 63 reveals some highly distinctive
profiles that have not been previously documented in the literature. Notably, the longitudinal x-
stresses are not the highest recorded stresses. At the 112 mm position in the y-stress (transverse)
direction, the stresses are of comparable or higher magnitudes. Additionally, the z-stresses, often
considered negligible or in the non-zero plane stress condition, are significant, reaching up to 100
MPa at the 112 mm and 0 mm positions. These significant values indicate that friction stir welds
on lap joints with complex components in dissimilar aluminum welding should not overlook the
cast-component side, where initial stresses, such as those from high-pressure die casting, may
influence the overall stress profile. This is important because operational stresses are distributed
in all directions. Typically, directions with lower stresses compensate, but if high stresses are

present in all directions, it may not lead to the most optimal distribution of operational stresses.

3.1.4 Microstructure

The grain refinement in the friction stir welded microstructure transpires during mechanical
stirring in the dynamically recrystallized zone (DXZ). The tool pin causes intense plastic
deformation in the depth of the material, which is pulled up to the tool shoulder from the retreating
side of the weld and deposited on the advancing side, creating a unique marker signifying the
advancing side shown in Figure 60. The microstructural advancing side marker corresponds to the

residual stress peak on the advancing side of the tool, as shown in Figure 59.

Advancing Side Marker

100 Em
Figure 60: Friction-stir-weld zones identified with an optical microscope
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Moreover, the resulting material flow creates the microstructure shown in Figure 60, where the
DXZ results in a reduced magnitude of grain sizes that are more refined compared to the thermo-
mechanically affected zone (TMAZ), heat-affected zone (HAZ) and base-metal. Fundamentally,
the grain refinement depends on strain rate and thermal conditions, primarily determined by the
tool rotation and traverse speed (Mishra et al. [53]). However, as discussed in the literature review,
there are competing mechanisms between the rotational speed and the traverse speed that keep the

grains relatively consistent with increasing welding speeds at a constant speed ratio.

Several optical microscope images are taken progressively into the material to confirm the end of
the TMAZ and to view the possible formation of new phases at the weld interface, signifying
possible melting during FSW. The first micrograph in Figure 61 is the 6061 material, taken 1.8
mm away from the reference point (surface of the material), as shown in the macro image of Figure
61. The next micrograph contains the 6061 and A365 cast interface, 2.0 mm away from the 0.0
mm reference. The small black and white phases are Al-Si eutectic, and the solid white grains are
primary Al. The generated heat and "mixing" from the TMAZ recrystallize and deform the
undistorted microstructure of the A365 until the 2.9 mm mark. After the 2.9 mm mark, the tool's
interactions with the above material have no visible effect on the A365 microstructure, signifying

the end of the TMAZ and the start of the HAZ.

Reference Point

0.0 mm

2.3 mm 3.1 mm

2.5 mm 3.3 mm

A365

1.8 mm 3.5mm

Interface A365

2.0 mm 2.9 mm 3.7 mm

Figure 61: Stepping optical microscope images (all micrographs taken at 100x magnification)
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The interface image at the 2.0 mm position in Figure 61 shows no formation of phases between
the A365 and 6061. This lack of interfaced phases is supported by isolating a dominant element in
one of the materials. The silicon (Si) in the A365 (9.73 Si wt%.) material is in high concentration
as compared to the 6061 (0.70 Si wt%.) material. The Si in the A365 is tracked utilizing SEM and
Energy-dispersive X-ray Spectroscopy (EDS) by identifying the K-alpha emission lines unique to
Si (Goldstein et al. [163]). In Figure 62, the high Si content is strictly contained in the A365
material. Even in the heavily recrystallized areas where the A365 grain size is most refined, the
6061 and A365 materials do not mix into a material with a new chemical composition. This lack
of mixing suggests that the plasticized pieces during the FSW operation strictly stir the material
and do not mix, leading to a hard transition between 6061 and A365. This observation further
reinforces that the operation conducted for this experiment was in a solid state, where the material
did not transition into liquid form. While true for the welding occurring on the battery tray, this
no-melting observation may not be valid for all FSWs, as process parameters can be adjusted to
increase temperature and achieve melting in the DXZ.

i Wt
Tool (Not to Scale) Si Wt%

© A N W A O O N o ©

Advancing
Side Marker

Figure 62: A365-6061 silicon transition

3.1.5 Section Conclusions

Using the widely studied 6061 and A365 Al system, the effect of the welding conditions, including

the material position, microstructure, and resulting residual stress in a wrought-to-cast lap FSW,
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has been demonstrated and characterized using neutron diffraction and optical imaging techniques.

Within the range of the welding conditions used, the conclusions are as follows:

(1) The tool's rotation and transverse direction, with respect to the geometric constraints of the
component, influence the residual stress profiles. For example, if the rotational and traverse
direction switched, the stress profile would mirror along the vertical axis, with the
maximum tensile stress consistently occurring on the advancing side of the tool rotation
direction.

(2) Unintentional preheating of the battery tray by welds occurring in the proximity of un-
welded locations results in a decrease of maximum tensile stress after these un-welded
locations become welded.

(3) Microstructural marks and residual stress results indicate that the advancing side of the tool
rotation is consistent with the maximum residual stress location, where the advancing side's
maximum stress can be 70% higher than the tool's retreating side.

(4) The EDS analysis of a weldment portion reveals the maximum silicon content through the
6061 to A365 FSW interface, suggesting that the plasticized pieces during the FSW
operation primarily stir the material with minimal mixing, leading to a very narrow

transition zone, on the order of 100 microns.

Before proceeding to the stress analysis in the section "3.3 Analyzing Distortion and Stress Effects
in Response to Straightening the Battery Tray," further microstructural evaluation is completed in
the next section. This evaluation includes hardness testing, electron backscatter diffraction
(EBSD), and inductively coupled plasma atomic emission spectroscopy (ICP-AES) to compare
the structure and chemical composition between the welds of the battery tray that utilize different

welding parameters.

3.2 Microstructural Changes in Friction Stir Welds of the Battery Tray

The near-pin welding results in a dynamically recrystallized zone (DXZ) with reduced grain sizes
that are more refined compared to the thermo-mechanically affected zone (TMAZ), heat-affected
zone (HAZ), and base metal (BM). Slightly away from the pin and shoulder lies the TMAZ region.
Since aluminum can withstand significant plastic strain without recrystallization, the welding

action creates a distinct boundary of elongated grains between the DXZ and the HAZ, known as
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the TMAZ. The friction stir welding (FSW) process significantly changes the microstructure
through heat and plastic deformation but also alters the type and density of the precipitates in the

weld regions.

For instance, when joining A365 and 6061 alloys, the heat and plastic deformation soften the
material, causing the disappearance of precipitates. Although aluminum 6061 contains many
strengthening precipitates (e.g., GP-I zones, GP-II zones or 8", and '), the high density of fine
needle-shaped B precipitate is the primary strengthening mechanism for AA6061-T6. Therefore,
the type, size, and distribution of precipitates are particularly important to the mechanical
properties of the friction stir weld joint. High-strength Al alloys consist of high solute levels, and
several phases depend on the thermomechanical history. This strengthening mechanism is
susceptible to welding conditions, as these conditions dictate the local temperature and the

heating/cooling rates during welding.

However, many factors that control the resulting microstructure and properties in friction-welded
joints are inadequately understood. A study by Dong et al. [164] discussed the post-weld natural
aging of FSW 6005A-T6 Al alloy. They found a loss in hardness for the DXZ and TMAZ an hour
after welding, attributed to the loss of the original B” precipitates due to high temperatures and
non-optimal cooling rates. However, further post-welding hardness testing revealed a hardness
recovery mechanism attributed to the formation of independent Mg and Si clusters (on day one)
and GP zone precipitation (by week four of natural aging). Another study by Li et al. [165]
described the butt-configured joint of AA6061-T6 sheets utilizing stationary shoulder FSW and
found that small, dotted GP zones mainly represent the DXZ region, indicating the high density of
fine needle-like B” precipitates, the main source of strengthening, were not present in the DXZ.

The B” precipitates had dissolved and reformed as GP zones during cooling.

GP zones, or Guinier-Preston zones, are very small, coherent clusters of solute atoms that form in
the early stages of precipitation hardening in aluminum alloys like 6061. These zones are typically
a few nanometers in size and form at lower temperatures before the main strengthening
precipitates, such as the beta prime (B") precipitates, develop. In 6061 aluminum, the beta prime
double prime (B") precipitates are the primary source of strength, providing significant hardening

by hindering dislocation movement. However, during processes like welding, these " precipitates

111



can dissolve due to the high temperatures involved. As the material cools, these dissolved

precipitates can reform into GP zones instead of returning to their original " state.

The formation of GP zones instead of B" precipitates can reduce the alloy's strength. Although GP
zones do contribute to some strengthening, they are less effective than B" precipitates because they
provide less resistance to dislocation movement. Therefore, the transition from B" precipitates to
GP zones generally results in a decrease in the overall strength of the material. GP zones can be
considered as precursors to the more effective B" precipitates, but on their own, they do not provide

the same level of hardening.

This raises the question of whether changes in hardness are not solely due to the formation or lack
of precipitates but could also be influenced by texture-oriented mechanisms, such as texture-
induced grain coarsening. Increasing the welding speeds may reduce these effects by randomizing

the texture or causing more misorientation, leading to better mechanical properties.

The effects or contributions of plastic deformation with different welding parameters on the
resulting mechanical property distribution are seldom discussed in the literature. Since the torque
required to rotate the tool inside the material and generate intense plastic deformation depends on
a combination of the plunging force, the coefficient of friction (sliding friction), and the flow
strength of the material neighboring the tool (sticking friction), these forces and thermal input are
responsible for deformation in the workpiece material (Singh et al. [166]). These inputs

subsequently affect the resulting mechanical properties of the weld.

Therefore, this section evaluates the mechanical properties and microstructural characteristics of
the battery tray welds. This analysis is accomplished using Vickers hardness testing to identify
hardness properties across each weld. Electron backscatter diffraction (EBSD) was utilized to
determine the plastic deformation and texture differences across each weld. Finally, inductively
coupled plasma atomic emission spectroscopy (ICP-AES) was utilized to account for accurate

compositional differences across each weld.
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3.2.1.1 EBSD and ICP-AES Spectrometer Sample Preparation

EBSD was conducted on a metallurgical sample extracted from the top surface of the 0-, 56-, and
112-mm weld strictly from the 6061 material. First, the sample was mounted and polished
following the principles outlined in the ASTM E3-11 standard. Then, to ensure reasonable grain
detection rates for EBSD, the sample surface was prepared via a vibrating polisher, with colloidal
silica blue (10 pHs) as the suspension, for 4-5 hours. The sample preparation for inductively
coupled plasma atomic emission spectroscopy (ICP-AES) requires the dissolving ofa 0.1 g sample
of aluminum through heating and NaOH to dissolve the Si in the alloy, followed by the addition
of peroxide (H20:) to clear dissolved gas. Then, a mixture of HNO3 and HCl is added to complete
the digestion and retain the dissolved elements in the solution. Finally, dilution of the solution is

required to finalize sample preparation for analysis (Perkin Elmer et al. [167]).

3.2.1.2 Microhardness Sample Preparation

The Vickers hardness testing is conducted on a metallurgical sample extracted from the battery
tray extending across each of the welds, as shown in Figure 63. First, the sample was polished to
increase the contrast between the indents and material, then mounted in the sampling stage and
tested with a load of 500 g for a 10-second duration, following the principles outlined in the ASTM
E384-17 and ASTM E92-17 standards for Vickers micro indentation testing.

FSW (112 mm) ™™\ x - =
= FSW (56 mm)

-
-

Figure 63: Hardness sample location across each friction stir weld
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3.2.2 Microhardness

Several micro-hardness profiles were created utilizing the indent measurements across the three
welds, FSW (0 mm), FSW (56 mm), and FSW (112 mm), along the surface and into the depth of
the material (see Figure 64). The top surface data in Figure 65 contains relatively low hardness
values for the 112- and 0-mm weld, ranging between 90 and 80 HV. In contrast, the middle 56
mm weld reaches 105 HV on the top surface. This variation in hardness between the 56 mm weld
and the 112- and 0-mm weld may be attributed to the significant increase in rotational speed
utilized for the 56 mm weld. Similar to the present paper, the study by Li et al. [165] on AA6061-
T6 using stationary shoulder FSW observed a significant decrease in hardness at the DXZ, with
the most severe softening to 50-75 HV for the lowest tested rotational speed (750 RPM). However,
as the rotational speed increased at constant welding speeds, the hardness in the DXZ reached
nearly 80 HV for a rotational speed of 1500 RPM. This hardness magnitude is consistent with the
0- and 112-mm welds tested at similar rotational speeds for the research presented in this
dissertation. Additionally, the study by D. Li et al. [165] states that more strengthening precipitates
are generated at high tool rotation speeds, supporting the result of increasing hardness as the
rotational speeds increase. Yet, in this study, the maximum measured hardness for the greatest
rotational speed on the 56 mm weld is only near-surface, as seen by the maximum peak on the 0.1
mm and 0.15 mm curves for the 56 mm weld in Figure 65. However, further down into the material,
at 0.6 mm and 1 mm, the hardness values remain relatively consistent along the entire measurement
line between the 112-, 56-, and 0-mm weld (see Figure 65). The near-surface hardness variations
may suggest an entirely different mechanism contributing to hardness increasing with increasing
rotational speeds. For example, it is known that aluminum has excellent heat dissipation properties,
creating a consistent temperature environment throughout the 1 mm depth directly below the tool
(Andrade et al. [168]). Therefore, the generation of precipitates should be consistent near the
surface and at 1 mm depth. However, what is inconsistent is the amount of applied plastic
deformation by the tool. Plastic deformation occurs near the material's surface during FSW.
Therefore, if higher rotational speeds and plunging forces are utilized, the material may experience
more plastic deformation and grain randomness, increasing hardness at the surface. This may
explain why the 0.6 mm profile has a consistent hardness profile below the surface throughout the
three welds conducted at vastly different rotational speeds. This concept is further investigated and

supported by EBSD work performed for this section on the identical welds tested for hardness.
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Figure 64: Location of each hardness profile across and down the surface of the friction stir weld
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Figure 65: Measured hardness across and down each friction stir weld

3.2.3 EBSD

Analysis with EBSD is based on the band contrast map created by the beam's interactions with the

crystal structure. These interactions generate Kikuchi patterns or bands detectable through EBSD
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(Nishikawa et al. [169]). The positions of the Kikuchi bands determine the interplanar angles,
while their widths determine the interplanar spacings. To index the grain, the angles and widths of
the Kikuchi bands are compared with theoretical values known in advance for the actual crystal
structure, in this case, aluminum face-centered cubic (FCC). Only the first three families of {hkl}
planes are required to solve a backscatter Kikuchi pattern for FCC due to its cubic and high crystal
symmetry. After each grain is indexed, the crystallographic orientation or misorientation is

described by (hkl) [uvw] notation or by three Euler angles (¢1, @, $2).

EBSD deformation analysis employs grain pattern rotation maps referencing local misorientation,
average misorientation, or quantifications through calculated dislocation densities. These methods
depict plastic deformation around defects, cracks, or distorted grains in polycrystalline materials.
Bulk dislocations that accumulate in the lattice during plastic deformation are indirectly detectable
through EBSD. This is because EBSD observes the changes in the polycrystals resulting from
plastic deformation. These changes are detected by measuring grain misorientation as a spatial
gradient in orientation, which is then related to lattice curvature (deformation) through the Nye

tensor.

The Nye tensor is a mathematical construct used to quantify the density of geometrically necessary
dislocations (GNDs) in a crystalline material. It approximates the GND density by measuring
variations in the orientation of individual crystal grains obtained from EBSD data. Essentially,
more estimated GNDs indicate more plastic deformation. It is essential to note that misorientation
must be relative to a reference orientation, and choosing this reference can drastically change the
visualization of plastic deformation. For example, if only a highly deformed section of the material
is measured, it would not appear deformed on the misorientation map if the reference is another
equally deformed grain. Therefore, a large area indicative of both non-deformed and plastically

deformed material is measured for an accurate assessment.

One effective way to produce a misorientation map is by kernel average misorientation (KAM)
(Schwartz et al. [40]). KAM calculates the arithmetic mean of the scalar misorientation between
groups of pixels and maps them. The KAM map provides a visual representation of local
misorientation, which can imply the presence of GNDs but does not directly quantify them. The

relationship between misorientation and GNDs 1is indirect; higher local misorientation often
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corresponds to higher densities of GNDs, but they are not equivalent. This map is produced for the
three welds in Figure 66. In Figure 66, a comparison of angular grain misorientation using the
KAM map is made between each weld. The HAZ shows low misorientation for each weld,
signified by the blue-coated grains. The green-coated grains illustrate that the TMAZ has a
misorientation of 12 degrees for each weld. Finally, the region directly in contact with the tool

shoulder is the DXZ, showing the highest misorientation.

The KAM map measures significant grain misorientation in the DXZ, indicating plastic
deformation throughout each weld. However, the 56 mm weld has significantly higher surface
hardness (see Figure 64), indicating more plastic deformation; therefore, grains should be at higher
misorientation in the KAM map. Despite this, the visual distinction between the 56 mm weld and
the 0- and 112-mm welds is difficult to see on the KAM map. To address this, the center of each
weld, the area within the yellow box in Figure 66, is quantified to analyze and compare the welds
numerically (see Figure 67).

FSW (112 mm)

FSW (112 mm) :

1 X Rotational Speed
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Figure 66: KAM map of each weld along with the quantified region (yellow box)

In Figure 67, the grains are grouped into bins, each containing grains with a specific range of
misorientation degrees. For example, the fraction of grains with low-angle misorientations,
between 4.5 and 28.5 degrees, is dominated by the 0-mm and 112-mm welds. In contrast, the
fraction of grains with high-angle misorientations, between 34.5 and 58.5 degrees, is

predominantly represented by the 56-mm weld, which was conducted at 1.5 times the rotational
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and traverse speed with nearly twice the plunge force. Therefore, the 56-mm weld likely has a

higher density of GNDs due to significantly more plastic deformation and higher surface hardness.

Furthermore, severe plastic deformation can be considered the primary source of texture variation
during friction stir welding (FSW). If the crystallographic texture is significantly different between
the 56-mm weld and the 0-mm and 112-mm welds, this would illustrate the increasing plastic
deformation with increasing rotational speed. Moreover, the mechanical properties between the

welds may also be severely affected depending on the final crystallographic texture.
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Figure 67: Quantified region of the KAMA map (yellow box from Figure 66)

Fortunately, EBSD texture analysis is readily available through the use of the inverse pole figure
(IPF) map. The IPF map color codes specific crystal planes perpendicular to the rolling, transverse,
or normal axes (see Figure 68b). The color code key is based on the cubic crystal's stereographic
projection (see Figure 68a), which retains only the [001], [101], and [111] directions from the
aluminum crystal. A specific axis is chosen, and all crystals on the IPF map are then color-coded
depending on their perpendicular orientation to the selected global axis. For example, in Figure
68c, a small portion of the overall map is shown, where the selected global axis is the normal

direction, and the crystals are color-coded based on which plane is perpendicular to the normal
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direction. However, Figure 68c represents an ideal case where not all the crystals align perfectly
with one of the chosen directions. Depending on a crystal's perpendicularity to the selected axis, it
can be colored between one of the color key planes (yellow, magenta, or cyan — see Figure 68a).
In the IPF map for the 0-mm and 112-mm welds in Figure 68, a strong ordered texture is seen
across the weld, corresponding to the location of the pin where the [101] planes are perpendicular
to the normal direction. In the shoulder contact region, more of the [001] planes are perpendicular
to the normal direction. As the plasticized material adheres to the tool surface and is subsequently
left behind, it is expected that the texture direction will change from pin to shoulder, resulting in
different texture directions for these areas. Studies on flow velocity support this reasoning (Zhang
et al. [170]). On the other hand, the IPF map for the 56-mm weld exhibits a much more unique

texture with a laminar structure of many different planes layered over each other.

RD = Rolling Direction (X)

TD = Transverse Direction (Y) -

FSW (112 mm)

1

AL
; TR e
2 (Shoulder) (Shoulder Edge)
mm

Figure 68: Inverse Pole Figure (IPF) map of each friction stir weld

This layer-textured structure may indicate changes in how the tool deposits the material during
FSW. The coefficient of friction varies with temperature: at lower temperatures, the coefficient is
higher, leading to more material sticking to the tool. As a result, the material remains on the tool's

surface longer, depositing in an orderly fashion from one end of the weld to the other, as seen in
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the 0- and 112-mm welds in Figure 69. Conversely, at higher temperatures, achieved with
increased tool rotation for the 56 mm weld, the coefficient of friction decreases. This causes the
material to slip off the tool surface more readily, leading to a more random, layered texture with
different grain orientations. This texture is evident in the 56 mm weld in Figure 68, where the

[111], [001], and [001] planes alternate along the weld path on the advancing side.

Supporting this, Nie et al. [156] found that increasing temperature reduces the coefficient of
friction and increases the slip rate during FSW. The slip rate is highest at the edge of the shoulder,
where the tool's velocity is greatest, and factors like applied force and welding speed also influence
the slip rate. In FSW, "slip" refers to the relative motion between the tool and the workpiece at the
interface, not the actual slipping of material from the tool. This distinction can be understood

through the following conditions:

e Sticking Condition: When the contact at the tool-workpiece interface is fully sticking (6 =
0), there is no relative motion between the tool and the workpiece. The material moves
with the tool, and plastic deformation is the primary source of heat generation.

e Sliding Condition: When the contact is fully sliding (6 = 1), there is complete relative
motion between the tool and the workpiece. The tool slides over the workpiece, and friction
is the primary source of heat generation.

e Partial Sticking/Sliding Condition: Typically, the contact state is between these extremes
(0 <0 < 1). Both friction and plastic deformation contribute to heat generation. The slip

rate (0) quantifies the degree of sliding versus sticking at the interface.

When the slip rate is high (closer to sliding), the material is more likely to slip past the tool rather
than being carried along with it, affecting how the material is deposited back into the weld zone.
This can lead to different microstructural characteristics and weld quality compared to a condition

where sticking predominates.

Because of the increased temperature due to higher rotational speeds (see Equation 1) at the 56
mm position, more slipping occurs, causing a randomly oriented, layered structure with less overall
texture. This random orientation is visible at the 56 mm weld position. Additionally, higher
rotational speeds increase plastic strain (Feng et al. [171]; Hadi et al. [172]), potentially strain

hardening the material. Another consideration is the reduction of texture-induced grain coarsening
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in the randomly oriented structure at the 56 mm position. In comparison, large sections of the 0-
and 112-mm welds are aligned, acting like coarse grains and affecting material properties. This
alignment can reduce strength compared to the Hall-Petch strengthening described in 2.2.5.1
Texture Considerations. Therefore, the increased hardness observed in the 56 mm weld may result
from the non-aligned grain boundaries, which impede dislocations more effectively than the
aligned grains in the 0- and 112-mm weld positions (see Figure 65 for hardness distribution). The
possible effects of texture-induced grain coarsening are supported by the fact that grain refinement
is consistent between each weld position and, therefore would not contribute to any difference in
hardness variation. The average grain size in the DXZ is practically the same across each of the
weld positions: 13.14 microns for the 0 mm weld, 13.18 microns for the 112 mm weld, and 13.21

microns for the 56 mm weld.

This finding aligns with the literature discussed in the section titled “2.2.4 FSW Microstructures”,
which suggests that maintaining a constant speed ratio (the ratio of rotational speed to traversing
speed) results in relatively unchanged average grain size, regardless of the specific welding
parameters. This constancy occurs despite increasing welding speeds. The maximum temperature
increases with higher welding speeds, but the reduced thermal exposure time limits the grain
growth during the dynamic recrystallization process. Thus, two competing factors are at play: the
increased temperature from higher rotational speeds and the decreased grain growth time due to

faster traversing speeds reducing temperature exposure.

3.2.4 ICP-AES Analysis

To further illustrate the differences caused by increasing rotational speed, the segregation of
elements can be analyzed. The rotating threaded tool pin's dragging effect is known to concentrate
elements within the weld (Attallah et al. [173]; Salem et al. [174]). If the rotational speed is
significantly increased, this dragging effect should proportionally increase. However, as discussed
above, the increase in heat can lead to more sliding of the tool on the material and less adherence,
potentially reducing the dragging and accumulation of elements. This can explain the differences
observed in certain measurements in this dissertation, as the welds may have different

compositions due to the varying welding parameters used.
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In this section, inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis is
used to measure the concentration of elements within each weld with an accuracy of a few parts
per million (PPM). ICP-AES detects elements using an emission spectrophotometric technique,
which exploits the fact that excited electrons emit energy at specific wavelengths when they return
to their ground state. Each element emits unique wavelengths based on its chemical nature, and
the technique typically selects a single wavelength for detection. The energy intensity emitted at
the selected wavelength is proportional to the element's concentration. By determining which
wavelengths are emitted by a sample and their intensities, the sample's elemental composition can

be precisely determined in reference to a standard.

For this analysis, the metals must be in solution, which is achieved by digesting the solid sample
using a series of acids (Todoli et al. [175]). Before digestion, the A356 cast material was
completely removed from the welded sections of the Al 6061 in the battery tray. The Al 6061 was
then sectioned into nine samples, separating the welded area from the surrounding material (see

Figure 69).
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Figure 69: Element concentration differences between friction stir welds for aluminum 6061
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Immediately evident in Figure 69 is the noticeable change in silicon (Si) concentration between
the welds, while other elements, like copper (Cu), iron (Fe), and manganese (Mn), show visible
but relatively minimal changes compared to the base material. These minimal changes in non-Si
elements are likely due to differences in their diffusion rates in aluminum (Al) at welding
temperatures. For example, at 500 degrees Celsius, the diffusion coefficient of Si (1.5 x 10” cm?/s)
in Al is much higher than that of Cu (5.9 x 1071° cm?/s), Fe (3.9 x 10! cm?/s), and Mn (7.5 x 10
13 ¢m?¥s) in Al (Zhang et al. [176]).

Using Si as a reference point, it is evident that Si is concentrated in the weld (see Figure 69). This
concentration mechanism can be attributed to the dragging and rotating action of the tool, as
suggested by other researchers (Attallah et al. [173]; Salem et al. [174]). Furthermore, the degree
of Si concentration differs comparing the 56 mm weld to the 0- and 112-mm welds (see Figure
69). This difference suggests that higher rotational speeds in the 56 mm weld lead to more sliding
and less Si concentration because less material adheres to the tool surface. In contrast, at lower
rotational speeds (0- and 112-mm welds), more material sticks to the tool, resulting in an ordered
texture and higher Si accumulation in the weld (see Figure 68 for texture variations and Figure 69

for Si accumulation results).

Understanding the potential sliding and/or sticking differences with changing welding parameters
is important when considering material flow during FSW. As noted by other researchers, the grip
or stickiness of the tool shoulder on the plasticized material primarily determines material flow
(Yeshitla et al. [177]). Although both sliding and sticking generate heat to soften the material,
effective material flow is primarily caused by sticking. Therefore, to create a sound weld with
good adhesion, there must be adequate adherence of plasticized material to the tool surface,
utilizing the sticking mechanism. If the material does not stick, it deposits in an unordered, layered

manner, potentially affecting the joint's effectiveness.

For example, a study by Arora et al. [178] suggested that the optimum shoulder diameter should
correspond to the maximum sticking torque for a given set of welding parameters and workpiece
material. Any further increase in tool rotation and traverse speed with a constant diameter could

result in decreased grip of the tool on the material, leading to more sliding and less sticking.
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3.2.5 Section Conclusions

In this section, friction stir welds joining several Al 6061 plates to the A365 HPDC structure were
analyzed considering the different processing parameters used for the 56 mm weld (higher plunge
forces, rotational speeds, and traverse speeds) compared to the 0-mm and 112-mm welds (half the
plunge forces, with 1.5 times lower rotational and traverse speeds). These variations in processing
parameters resulted in differing hardness properties for the two weld groups. The effect of these
varied processing parameters on microstructural evolution and hardness properties was
investigated in detail. Based on the observations and analysis, the following conclusions were

drawn:

(1) ICP analysis for both weld groups found distinct differences in elemental concentrations.
The weld executed at 1.5 times the rotational and traverse speed exhibited a smaller
concentration of silicon absorbed from the base metal, while the weld at the slower
rotational and traverse speed showed a significantly higher concentration of silicon. This
observation can be attributed to the slower traverse speed, which subjects the weld to heat
for more extended periods, even at lower temperatures. As diffusion depends on both
temperature and time, silicon has more opportunity to diffuse into the welds from the base
metal when the traverse speed is slower. Therefore, the prolonged exposure to heat for the
weld at the slower traverse speed likely leads to the annealing of typical strain hardening
effects observed in welds, explaining the minimal difference in hardness between the base
metal and these welds. In contrast, the weld performed at 1.5 times the rotational and
traverse speed exhibits strain-hardening effects due to shorter exposure times and higher
strain rates. Various competing factors—including maximum temperature, duration of heat
exposure, and changes in speed parameters—contribute to the differing amounts of silicon
accumulation and strain rate observed in the welds.

(2) The distribution and generation of precipitates are not the main factors causing the
increased surface hardness in the 56 mm weld compared to the 0-mm and 112-mm welds.
Instead, the reduction in ordered texture or increased randomness due to higher plastic
deformation, resulting from increased rotational speed, traverse speed, and plunging force,

is found to cause the variation in mechanical properties between the weld groups.
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(3) KAM results show an increase in misorientation of the grains and suggest an increase in
the density of dislocations due to higher rotational speeds, traverse speeds, and plunging
forces. Additional increased misorientations indicate more severe plastic deformation.
Although there is less sticking with increased rotational speed, the material that does stick
experiences much higher plastic strain. The competing factors of increasingly less ordered
texture and higher plastic strain with increased rotational speeds may explain why welds
conducted at higher rotational speeds have increased hardness.

(4) With a constant speed ratio (rotational speed/traverse speed), competing mechanisms keep
the grain size relatively consistent, only deviating by a few microns from each weld group

as the rotational speed and traverse speed increase.

Having analyzed the specifics of each weld in the battery tray, particularly the top surface, and
observed differences in their microstructure and silicon content between the weld and adjacent
material, the next section will focus on the residual stress distribution in the battery tray. It will
explore straightening processes, such as burnishing and coining, detailing how these methods
redistribute stresses and their effects on distortion. Chapter 4 will delve into specifics, considering
some of the conclusions made in this section, particularly regarding the constant speed ratio and
its effects on grain size, as well as the significant role texture may play in the properties of friction
stir welded aluminum. This discussion follows the conclusion of the battery tray analysis,

exploring more fundamental aspects of friction stir welding.

3.3 Analyzing Distortion and Stress Effects in Response to Straightening
the Battery Tray

The magnitude and shape of the stress profile in FSW are influenced by the heat generation profile,
which is asymmetric and determined by tool geometry, rotational speed, traverse speed, and
plunging force (Peel et al. [11]; He et al. [12]; De Giorgi et al. [155]; Nie et al. [156]). This
asymmetric heat generation profile leads to non-uniform temperature gradients and, ultimately,
thermal stresses. Masubuchi et al. [80] define thermal stresses as stress created by non-uniform
temperature changes that, once equilibrated, generate residual stress. The non-uniform temperature
changes generated during FSW result in residual stress as the weld cools, generating compressive
plastic strain as the material expands and contracts due to the heat generated at the source (Richards

et al. [7]). Feng et al. [179] explain that the plastic strains that accumulate during the thermal weld
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cycles are predominantly compressive and remain in the weldment. As the weldment cools to room
temperature, tensile residual stresses of yielding magnitude are retained, typically leaving the base
metal outside the weld region in reduced-magnitude compression. The internal tensile and
compressive residual stresses deform the joint to comply with strain compatibility. Therefore, the
residual stress distributions and the resulting distortion depend on the final state of the plastic strain
distributions. Leggatt et al. [180] state that tensile residual stresses are of yield magnitude (i.e.,
resulting in component distortion) if the free thermal contraction of the heated material is

restrained, causing tension that exceeds the yield strength of the material.

Additionally, Masubuchi et al. [80] list the risks of uncontrolled thermal stress, residual stress, and
distortion: cracking and mismatching; high tensile residual stresses near the weld causing fatigue
damage, stress corrosion cracking, and fracture under certain conditions; distortion and
compressive residual stress in the base plate, which can reduce the buckling strength of structural
members. Therefore, the residual stresses and distortion in welded components must be controlled.
Two methods for potentially controlling residual stress and its corresponding distortion are
burnishing and coining straightening techniques applied after the welding operation. Jayaraman et
al. [181] describe burnishing as a low plasticity technique that introduces a surface layer of
compressive residual stress, which, when used post-FSW, increases the high-cycle fatigue
endurance of the aluminum compared to an un-burnished FSW weldment. On the other hand, the
coining operation is relatively specific to individual component geometries. This operation
requires specialized die tooling and a supportive structure below the component to deform the part
and restore its geometry to the design specification. Hence, the coining operation is similar to the
post-weld global mechanical tensioning (PWGMT) method described by Altenkirch et al. [92].
PWGMT is a stress leveling technique requiring high tensioning loads that exceed the cold
weldment yield strength to elongate the weld material plastically, restoring the component's
geometry to the design specification. The plastic deformation caused by the burnishing and coining
of FSW components will uniquely impact the residual stresses in the component post-
straightening. Consequently, analyzing the residual stress is crucial for optimizing the distortion
and service life of any straightened FSW components. However, many studies (Peel etal. [11]; He
et al. [12]; Woo et al. [182]; ) focused on butt joint welding of similar aluminum alloys with no

connection to tangible component distortion. Few studies have explored residual stress in lap weld
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configurations involving dissimilar aluminum alloys. Even fewer have examined the impact of

straightening operations on residual stress in friction stir welded components of this nature.

Therefore, this section aims to understand different stress states formed during these processes.
This insight into stress redistribution and relief during each process enables automotive
manufacturers to minimize residual stress generation. These results are critical for process
optimization to minimize tensile stresses. Residual stresses were determined by employing neutron
diffraction to perform several line scans along and through the FSW lap joints in the battery tray

before and after applying two different straightening operations (i.e., burnishing and coining).

3.3.1.1 Post Weld Straightening

The utilization of FSW in the manufacturing process of the battery tray results in significant
distortion of the primary geometry of the structure (see Figure 71). As a result, the battery tray
requires post-weld straightening. The current study examined the residual stress distribution for
the burnishing and coining straightening techniques as an effective way of reducing distortion (see
Figure 70). In Figure 71, the CMM image shows that the most significant distortion is in the Z
direction for the non-straightened tray. More specifically, the center portion of the non-
straightened tray experiences between -1.5 to -3 mm of distortion, while the left and right wings
experience a +3 mm distortion. Following the burnishing or coining operation, the battery tray

geometry was restored to £0.75 mm of the pre-weld geometry.

Coining Press

A - Burnishing Tool S \
- Tool Path »

(a) (b)
Figure 70: (a) Cross-sectional view of the coining operation straightening via a hydraulic press
supported on the inverted side; (b) Burnishing tool straightening via surface layer compression
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Figure 71: Coordinate machine measurement (CMM) for the non-straightened, burnished, and
coined tray (out-of-page distortion shown in red and into-page distortion shown in blue)

3.3.1.2 Neutron Diffraction Scanning Layout Utilized

The neutron diffraction experiments for the battery tray were conducted at the High Flux Isotope
Reactor facility at Oak Ridge National Laboratory (ORNL) using the HB-2B High-Intensity
Diffractometer for Residual Stress Analysis (HIDRA) instrument. The neutron beam measured
strain in three orientations: longitudinal (X), transverse (Y), and normal (Z). The strain and
resulting stress were calculated using the peak-shift method of diffraction patterns obtained from
the {311} crystallographic planes of the aluminum lattice (Sediako et al. [16]). The peak-shift
method requires a stress-free diffraction pattern from a material with the same composition,
microstructure, and processing history as the component of interest. Therefore, a comb-style set of
stress-free samples were extracted from identical battery trays (see Figure 72), following methods
similar to those used by Sediako et al. [16] and Liu et al. [135]. Each stress-free matchstick sample
was 20 mm in length and had a cross-sectional area of 3x3 mm?. A gauge volume of 2x2x10 mm?
was used for measuring both the stress-free interplanar spacing (do) and the stressed interplanar
spacing (d) of the battery tray. The scanning region (see Figure 72) was confined to the left wing
of the battery tray due to the limitations of the HIDRA instrument, which is restricted to a working
area of approximately 400x400 mm?. This region consisted of five scan lines: the -81 mm line
(blue), 0 mm line (red), +81 mm line (yellow), extended 0 mm line (orange), and the cast line

(purple), as shown in Figure 72.
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Figure 72: Full stressed component and stress-free comb sample setup on HIDRA instrument

Each dotted grey line in Figure 72 corresponds to a weld line on the battery tray at 0, 56, 112,
155.5, and 213 mm with respect to instrument zero. Figure 72 also depicts a slice removed from
the tray to visualize the internal points of the cast line; however, no cuts or sectioning were made
on the battery tray scanned to obtain residual stress. The red, blue, yellow, and orange scan lines
were measured 2 mm deep into the 6061 plate, while the purple scan line took measurements inside
the A365 cast material at varying depths up to 10 mm from the surface. Each scan line was
measured on the non-straightened, burnished, and coined battery trays. Following the scanning of
all battery trays, the residual stresses were calculated using the method described in the section
titled “2.4.3.2 The Peak-Shift Method in the Calculation of Residual Stresses”. The corresponding
modulus of elasticity and Poisson's ratio, required for stress calculations, were obtained from

tensile tests (see Figure 73b).
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Figure 73: Scanning region for the battery tray that includes several friction stir welds

3.3.1.3 Tensile Sample Preparation

Uniaxial tensile testing was conducted on several tensile samples cut from multiple parts of the
battery tray: A365 cast, base 6061 (unwelded region), cross 6061 (samples across the weld), and
direct 6061 (samples directly from the welded region) (see Figure 74b). The 6061 samples were
cut from all three trays (i.e., non-straightened, burnished, and coined) to check for variability in
results due to straightening. Each sample was machined following the principles outlined in ASTM
Standard E8/E8M-16a [183]. Strain measurements were obtained using an extensometer,
maintaining a constant strain rate of 0.5 mm/mm/min throughout the tensile testing. Following the
tensile tests, the ultimate tensile strength (UTS), yield strength (YS) at 0.2% strain, Young's

modulus, and elongation were determined from the measured tensile data.

3.3.2 Tensile Properties of Friction Stir Welds

The tensile test results demonstrate that the FSW operation significantly influences the mechanical
properties of the Al 6061 material once welded. For instance, the cross-weld samples fractured
immediately above the weld during testing (see Figure 74a); therefore, the tensile properties of

these tests reflect the weld-affected regions, specifically the TMAZ, rather than the weld itself.
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However, irrespective of the fracture location, the modulus of elasticity (E) did not vary
considerably between the base, cross, and direct weld-affected 6061 samples (see Figure 74b). The
comparable moduli of elasticity between the base, cross, and direct Al 6061 material are attributed
to the characteristics of the solid-state welding process; welding mainly affects the microstructure
while retaining most of the material's elemental composition, the modulus of elasticity tends to
remain insensitive to welding (Pauleau et al. [184]). Consequently, the samples taken from the

burnished and coined trays exhibited negligible differences in their moduli of elasticity.

However, the yield strength increases progressively from the base 6061 (unaffected) to the cross
6061 (weld-affected) and the direct 6061 (welded). This observation was consistent across the five
samples tested for each condition, with the sample batch for a specific condition being within 5%
of each other's elastic modulus and yield strength values. The increasing yield strength from the
base, cross, and direct 6061 material is attributed to the worked, refined, and recrystallized

microstructure resulting from the friction stir welding process (Lemmen et al. [58]).
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Figure 74: (a) Fracture locations of cross-weld samples and direct-weld sample location; (b)
Tensile data of A365, 6061-Base, 6061-Cross, and 6061-Direct material

3.3.3 Residual Stress in As-Welded Non-Straightened Tray

Figure 75a indicates the location of three of the scan lines for each battery tray, as shown by the
blue line at -81 mm, the red line at 0 mm, and the yellow line at 81 mm. The grey dotted lines
correspond to the weld location on the model at 0, 56, and 112 mm from the component reference
in Figure 75a. The 3D stress profile is shown in Figure 75b, and the corresponding projected 2D
profile is shown in Figure 75c¢. This method of presenting the data will be used throughout this

section. Moreover, this section will present data for the longitudinal-X, transverse-Y, and normal-
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Z directions (see Figure 75a for directions), corresponding to residual stress measured in the X-

direction, Y-direction, and Z-direction of each battery tray.
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Point Locations X Stress X Stress

300

w
o
S

200

2 N
o o
S ©

100

(=]
Stress (MPa)

o[-/

Stress (MPa)

=100

81 mm
L =0~ 0 mm
81 200 i -0 81 mm

0 -81 112 56 0

Y distance (mm) X dist:
istance (mm) (c) Y distance (mm)

a
Figuré )75: (a) Visualization of scan point locations; (b) Three-dimensional view of X-direction
stress data; (c) Two-dimensional view of X-direction stress data
An evident change in the stress profile is present when comparing the welds with much higher
residual stress within the dotted vertical lines in Figure 75c¢ to the base Al 6061 material with much
lower residual stress, with some points near zero; this is present for all lines except at the -81 mm
position (blue line in Figure 75) between the 112 and 56 mm weld position, this shows an increase
of stress outside the weld region between the two vertical lines containing the 56 mm weld, which
tapers off to zero near the 112 mm line. This trend continues into the Y and Z-direction (see Figure
76), with zero stress magnitudes for the X and Z direction and compressive stresses in the Y
direction for the 112 mm position, followed by a rapid increase in stress as the 56 mm weld position
is approached. This is ultimately due to the design of the weld layout, as the weld positioning is
different near the blue line compared to the red and yellow scan lines, as they have a weld at the
112 mm position, shown in Figure 76b, leading to the maximum tensile stress at the outlined profile
in Figure 76a. This weld path design leads to considerable tensile stress in the valley between the
112 mm and 56 mm weld, possibly becoming the most strength-compromised region. This
demonstrates that the weld path design is crucial for the non-straightened battery tray. For the pre-
straightened battery tray, the most extensive measured residual stress is in the Y direction, and it
is not even in the weld zone. Notably, the region highlighted by the black circle in Figure 77B for
the blue line is surrounded by multiple welds, although it does not encounter a weld itself.

Although these scans are done in straight lines horizontally across the battery tray, the competing
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residual stress fields between the bottom of the plate, the center of the plate, and the welds near

the 112 mm location or left of the center likely contribute to this unusual increase in residual stress.
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Figure 76: (a) X, Y, and Z stress directions (non-straightened tray); (b) Top view of scanned
location highlighting the start of the blue scanning line finishing absent of the weld (copy of
Figure 58 for reading convenience)

Traditionally, the Z stress, or normal stresses, are assumed to be zero through the plane stress
condition. However, in this specific region highlighted by the black circle in Figure 77A, the
normal stresses are even larger than the longitudinal stresses, whereas the stresses within the actual
weld regions are comparatively much smaller. This suggests that the observed residual stress may
not be strictly due to the weld itself but could be influenced by the plate's reaction to the

surrounding casting material or the fact that the casting material was not stress-free before welding.

This is an important consideration for industrial components that undergo multiple processing
steps beforehand. High-pressure die-cast components may not necessarily be stress-free before
welding. In fact, a few studies (Kianfar et al. [185]; Hofer et al. [186]) indicate that high-pressure
die casting components do generate some tensile stresses, which may depend on the thickness of
the cast. To investigate the potential residual stresses within the cast section of the battery tray
component, the neutron diffraction experiment included two more scan lines. The first is the
extended orange line that advances into the adjacent 6061 plate, depicted on the rendered model
in Figure 77. The second line measured stress in the A365 cast material, shown by the purple dots

on the green portion of the rendered model in Figure 77. Figure 77b-c translates the 3D view of
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the X-stress into the second dimension. In the foreground, the scan lines from the previous

discussion (blue, yellow, and red plate scans) are included in high transparency to indicate the

relative difference between the cast scan and the plate scan. The scan of the cast component had

limited points; nevertheless, the purple A365-casting line follows a similar residual stress profile

in both shape and magnitude, as compared to the 6061-red line (see Figure 77). The Y- and Z-

direction stress (see Figure 78) follow the same pattern but are marginally higher in magnitudes

between the welds.
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This observation is particularly intriguing as it appears to result from multiple factors. When
examining the X- or longitudinal stresses, the profile closely resembles that of the FSW process
(see Figure 78), suggesting that the thermal cycle or stresses imparted by FSW may be influencing
these measurements. However, when observing the Y-traverse and Z-normal directions, the
stresses consistently remain above zero across all points scanned without the extremely
pronounced dip between the welds. This suggests that the cast component itself may have had
residual stresses before welding occurred. It is plausible that the Y and Z stresses dominate during
the rapid cooling process of the high-pressure die-cast material. Stresses transverse and normal to
the component may inherently be larger compared to those in the longitudinal direction,
contributing to the measurement differences between the directions within the cast (see Figure 78).
Although it is challenging to pinpoint the exact origins of these stresses, as the cast component
was not scanned separately and prior to FSW, it is difficult to distinguish between stresses caused
by the friction stir welding process and those pre-existing due to the high-pressure die-casting
process within this region. Nonetheless, it is evident that in-plane stresses, or Z stresses, should
not be assumed to be zero when dealing with complex cast components. The friction stir weld joint
may inherit stresses from previous processes, impacting the overall stress state upon welding or
joining. This phenomenon occurs because the residual stresses present in the cast component
before welding can interact with the thermal and mechanical stresses induced during the welding
process. This interaction can lead to a redistribution or magnification of existing stresses, resulting

in a complex residual stress profile in the welded component (Itoh et al. [187]; Wu et al. [188]).

3.3.4 Residual Stress after Burnishing and Coining

Yield strength measures a material's elastic limit, beyond which it undergoes plastic deformation.
In contrast, residual stress represents the stress that remains in a material after deformation,
whether elastic or plastic. Interestingly, residual stress can sometimes exceed the yield strength
without causing further deformation, as it is often localized and confined within the bulk of the
material, which is restrained from all sides. This condition may indicate that the material has
undergone significant plastic deformation, with the residual stress being a consequence of that
process. It is crucial to understand that residual stress measures the internal stress within the
material and is not inherently the stress that caused the deformation. Residual stress can either be

a result of deformation or a contributing factor to deformation (distortion). In cases of distortion,
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areas with high residual stress may contribute to the overall distortion, but the relationship is not
strictly cause-and-effect. Other factors, such as material properties, geometric constraints, and
loading conditions, also play significant roles in determining the extent of distortion. Residual
stress is a complex phenomenon influenced by various factors, including thermal history,
deformation history, and the mechanical properties of the material. Therefore, while this discussion
explores the connections between residual stress and distortion, establishing a direct correlation
between residual stress exceeding the yield strength and resulting in plastic deformation and

distortion may not be straightforward. Nonetheless, it remains a topic worth comparing and

examining.

For example, the non-straightened tray exhibits significant distortion (see Figure 71), with the
maximum tensile stress in the X-direction exceeding the measured yield strength of the material
(see Figure 74 for yield stress). This excess stress possibly contributes to the distortion around the
tray or indicates significant plastic deformation. In contrast, after the straightening operations,

many of the maximum stress measurements are at or below the material's yield strength, as shown

in Figure 79.
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Figure 79: Comparing stress measurements to yield strength after coining and burnishing

Figure 80 projects the top surface of the 3D stress data into a 2D surface map. The 2D top view,

shown in Figure 80b, displays the residual stress using a color gradient from blue to red. For

136



instance, on the right side of Figure 80b, a color bar indicates stress in MPa, where blue gradients
denote tension found directly on or near the welds. Conversely, the base metal between the welds
includes yellow to red gradients, indicating lower tension or, in some locations, compression. If
the color map contains hard-blue gradients (approximately 200-300 MPa), the residual stress
exceeds the tensile yield strength of the Al 6061 plate material.
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Figure 80: (a) Three-dimensional view of X-direction surface data; (b) Two-dimensional view of
X-direction surface data; (¢) Visualization of scan point locations

The heat maps in Figure 81 compare the effects of burnishing and coining operations on residual
stress. In "Area 1" on the blue scan line in Figure 81, where this portion of the blue line is not on
a weld line (see Figure 76), the burnishing operation reduces the maximum tensile stress compared
to the non-straightened battery tray. In contrast, the coining operation inverts the color gradient,
indicating that the tensile stresses have been converted into compressive residual stresses in most
locations. In "Area 2," shown in Figure 81 and adjacent to the burnishing tool's indent path, the
effect of the burnishing operation on the stress map is evident in the red gradients, signifying
substantial compressive stresses. These compressive stresses appear to be beneficial in reducing
distortion along the battery tray (see Figure 71 for the distortion map). To facilitate efficient
comparisons of areas with stress above the material's yield strength among the non-straightened,
burnished, and coined stress maps, additional data processing was conducted. This processing
highlights the amount of residual stress exceeding the material's yield strength, referred to as the

"yield area," as displayed in Figure 82.
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Figure 81: Comparing (X-direction) non-straightened to burnished and coined stress map
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Figure 82: The total yield area of the material is the addition of all the blue areas (readings over
100 MPa) on the surface map
In the non-straightened tray, the total yield area in the X-stress direction is 24%, closely related to
the position of the welds on the battery tray (see Figure 82). After the burnishing operation, the
yield area is reduced to 9.6%. Similarly, the coining operation reduces the yield area to 9.8% in
the X-stress direction. The difference between the straightening operations lies in the locations
where they reduce the yield areas. The burnishing operation reduces the yield area relatively evenly

across each weld. In contrast, the coining operation is more effective in regions distant from the
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casting edge, likely due to the edges being in direct contact with the mounting table underneath
the battery tray. In comparison, the middle of the tray, supported by a die, has some room to bend

(see Figure 70).

Next, considering the Y-direction of stress in the surface map shown in Figure 83, the coining
operation increased the yield area from 23% to 46%, covering a significant portion of the coined
tray. This entire region is above the yield strength, suggesting that the operation exceeds the cold
weldment yield strength, thereby plastically elongating the battery tray material and resulting in
elevated residual stress. Furthermore, since the non-straightened tray is concave in geometry (see
Figure 84b) due to thermal contraction after welding, the coining operation acts against the tray's
concavity. The black arrows in Figure 84b indicate the direction of the applied force during the
coining operation. As the tray is pressed in the direction of the black arrows, the 6061 plates and
upper part of the A365 are pulled and plastically deformed across the battery tray, resulting in high

tension (see Figure 83, Coined Tray).
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Figure 83: Comparing (Y-direction) non-straightened to burnished and coined stress map

The lower part of the component is subjected to compression rather than tension, though this
portion of the battery was not measured in this section. The coining operation redistributes the
highest tensile residual stresses between the welds, reducing the maximum tensile stresses while
increasing the areas of high tensile residual stress in the component. Although distortion has been

addressed, the extensive areas of tensile residual stress may contribute to accelerated fatigue
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damage and stress corrosion cracking, potentially limiting the component's service life after the
coining operation. Conversely, the burnishing operation reduces the yield area considerably, from
23% to 5.2%. Specifically, near the top left corners of the surface maps, the non-straightened tray
exhibits significant stress variance from compression to high tension exceeding the yield strength
of the material near the 112 mm weld (see Figure 83). The burnishing operation reduces the stress
variance in this location to minimal compression or zero stress. In contrast, for the same location,
the coining operation has little effect and retains the high variance between significant compressive

stresses and stresses exceeding the yield strength of the material, similar to the battery tray, before
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Figure 84: (a) non-straightened tray CMM measured distortion; (b) bending effect on battery tray
(black arrows indicating the direction of pressing in coining operation)

Considering the Z-direction of stresses in the surface map shown in Figure 86, the coining
operation slightly reduces the yield area from 6.1% to 4%, indicating a constant low-level residual
stress in the normal direction. On the other hand, the burnishing operation increased the yield area
from 6.1% to 16.3%, suggesting that this process introduced more locations where the residual
stresses exceeded the yield strength of the Al 6061 material. When burnishing is applied, the
surface layer of the material is plastically deformed, and the material underneath is compressed.
This compression induces a state of compressive residual stress on the surface and subsurface
layers. However, due to the principle of stress equilibrium, the introduction of compressive stress
in one direction may be balanced by tensile stress in the perpendicular direction. This might explain
why more tensile stress can be observed in the normal (Z) direction for the burnished map. It is

also notable that this increase in yield area is not directly on the welds but in between the welds,
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in the valleys. There is still significant compression measured near or on the welds, but the areas
in between react with higher tension, thus increasing the yield area. This phenomenon wasn't
observed in other directions, which may suggest that the redistribution or principles of balancing
stresses are beneficial for the X and Y directions (longitudinal and transverse stresses) but come

at the cost of increasing tensile stresses in the normal direction.
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Figure 85: Comparing (Z-direction) non-straightened to burnished and coined stress map

The residual stress maps shown from Figure 81 to Figure 85 represent the stresses locked within
the material's bulk. The observed stresses that exceed the yield strength contribute to the initial
deformation, after which the residual stresses remain in the component. Although not apparent in
the short term, these residual stresses can contribute to long-term distortion and potential cracking,
ultimately leading to component failure. However, the distortion that develops over the long term
(i.e., over a year) due to the release of residual stress is typically insignificant, on the order of
microns (Kianfar et al. [189]; Aval et al. [157]). Part of the stress imposed by the FSW operation
is released during the initial plastic deformation, causing the concave curve of the battery tray (see
Figure 71). The remaining stress (i.e., residual stress) can be measured in the non-straightened tray
(Figure 81 to Figure 85). The burnishing operation helps release the residual stress via plastic
deformation. When burnishing is applied, the surface layer of the material undergoes plastic
deformation, which redistributes and reduces the internal residual stresses, particularly along the

weldments. This process leaves much-reduced residual stress in the X and Y directions, while the
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Z-direction (normal direction) compensates by balancing the stress equilibrium. The residual
stresses in the X and Y directions significantly determine the distortion occurring in the battery
tray, as these directions influence the concave geometry of the non-straightened battery tray. This
is true because residual stresses in the X and Y directions can cause bending or warping in these
planes, which contributes to the overall concave shape. Therefore, the relatively higher residual
stresses in the Z-direction should not considerably affect the overall distortion. This is likely the
case, as Z-direction stresses are more likely to cause localized thickness changes rather than large-
scale shape changes. In contrast, the coining operation strictly deforms the casting geometry,
causing plastic deformation that releases stresses in the X direction but adds residual stress in the
Y direction, while the Z direction seems unaffected due to the fact that bending is caused by X and
Y residual stresses. Instead of releasing residual stress to bring the geometry into the pre-weld
dimensions, the coining process presses and deforms the battery tray into those dimensions. Both
processes achieve good dimensional accuracy (see Figure 76); however, the targets by which they

achieve this are completely different.

Lastly, the effects and differences between the straightening operations are clearly evident when
examining the measured residual stresses within the cast component (see Figure 86). The coining
operation results in more significant longitudinal (X-direction) stresses compared to the non-
straightened tray. In contrast, the burnishing operation significantly reduces those stresses in the

same locations.
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3.3.5 Section Conclusions

This section analyzed the friction stir welding process, which caused significant battery tray
distortion, and the post-welding straightening operations used to restore the geometry to its original
state. While both operations effectively reversed the original distortion, their impact on residual
stress was previously unknown. Therefore, a comprehensive residual stress analysis was
performed using neutron diffraction on the original distorted tray, the burnished tray, and the

coined tray. The following conclusions can be drawn from this section:

(1) After the FSW process, the yield area (i.e., the area containing residual stress above the
material yield strength) accounted for 24, 9.6, and 9.8% of the scanned area for the X-
direction, Y-direction, and Z-direction of stresses, respectively.

(2) The FSW process imparts significant plastic deformation, leading to large residual stresses
shown in the yield area, causing distortions of the battery tray upwards of 3 mm at the
wings and center of the battery tray, as compared to the pre-weld geometry.

(3) Following the burnishing operation, the measured residual stress in the scanned region
revealed evidence of surface layer compression induced by the burnishing technique. In
addition, the burnishing operation reduced the yield area by 14 and 18% in the X-direction
and Y-direction, respectively. In contrast, the Z-direction stresses increased the yield area
by 10% after the burnishing operation. Nonetheless, the burnishing operation restored 93%
of the battery tray's surface area to within +0.75 mm of the pre-weld geometry.

(4) Following the coining operation, the yield area is reduced by 14% in the X-direction of
stresses. The yield area in the Z-direction stayed nearly constant, only decreasing by 2%.
However, the battery tray's significant distortion profile was reduced by the operation,
which required considerable plastic deformation to restore the pre-weld geometry,
increasing the yield area by 23% after straightening in the Y-direction of stress.
Nevertheless, the coining operation restored 98% of the battery tray's surface area to within

+0.75 mm of the pre-weld geometry.

This section provided an improved understanding of the relationship between the friction stir
welding operation, straightening operations, and the corresponding alleviation or generation of

residual stresses. These insights can be used to further optimize the friction stir welding process,
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thereby minimizing the generation of residual stresses in complex aluminum components. This
optimization will help reduce component distortion and improve dimensional accuracy in the final
product. However, some complex residual stress profiles are difficult to understand due to the
potential initial stress state of the high-pressure die-cast component. Additionally, the effects of
multiple welds in close proximity are not clearly understood. Many residual stress profiles for the
higher welding speed center weld or non-peripheral weld show considerably lower residual
stresses. The current theory suggests that because the center or non-peripheral weld was conducted
first, followed by the peripheral weld, the plastic deformation and related heat from the subsequent
peripheral weld redistributed the center weld's stresses to a lower state, potentially by releasing it
through further deformation. Individually, increased welding speed typically results in higher
residual stresses, but the presence of multiple welds seems to alter this outcome. The generation
and subsequent release of residual stress, leading to plastic deformation or distortion, are likely
influenced by the application of multiple welds rather than single welds; this is a key focus in
Chapter 4. Chapter 4 begins with a single weld in a controlled plate geometry to reduce complexity.
By systematically increasing the welding parameters independent of other welds, it becomes
possible to pinpoint the exact effects of residual stress. Subsequently, using consistent welding
parameters while adding multiple welds on the same plate geometry allows for further analysis of

whether the proximity of multiple welds is causing the observed distortion.
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Chapter 4: Stress, Texture, Distortion, and Simulations on the
Friction Stir Weld Utilized on Controlled Plate Geometry

This chapter encompasses the research carried out on the in-house cast plates, specifically A365
plates, with subsequent 6061 plates welded on top using friction stir welding. The experiments
executed in this chapter are divided into sections that include an initial examination of the single-
welded plates and an in-depth discussion of their findings, followed by an exploration of the impact

of multi-welded plates and the resulting outcomes.

4.1 Residual Stress Characteristics in Friction Stir Welding: An In-depth Temperature, Texture,
and Neutron Diffraction Analysis of Speed Parameters

This section investigates the influence of welding parameters on single-welded plates of aluminum
alloys 6061 and A365. The study employs neutron diffraction, EBSD, and SPH to analyze texture,
torque, temperature, and residual stress. Different welding speeds, maintaining a constant speed
ratio, were tested to observe their effects. Key findings include that higher welding speeds reduce
the required torque, increase maximum temperatures, and influence residual stress distributions,
especially in the longitudinal direction. Texture intensity decreases with increased welding speeds,
potentially affecting the yield strength and subsequent residual stress profiles in the welded

material.

4.2 Influence of Multiple Welds on Residual Stress and Distortion in Friction Stir Welding: A
Neutron Diffraction Study

This section investigates the influence of welding sequence and proximity on residual stress
generation in FSW aluminum plates. It focuses on the effects of different sequences of welds and
the impact of thermal gradients and residual stress interactions. The study uses various plates with
different welding configurations, including single central welds, peripheral welds, and
combinations of both, to analyze how these factors affect residual stress and distortion. Key
findings highlight that distortion primarily appeared in multi-welded components, with similar
high distortion profiles observed when the sequence of welds was close in time. However,
extending the duration between welds and the resulting thermal gradients substantially influenced
the residual stress profiles, leading to different magnitudes and patterns of distortion compared to

other tested plates. The study emphasizes the importance of managing thermal dynamics and weld
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sequencing to optimize weld quality and minimize residual stress and distortion in multi-welded

components.

4.1 Residual Stress Characteristics in Friction Stir Welding: An In-depth
Temperature, Texture, and Neutron Diffraction Analysis of Speed
Parameters

Understanding the influence of the structural type on residual stresses is essential for accurate
property measurements in structural components. For example, in Chapter 3, it was found that
residual stresses in unique battery tray structures differ from those observed in small flat test
coupons due to geometry considerations of both the component and the weld itself. Moreover,
understanding the local temperature environment is essential for better comprehension of stress
evolution. To accurately determine these environments, combining experimental measurements
with simulations provides the most representative understanding. This approach captures
conditions directly interacting with the tool and at some distance away. Smoothed Particle
Hydrodynamics (SPH) models are often preferred over Finite Element Method (FEM) and other
models for simulating the FSW process due to several reasons. One such reason is FSW involves
topology changes and large deformations, which pose difficulties for the commonly used FEM

due to unclear mesh connectivity.

In contrast, SPH, with its mesh-free nature, provides a suitable framework for the simulation of
FSW. For example, Fraser et al. [35] utilize SPHriction-3D, a mesh-free, fully coupled thermo-
mechanical approach designed for highly non-linear, dynamic multiphysics simulations,
specifically used to model the large deformations in FSW accurately. Additionally, to accurately
define the effect of elevated temperature on aluminum strain rate sensitivity, a specific flow stress
model was developed to account for strain hardening, thermal softening, and strain rate effects
(Fraser et al. [190]). This approach has also seen broader applications in its versatility in solid-
state additive manufacturing processes and additive friction stir deposition (Stubblefield et al.
[191]). Another study highlighted its capability to precisely capture the influence of temperature
and strain rate on the mechanics of additive friction stir deposition (Stubblefield et al. [192]). These

implementations underscore the model's robustness and adaptability across varying scenarios.
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Consequently, it is critical to extend the knowledge of residual stresses beyond just test coupons
to include full-scale structural elements and accurate temperature simulations. However,
completing comparative studies between many parameters becomes difficult with full-scale
components. For the present section, an intermediate solution was found by creating a plate weld
setup comparable to a structural industry element with a 175 mm long weld. The goal of this
section is to examine the interplay between welding parameters and multiple performance
outcomes, such as texture, torque, temperature, and residual stress. This investigation aims to fill
this gap by employing a holistic approach that integrates various measurements and analyses to
understand how welding parameters influence the characteristics of a welded joint between
aluminum wrought (6061) and cast (A365) alloys. Using the widely studied 6061 and A365 Al
system, the effect of four specific welding parameters with increasing rotational and traverse speed
at a consistent speed ratio of 1.57 (rev/mm), including the spindle torque data, temperature
simulations, residual stress, and texture in a wrought-to-cast lap FSW has been demonstrated and
characterized using neutron diffraction, EBSD, and SPH offering a distinct perspective compared
to existing research with the explicit intention of understanding how all these items relate to
potentially better control the residual stress response to reduce its side effects and increases its

benefits.

4.1.1.1 Weld Layout and Quality Assurance of Single Welded Plates

Friction stir welding (FSW) has been extensively employed to join diverse materials, with a
particular emphasis on aluminum alloys, given their widespread industrial applications. The
present section utilized A365 aluminum castings as the substrate material, onto which 6061
aluminum alloys were friction-welded (see Table 1). Specifically, the dimensions for the 6061
alloy were 400 (1) x 200 (w) % 2 (t) mm”3, while the A365 alloy possessed dimensions of 400 (1)
x 200 (w) x 7 (t) mm”"3 (see Figure 87). Regarding the welding process parameters, the study
examined four distinct welding configurations listed in Table 3 and displayed in Figure 87. While
speed parameters (rotational and traverse speed) vary, certain aspects remain consistent. The speed
ratio (rotational speed/traverse Speed) was maintained at 1.57 across all welding operations. The
axial downward force, an important parameter affecting the advent of weld defects, was

determined based on the weld quality.
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Figure 87: Plate dimensions and weld parameters for single welded friction stir welding study

Table 3: FSW processing conditions (single welded plates)

Weld Dwell Traverse Rotational Plunge Plunge Withdraw

Plate Time Speed Speed Force Feed Feed
(s) (mm/min) (RPM) (kN) (mm/min) (mm/min)

Plate A 1.2 700 1100 7.3 120 250

Plate B 1.2 950 1500 7.3 120 250

Plate C 1.2 1150 1800 7.3 120 250

Plate D 1.2 1400 2200 7.3 120 250

To assess the quality of the weld, an ultrasonic analysis employing a 30MHz focalized probe and
0.Imm increment steps was utilized during the developmental phase to determine the optimal
downward force. The optimal axial force was determined through test welds that were completed
on development plates with gradually increasing axial force until defects ceased, as verified by
ultrasound post-weld. The ideal downward force of 7.3 kN was then applied to the plates studied.
To ensure industry-quality welds, each plate was scanned via ultrasound, as shown in Figure 88
for Plate A. Figure 88a displays the A-scan with amplitude readings and depth. The initial 0.4 mm

is an artifact of the ultrasound, so the top surface is considered to start at 0.4 mm, though this
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section is unreliable. This unreliability is due to the surface irregularities produced by FSW, which
create ripples that distort the A-Scan signal quality. These distortions cause unreliable depth
readings in the first 1.0 from the surface, leading to a "loss of inspection" in this initial depth range.
When inspecting for defects, the presence of a high-noise signal can create a "dead zone." This
dead zone refers to areas where the ultrasound signal is too noisy to interpret, typically affecting
the initial depths accurately. However, major defects in FSW welds usually occur deeper, in the
final 1/3 of the pin length, which is outside this dead zone. Therefore, while the initial depths are

compromised by noise, the overall defect detection remains effective.

Beyond the 1 mm mark, the data becomes reliable, indicating low amplitude readings throughout
the weld, as shown in the orange box in Figure 88b. The initial high-amplitude signal on the A-
Scan indicates the ultrasound wave touching the top surface of the material. Misinterpretations of
this signal can lead to incorrect assumptions about where the weld starts or the depth of various
features. The B-scan provides a longitudinal view of the depth, with colors corresponding to the
A-scan amplitudes (see color bar in Figure 88a). The initial 1 mm shows unreliable readings due
to the dead zone. Below this region, the consistent green-yellow color indicates low amplitude or
near-zero readings, suggesting the absence of significant defects. Any notable defects would be
indicated by intense red or blue colors, which signify voids. The C-scan, included for
completeness, outlines the top surface. Although the C-scans show high amplitude readings, they
are unreliable due to the previously mentioned “dead zone.” For example, referring to the
crosshairs in Figure 88d, a negative high amplitude signal is read on the surface; however,
following the crosshairs to Figure 88c reveals no defects at the actual weld joint. Therefore, the
irregular colors across the C-scan do not accurately represent the internal sound structure of the

weld.

In summary, the unreliability of depth readings in ultrasound inspections of friction stir welds is
primarily due to surface irregularities and high-noise signals, which create a dead zone. This dead
zone affects the initial 1.0 mm from the surface, making it challenging to accurately determine the
starting point of the weld. However, the method remains effective for detecting deeper defects,

thereby ensuring the overall integrity of the weld and confirming its quality.
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Figure 88: Ultrasonic non-destructive evaluation of friction stir welds; (a) reference plate scan
(b) one-dimensional display of amplitude versus depth; (c) cross-sectional view revealing defects
across the length and depth; (d) external details of the weld projected onto a plane

The last parameter requiring consideration is consistent fixturing, which is also considered for
comparability between plates. It has been noted that the manner in which material is constrained
during welding and how it is released post-welding can influence distortion and residual stress.
For instance, a study by Costa et al. [193] demonstrated that altering the releasing strategy from
counterclockwise (CCW) to clockwise (CW) does impact residual stress and plate distortion,
although the effects are relatively minor. Therefore, the plates in the current study maintained
uniformity in clamping configurations and release schedules for each set, as shown in Figure §9.
The clamping loads for each set also remained consistent at 680 1bs downforce across all clamps.
Lastly, temperature measurements and simulations are completed for this study, as temperature
and temperature gradients are essential to texture generation, plastic deformation, and residual
stress. For each plate, two distinct temperature measurements were acquired as positions A and B
(see Figure 89). The thermocouples were installed to ensure accurate readings during the welding
process, and measurements were acquired at a 100Hz rate utilizing the temperature measurements
Intertechnology system. These temperature measurements were required to verify an FSW

simulation utilized in the present study.
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Figure 89: Plate clamping setup, release order, thermocouple (TC) positions, and tooling

4.1.1.2 Smoothed Particle Hydrodynamics

FSW is a complex solid-state joining process characterized by intricate material flow patterns,
large plastic deformation, and substantial temperature gradients (Fraser et al. [35]). Capturing these
dynamics requires a refined computational framework. Traditional mesh-based methods, though
prevalent, often face challenges when simulating FSW. Their dependency on a predefined mesh
means that when materials undergo large deformations, the mesh distorts, leading to errors or even
simulation failures (Fraser et al. [35]). The complexity of FSW, with its dynamic material flow
and large deformations, makes these methods less suitable. In contrast, the mesh-free approach
offers flexibility. Since it isn't anchored to a fixed mesh, it navigates the challenges of large plastic
deformations. Within this approach, the Lagrangian framework plays a crucial role. Unlike
Eulerian methods, in which calculations are performed on a fixed spatial grid, the Lagrangian

perspective follows individual material points as they move and deform (Fraser et al. [35]). This
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fluidity appropriately captures the material's movement during FSW without being hindered by

mesh-related issues.

Smoothed Particle Hydrodynamics (SPH) is one of many mesh-free approaches. Each material
point possesses attributes such as mass, velocity, and temperature. The SPH method is especially
effective in capturing the dynamic material flow in FSW. Therefore, the conservation of mass,
momentum, and energy is ensured by the solution of the conservation equations in the mesh-free
framework. The material points move and interact without the constraints of a fixed mesh, making

it adept at simulating the large plastic deformations present in the FSW process (Fraser et al. [35]).

The detailed relationship between temperature and material deformation in FSW cannot be
understated. Aluminum, for instance, exhibits a temperature-dependent behavior; its mechanical
properties, like strength and ductility, can change with varying temperatures (Fraser et al. [35]).
This relationship necessitates a fully coupled thermo-mechanical approach where temperature and
mechanical deformation are intertwined. The model employed here has been optimized for
aluminum. It capitalizes on specific behaviors of aluminum, such as its temperature-dependent

flow stress, ensuring accurate simulation results (Fraser et al. [35]).

Validation is paramount to ensure the model's predictions align with real-world observations. This
study monitored temperatures during FSW using thermocouples positioned away from the weld,
drilled approximately two millimeters apart (Fraser et al. [35]). This setup ensured that the
thermocouples captured the temperature gradients without being affected by the direct action of
the welding tool. The simulation's temperature predictions were then accurately compared with

these measurements, affirming the model's accuracy.

4.1.1.3 Residual Stress Measurements with Neutron Diffraction

For the plates utilized in Chapter 4, neutron diffraction experiments were conducted on the
Kowari-Strain Scanner instrument at the Australian Centre for Neutron Scattering. Again, the
specific methods utilized in the present study to acquire strain were applied by Sediako et al. [15],
employing the equations established by Hutchings et al. [115] to determine the stress in all three
orientations (longitudinal, transverse, and normal) on the friction stir welded plates. Furthermore,
the breakthrough work by Holden and Schajer [124] formulated in detail the method of

experimental elastic strains and stresses in terms of lattice interplanar spacing measurements.
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Please refer to the section “2.4.3.2 The Peak-Shift Method in the Calculation of Residual Stresses”

for the specific methods utilized to calculate residual stress.

4.1.1.4 Texture Measurements with EBSD

Texture data was obtained with the Tescan Mira 3 XMU Scanning Electron Microscope (SEM) at
the University of British Columbia, where the key technique used in this study was Electron
Backscatter Diffraction (EBSD), facilitated by an Oxford Instruments Nordlys EBSD detector.
EBSD is a SEM-based technique that provides crystallographic data about the microstructure of a
sample. It involves the interaction between an electron beam and a slanted crystalline sample,
where the diffracted electrons form a pattern that can be identified. This pattern provides
information about the phase and the crystallographic orientation, effectively reconstructing the
microstructure. Please refer to section “2.5 Measuring Texture in Friction-Stir-Welding”, for a

brief overview of the EBSD process.

4.1.2 Torque Analysis

Several process parameters are crucial in FSW, including rotational speed, traverse speed, plunge
force/axial force, and the tool geometry utilized. Among these, torque is particularly significant
and is closely dependent on the tool geometry (see Figure 89 for the tool). For instance, a study by
Aldanondo et al. [48] demonstrated that with constant welding speeds, a change in tool geometry
can significantly alter the spindle torque. When the tool geometry is held constant, the torque
provides valuable insights into the welding process, reflecting the interaction between the welding
tool and the workpiece. FSW generates heat through friction, which softens the material and allows
for stirring without melting. Torque is a direct measure of the resistance the tool encounters as it
moves through the material. Figure 90 illustrates that the torque required diminishes as the tool's
rotational speed escalates. This reduction occurs as the increased rotational speed induces a
temperature rise, consequently softening the material and facilitating easier rotation. This

observation aligns with the findings reported by Arora et al. [194].
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Figure 90: Plate's A, B, C, and D spindle torque measurements
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The material's malleability and flow during the welding process are closely linked to the tool's
stirring effectiveness. Changing torque by differing welding speeds causes the tool's material flow,
material adhesion, and element segregation to change, impacting the weld's microstructure,
mechanical properties, texture, and even lattice parameters. Medina et al. [195] discovered that the
distinct microstructural zones of FSW materials, characterized by grain size, texture, and lattice
parameter (reflecting residual stress), closely align with temperatures near the pin, as determined
through molecular dynamics simulations. These near-pin temperatures closely align with torque
and depend on welding speeds (Long et al. [196]). Examining the mean spindle torques in Figure
90, Plate A exhibits the highest value at just under 20 Nm, Plate B at almost 19 Nm, Plate C near
17 Nm, and Plate D at 14 Nm, illustrating that as the welding speeds increase, the average torque
required decreases. Additionally, Figure 90 illustrates that as the tool welds the material, it moves
from areas of high maximum temperature (requiring less torque) to zones of lower temperature
(requiring more torque), thereby forming distinct regions across the weld. These regions manifest
as variations in texture, which arise due to the asymmetry inherent in the FSW process. The process

is characterized by an advancing side, where the tool's forward motion aligns with its rotational
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direction, and a retreating side, which moves in the opposite direction to the tool's rotation. In this
study, the advancing side is always depicted to the left of the weld's center. These texture variations
play a crucial role in determining the mechanical properties, such as yield strength, which in turn

influences the residual stress response observed in the weld.

4.1.3 Smoothed Particle Hydrodynamics Simulations

Smoothed Particle Hydrodynamics (SPH) constitutes a mesh-free numerical approach initially
developed by Gingold et al. [197], as well as Lucy et al. [198], who worked independently. The
technique offers advantages in simulating solid mechanics problems, particularly those involving
large plastic deformations, which are especially difficult to handle via traditional methods like the
Finite Element Method (FEM). One of the inherent advantages of SPH lies in its mesh-free nature.
The spatial derivatives in SPH are calculated via interpolation involving neighboring nodes within
a specific radius of influence around the material point in question. The technique relies on solving
a set of conservation equations for Computational Solid Mechanics (CSM) simulations in a

Lagrangian frame of reference.

In the present study, an SPH model for large plastic deformation serves as the computational
framework for simulating FSW processes. The simulation model focuses predominantly on the
welding assembly's top plate (6061). This decision was informed by the minor mechanical
deformations observed in the bottom plate (A365), which could be neglected without significant
loss of accuracy. However, it's crucial to note that the bottom plate has not been entirely
disregarded; it remains a vital component in heat transfer calculations. The top plate is discretized
using SPH elements, whereas the tool is modeled using rigid finite elements. Lastly, the interaction
between the tool and the SPH-discretized plate is governed by a contact algorithm (Fraser et al.

[199]).

This study includes three specific cases—Ilabeled Plate B, C, and D—to investigate the welding
process. All three scenarios have consistently increased speed parameters while maintaining
consistent speed ratios to evaluate the influence of these parameters on the thermal profiles.
Thermocouples, designated as TC-A and TC-B, were intentionally placed at locations consistent
with the experimental setup. One of the noteworthy aspects of this simulation is its temporal

boundary, defined as the "end of the advanced phase." This boundary signifies a time frame
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equivalent to three to four seconds of real-world welding. While the computational model could
extend this period, constraints on computational resources and time prevented further exploration.
However, the existing model provides sufficient data for predictive curve-fitting exercises that

could extend the results temporally (see Figure 91).
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Figure 91: Experimental temperature recording compared to SPH simulated temperature

Due to inherent variations in the drilling process used for thermocouple placement, a perfect
alignment between the holes in the four plates is unattainable. Consequently, positions A and B,
as depicted in the simulation model, strive to emulate their experimental counterparts in Figure 91.
However, the variation in hole location restricts the opportunity for direct comparison between
positions A and B across all four plates in Figure 91. Nevertheless, Figure 91 serves a specific and
valuable function: it provides strong evidence that the simulated values align remarkably well with
the experimental results for plates B, C, and D. This close correspondence underscores the fidelity

and reliability of the SPH simulation model employed in this study, particularly in capturing the
thermal dynamics of the FSW process.
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Having established the validity of the SPH simulation model through experimental measurements,
the stage is set for comparisons within the simulated framework. Figure 92 illustrates the material
points in the SPH model, the deformation caused by the initial input of the Friction Welding tool,
and the tool's velocity magnitudes. The highest tool velocity occurs at its maximum radius,
gradually decreasing towards the center. The advancing side, identified on the left in Figure 92,
aligns with both the traversing and rotational vectors. Conversely, the retreating side, shown on

the right, opposes the advancing side.
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Figure 92: SPH simulation environment for friction stir welding
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Figure 93: Progression of the friction stir welding simulation with the isolated strip for
temperature contour

To facilitate a direct temperature comparison between the plates simulated, a strip of material

across the weld (see Figure 93) is isolated; at 39 locations throughout the strip, the temperature is
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individually recorded over the entire simulation. Data are compiled to create a temperature contour
over time, depicting the temperature changes a strip of material undergoes as the FSW tool

approaches and moves through it (refer to Figure 94).
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Figure 94: Temperature contour illustrating the thermal gradients of the stationary material over
the simulation period for friction stir welded Plates B, C, and D

In SPH simulations, material points move and deform, preventing any overlap between the rigid
body of the FSW tool and the SPH simulation material points. This results in a section of displaced
material, visible in Figure 93, and an area where no temperature is recorded, as shown in Figure
94. Initial observations reveal marked differences in the widths and breadths of the temperature
profiles. Plate B showcases the widest temperature breadth in the temporal extension, a

characteristic that gradually contracts with increasing speeds in Plates C and D.

With an increase in operating speed, the thermal exposure of the material is compressed temporally
(see Figure 94). The increasing speed of the process from Plates B to D restricts the duration of
thermal diffusion, leading to a concentrated heat zone. This effect is significant for torque behavior
during FSW. Elevated rotational speeds localize the heat, shortening the interval for material

cooling. This thermal confinement, coupled with the rise in peak temperatures—plate B reaching
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490 °C, plate C at 515 °C, and plate D peaking at 550 °C (see Figure 94)—stabilizes torque
responses throughout the welding process (see Figure 90). Such stabilization directly influences
the flow stress of the material. Lower temperatures correspond to reduced ductility of the welding
material, resulting in increased flow stress and torque, a factor that substantially affects the texture,
as elaborated in section “4.1.4 Residual Stress on Single Welded Plates”. This link between
thermal conditions and mechanical resistance aligns with the findings of previous researchers, Yan

et al. [200].

Controversy exists in the literature regarding the precise location of peak temperatures during
FSW. For instance, simulations by Hamilton et al. [201] suggest that the advancing side of the
weld is 5 to 10 K warmer than the retreating side. Conversely, thermocouple experiments
conducted by Silva-Magalhaes et al. [34] detect the maximum temperature on the retreating-
trailing edge of the FSW tool. However, temperature differences between the advancing and
retreating sides are significantly influenced by process parameters and are specific to the joint
configuration and tool geometry. Even when all other conditions are constant, a change in welding
parameters can modify these temperature differences, making comparisons between studies
challenging. In the current study, the contour map in Figure 94 illustrates this temperature peak
occurring as the FSW tool traverses over the material, producing the maximum temperature zone

trailing the tool. This result is in line with the findings of Silva-Magalhaes et al. [34].

Despite the advancing side not reaching maximum temperature, it presents an intriguing thermal
profile. Figure 94 illustrates pronounced temperature gradients near the tool pin, particularly in
plates B and D. The advancing side initially encounters cooler material, meets the heated zone at
the tool's trailing edge, and then quickly cools as the tool continues its path. This characteristic,
consistent across all plates but most marked in plates B and D, may be crucial for understanding

the distribution of residual stresses discussed in the subsequent sections.

The hypothesis is that within a single set of weld parameters, temperature gradients are more
pronounced on the advancing side (see encircled asterisks in Figure 94), potentially leading to
increased tensile stresses due to larger misfits, as opposed to the retreating side. According to
Hutchings et al. [115], residual stresses arise from shape misfits between different parts, regions,
or phases of a component when they do not match in their unstressed states. These misfits can

occur over a broad range of scales. For example, large-scale stresses might result from processes
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like plastic bending or the sharp thermal gradients encountered during welding or heat treatments.
In contrast, smaller-scale stresses may develop between different phases in a composite material
due to their distinct properties. The causes of these stresses are varied and can include thermal or
elastic misfits. They are influenced by the size of the misfitting region, which dictates the range of

stress variation and the extent to which the stress self-equilibrates.

In the context of FSW, these categorizations are especially pertinent. This thermomechanical
process, characterized by significant forces, bending, and thermal gradients, along with the
involvement of different material phases and regions, comprehensively influences the final

residual stress profile in the welded component.

It's these temperature gradients, rather than solely just the peak temperatures, which may influence
the misfit and, consequently, the residual stress within a weld. Across different welding
parameters, as the welding speed escalates, the maximum temperature achieved plays a crucial
role in increasing the thermal gradient and, thus, the peak residual stresses, which is elaborated in
section “4.1.4 Residual Stress on Single Welded Plates™. It is important to note that localized
heating typically induces only transient residual stresses which dissipate upon cooling to ambient
temperatures. However, if the temperature gradient is sufficient to cause plastic deformation, this
results in a permanent misfit and a corresponding residual stress (Hutchings et al. [115]).
Nevertheless, FSW is inherently a thermomechanical process where the outcome depends on
factors such as the base material, plate dimensions, the heating effect of the tool, plate fixation, the
strain the tool imparts on the material, and the flow of material within the weld. These factors
collectively suggest a significant interrelation among weld texture, thermal profiles, mechanical

resistance, and the resultant residual stress.

The SPH simulation's last notable finding underscores that although Plate D reaches the highest
temperatures among the tested welding parameters, it registers the lowest cumulative thermal
exposure (see Figure 95). In the context of welding, the term "short-term thermal exposure" refers
to the immediate or rapid effects of heat on materials within a brief duration—often measured in
seconds or minutes rather than hours. This concept can help in understanding how different
welding speeds or techniques affect the thermal properties and structural integrity of materials. For
instance, Yadav et al. [202] explore how short-term thermal exposures differ between FSW and

gas metal arc welding and how these exposures influence stress corrosion cracking through effects
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like grain coarsening and softening in the heat-affected zone. Focusing on FSW, altering the
welding speed can significantly impact the heat input and, consequently, the thermal exposure of
the material. Slower welding speeds typically result in higher heat input as the heat source remains

in contact with the material for a longer duration.

Short-term thermal exposure can be quantified by a Time-Temperature Integral (TTI), calculated
as the area under the temperature versus time curve for a specific process (Lopatin et al. [203]).
This metric expresses the total heat input to a system at varying temperatures over a given period.
It is beneficial for assessing the effects of thermal processes where both the magnitude and duration
of temperature exposure are critical. In welding, the TTI can help predict changes in material
properties such as microstructure transformations, hardness, and residual stresses. For example, if
a point has a higher TTI value, it indicates exposure to higher temperatures for longer durations
relative to points with lower values. Plate B, due to slower welding speeds, exhibits the largest

TTI value.

Moreover, TTI values do not necessarily correlate with thermal gradients, which describe how
quickly temperature changes from one point to another within a material. Points exposed to rapid,
intense heat, such as quicker welding passes (e.g., Plate D), can experience sharp thermal gradients
despite lower TTI values because the temperature rises and falls very quickly. Conversely, a more
prolonged and moderate heat application might yield higher TTI values but smoother thermal
gradients, allowing more time for heat to conduct away from the heat source and leading to a more

even temperature distribution, as observed in Plate B.
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This observation supports the previously discussed idea that higher welding parameters elevate
peak temperatures, creating a more pronounced temperature gradient and reducing cumulative
thermal exposure. This finding aligns with the research of Lomolino et al. [204], who demonstrated
that high welding speeds correlate with low heat inputs, resulting in faster cooling rates of the
welded joint. These alterations in thermal profiles may substantially impact the evolution of
residual stresses, leading to very different stress profiles, an aspect examined in section “4.1.4

Residual Stress on Single Welded Plates”.

4.1.4 Residual Stress on Single Welded Plates

A critical component of residual stress analysis involves determining stress-free reference values
(do), which is important in calculating residual stresses. In the present study, it has been noted that
welding parameters, in this specific case, the rotational and traversing speeds, affect these dO
values. Variations in these parameters can change how dissimilar alloys intermix within the weld,
resulting in different dy values. Consequently, the study included measurements of stress-free

lattice spacings at various points across the weld, as illustrated in Figure 96. This figure shows
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that despite differing welding conditions, the variation in dy values tends to be limited, with some

degree of overlap observable when considering standard deviations.

The variations in dy values observed across different scans result in an "apparent strain" between
the central location and the unaffected metal at the weld's periphery. This strain ranges from 150
to 200 microstrains and, if unaddressed, could impact stress calculations. Therefore, it is essential
to determine the dy values for each scanned location across the weld to ensure accurate
assessments. Notwithstanding this overall trend, discrete exceptions are present, notably at specific
locations within the welds. These locations are shown in Figure 96, with the pronounced variability
in do values across different weld regions. The largest dy values are consistently identified at the
central position at the 0 mm location within the weld in the Dynamically Recrystallized Zone
(DXZ). This zone represents an area of complete recrystallization of aluminum grains adjacent to
the tool pin interface, highlighting a region of intense material transformation induced by the

welding process.

In contrast, the recorded dy values at the periphery of the weld, specifically at the -/+ 8 mm
positions within the Thermo-Mechanically Affected Zone (TMAZ), are markedly lower. This
discrepancy underscores the heterogeneous nature of the welding process, reflecting differences
in material behavior and properties between the DXZ and TMAZ. The observed discrepancies in
stress-free distribution across each weld underscore the relationship between material composition
and welding-induced thermal gradients. As previously highlighted, temperature profiles vary
between welds and the extent of a single weld. This variability significantly influences the
diffusion rates of critical elements such as Si, Mg, Cu, and Zn within the weld zone. The
heterogeneity in temperature distribution is a key driver for the differential diffusion of these
elements, leading to localized variations in material composition across the weld, as concluded
from the results of section “3.2.4 ICP-AES Analysis”. The mechanical mixing of the two alloys
(top 6061 and bottom A365 substrate), influenced by variations in welding parameters, may also

lead to changes in the chemical composition across the weld.
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Figure 96: Stress-free reference values (dy) for welded plates A, B, C, and D

Furthermore, many investigations (Salem et al. [174]; Salem et al. [205]; Moradi et al. [146])
substantiate the phenomenon of particle segregation within the center of the DXZ, often referred
to as the flow zone. This segregation occurs as materials are displaced downwards by the action
of the rotating pin, which effectively transports particles and fine precipitates toward the core of
the DXZ or flow zone (the area directly interacting with the pin). This action is supported by the
study by Guerra et al. [206], which found that material was transported downward by the vortex
flow of the tool pin. The specific particles being relocated into the center of the stir zone can
significantly influence the unstrained lattice parameter. These effects do not necessitate large-scale
displacement of materials; even marginal variations in magnesium content can precipitate marked
changes in the stress-free lattice spacing, as evidenced in Figure 47 (see section “2.4.3.4 Stress-
Free Material”). Similarly, other elements like silicon, prevalent alloying constituents in 6061
aluminum alongside magnesium, play a crucial role in modulating lattice spacing due to
differential concentration gradients across the weld. These disparities in elemental distribution
contribute to observable deviations in unstrained or stress-free lattice spacing, a phenomenon

documented by Barrett et al. [131] (see Figure 47).
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The mechanism through which the tool pin facilitates the migration of alloying elements to the
weld's center may hinge on the interplay between deformation and diffusion. The lattice structure
may incur defects during material deformation, which occurs in welding or mechanical treatment.
A notable type of defect is the vacancy, characterized by the absence of an atom in its designated
lattice site. The deformation-induced strain prompts atoms to shift, potentially leading to vacancy
formation. Deformation-induced vacancies can markedly influence diffusion processes within the
material. Consider a scenario in FSW where the operation creates voids or zones enriched with
vacancies. These areas serve as conduits for alloying elements, such as magnesium, facilitating
their migration through the material matrix. Upon cooling and solidification, these elements may
become preferentially concentrated in zones abundant in vacancies. Therefore, the weld's center
or its vicinities, subjected to intense deformation, might showcase elevated levels of alloying

elements.

A study by Agiwal et al. [207] reveals that the tool pin, in conjunction with the threads on the
trailing edge of the friction stir tool, intermittently generates and fills a cavity with each revolution.
This phenomenon underscores FSW's intense plastic deformation and localized heating
characteristic, whereby the moving tool generates heat and stirs the material, leaving a cavity in
its wake. This cavity temporarily harbors excess vacancies—regions bereft of atoms caused by the
lattice undergoing strain and reconfiguration. Such vacancies are conducive to the diffusion of
alloying elements. As the weld progresses and the cavity is sealed, these transient vacancies evolve
into microscopic voids that could become preferential diffusion channels. Consequently, alloying
elements like magnesium might congregate within these voids, precipitating localized variations
in concentration. These changes, in turn, influence the unstrained or stress-free lattice spacing,

particularly at the tool center, compared to the shoulder region, as depicted in Figure 96.

Accounting for stress-free measurements is critical for accurate residual stress evaluation in
materials, particularly following processes like welding. Variations in stress-free lattice spacing
directly influence the measurement of residual stress. This adjustment is essential for achieving
precise stress measurements. Moreover, whether tensile or compressive, residual stresses
significantly determine a material's mechanical properties and structural integrity. Properly
considering stress-free variations at the outset allows for a more accurate interpretation of these

residual stresses, ensuring their effects on material performance are correctly understood. Lastly,
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failing to recognize the variations in stress-free lattice parameters can lead to misleading stress
measurements. In friction stir welds, neglecting these variations might cause an underestimation
of tensile strains, particularly near the weld centerline. Therefore, recognizing and accounting for
these variations is essential to avoid measurement inaccuracies and ensure the correct evaluation
of residual stresses. The findings align closely with those of Peel et al. [11], who demonstrated
that employing a single, unstrained reference piece (dy) for all positions across the weld could lead
to discrepancies as significant as 150 microstrain. In this study, a discrepancy of +200 microstrain
is observed between different regions within the weld. The impact of this discrepancy on stress
calculations varies significantly depending on the actual stress levels present. Consequently, the
percentage impact of the same dy discrepancy can vary greatly, making it difficult to compare these
results with those from other studies directly. Upon emphasizing the importance of obtaining
accurate stress-free reference values, the focus shifts to examining the stresses calculated from

measurements along the weld's longitudinal direction, as depicted in Figure 97.
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Figure 97: Longitudinal stress from the center of each friction stir weld on Plates A, B, C, and D

This analysis reveals a characteristic M-shaped stress profile across all examined plates (A, B, C,

and D) observed at the weld's center. This M-shaped profile is marked by a low-stress point in the
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dynamic recrystallization zone within the center of the weld—93 MPa for Plate A. Stress levels
increase towards the retreating and advancing sides, with measurements of 165 and 170 MPa,
respectively, for Plate A. The M-shaped profile is attributed to varying welding temperatures and
their cooling mechanisms, which induce different thermal contractions across the weld. The
formation of residual stress in FSW is primarily due to the thermal stress cycle the material
undergoes during the welding process. Initially, in front of the weld zone, a large area of
compressive stress develops due to the thermal expansion of the warming material being
constrained by the surrounding cold material. Where stress exceeds the compressive yield stress,
plastic flow occurs. As the material cools and contracts, a region of tensile stress forms behind the
weld zone, again being restrained by the surrounding cold material. If the stress level exceeds the
yield stress, plastic flow will occur in this region as well. The magnitude of the maximum tensile
stress developed during this process is intrinsically tied to the yield strength of the material.
Specifically, as the material cools and contracts, the tensile stress increases. If this tensile stress
reaches a point where it exceeds the material's yield strength, it induces plastic deformation, which
is typically presented as component distortion. This means that the yield strength of the material
not only serves as a threshold for the onset of plastic deformation but also directly influences the
peak tensile residual stress that can be developed. This relationship underscores the importance of
the material properties, particularly the yield strength, in determining the final residual stress
profile after welding. Analyzing the trends of stress in both the transverse and normal directions,
as depicted in Figure 98 and Figure 99, reveals a notable pattern: an increase in weld traverse speed
correlates with a rise in average stresses across the entire plate, however much lower compared to

the longitudinal residual stress direction.

The maximum stresses occur in the longitudinal direction presented in Figure 97 (parallel to the
welding direction) for multiple reasons, the first of which is the rigid clamping used in FSW to
hold the pieces in place during welding prevents contraction of the materials during cooling,
leading to the generation of longitudinal and transverse stresses. However, the constraints are more

severe in the direction parallel to the welding line, resulting in higher longitudinal stresses.
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The constraints are more severe in the direction parallel to the welding line because the distribution
of heat during the FSW process is not uniform, which affects the residual stress patterns. Heat is
localized in the longitudinal direction (see Figure 94); this localized heating forms larger
temperature gradients, leading to higher residual stresses in the welding direction. The longitudinal
direction, which is the only direction subjected to the traverse motion of the tool, causes intense
shear deformation in the material, leading to high levels of strain that contribute to residual stress
(Bajaj et al. [208]; Casavola et al. [209]). The lower stress is attributed to the asymmetric shape of
the thermal field characteristic of FSW.

The relatively small magnitude of normal stress can be explained by the more uniform temperature
gradient in this direction and the absence of restraint from fixturing along this axis (Williams et al.
[82]). However, significant variations in transverse stresses are observed at different stages of the
weld (see Figure 100)—beginning, middle, and end—predominantly attributed to unique thermal
gradients for those regions along the weld. In previous discussions regarding plates A, B, C, and
D, residual stresses were measured at the center, revealing a consistent pattern of low, normal, and
transverse stress levels. However, in the transverse direction, the stresses are specifically affected
by a highly irregular thermal gradient at the start and end of the weld. For instance, at the weld's
start for Plate A, where the temperature is at or near ambient, the plunging process introduces
significant mechanical deformation and stress due to the plate's lower temperature and the
pronounced thermal gradient caused by the tool's rotation during plunging until it reaches its
operational depth and temperature. This starting sequence creates a markedly different thermal
gradient at the weld's beginning, especially affecting the transverse direction compared to the
center. Longitudinal stresses tend to remain relatively stable since, after the welding begins and
the tool moves, a similar thermal gradient establishes itself parallel to the weld, producing high
tensile stresses in this direction. However, these stresses are slightly lower at the weld's start, likely
due to more time for heat dispersion from the starting sequence, making the temperature gradients
in the longitudinal direction slightly less intense than in the middle of the welded bead. At the
weld's end, transverse stresses show a distinct pattern again, likely due to a completely different
thermal gradient experienced as the tool is withdrawn, abruptly ending the heat source and causing
higher cooling rates. This rapid change introduces a unique thermal gradient at the weld's end,
significantly affecting both longitudinal and transverse stresses. Figure 100 shows that longitudinal

maximum tensile stresses notably increase towards the weld's end; however, the profile does not
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exhibit any compressive residual stress at the weld's end in any direction, with slightly negative
values still falling within the specified level of standard deviation uncertainty.
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Figure 100: Longitudinal, transverse, and normal stresses from the start to the end of the weld on
Plate A.

This observation is significant compared to the transverse stresses; at no point in this direction of
stress does the profile become compressive. Purely tensile stress in the transverse direction near
the exit hole may have some significant effects; for example, researchers Wang et al. [210] found
that in loading, the workpiece would consistently fracture along the exit hole; this was attributed
to strictly large tensile residual stresses around the exit hole. These increased/strict tensile stresses
may partly be due to the increased transverse stresses measured in the present study, resulting in a
combined effect with some of the large longitudinal tensile stresses in the same location. This
observation reveals that both longitudinal and transverse stresses play crucial roles in FSW, albeit
at different points in the weld, especially since transverse stresses at the weld's end are not only

considerable in magnitude but also extend further from the weld compared to longitudinal stresses.
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To synthesize the findings presented above, it becomes evident that the welding process,
characterized by the intricate interplay of rotational and traverse speeds, significantly influences
the residual stresses and plastic strains encountered in the welded plates. An overarching
observation is the trend of increasing residual stresses with the escalation of both rotational and
traverse speeds, signifying a proportional relationship between welding parameters and the
residual stress response. A pivotal aspect of this response is the pronounced plastic strain on the
advancing side, attributed to the combined effects of shear strain from the rotational vector and
additional strain introduced by the traverse vector. This phenomenon explains why certain plates
manifest disproportionately higher strain on the advancing side, thereby underscoring the critical
role of the direction of traverse action in dictating plastic strain distribution and the consequent

residual stress outcomes.

The analysis further reveals that the residual stress response is intricately linked to the thermal
gradients encountered during welding. Specifically, the advancing side exhibits unique and
sometimes more intense thermal gradients, as evidenced in the comparative analysis of plates B
and D against plate C. Moreover, the examination of transitionary regions, such as the entry and
exit points of the weld, brings to light the dynamic nature of residual stress profiles across the FSW

plates, highlighting the variable stress landscapes from the start to the end of the welding process.

Examining the variance in residual stresses between the advancing and retreating sides of selected
plates, as depicted in Figure 97, reveals that plates B and D demonstrate markedly higher stresses
on the advancing side. This difference stems from variations in maximum temperature,
temperature gradients, cooling rates, and the resulting misfits. Such misalignment is detectable
through the results of the SPH simulation because it traces the changes between individual material
point positions. The material points in SPH simulations move freely, adjusting to the material's
behavior and engaging directly with adjacent material points. This characteristic gives SPH the
capability to manage complex shapes and deformations more naturally. Moreover, SPH estimates
attributes like density, velocity, and stress by leveraging local data from neighboring material
points, making it particularly effective in detecting localized phenomena such as plastic strain (see
Figure 101). The strain presented in Figure 101 is the effective plastic strain, which is calculated
by subtracting the elastic strain from the total strain. The total strain is determined by measuring

how much the material deforms when a load is applied to it. This includes both elastic deformation,
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which is temporary, and plastic deformation, which is permanent. Effective plastic strain
specifically measures the permanent deformation and is a ratio of lengths (change in length over
original length), making it a unitless measure (Fraser et al. [190]). Figure 101 excludes data from
the early stages of the simulation, shown by the uncolored material points where the strain is
significantly higher, to avoid skewing of the more relevant strain comparisons between the
advancing and retreating sides. This adjustment reveals that despite the maximum temperature
occurring at the trailing edge of the tool path during welding, the plastic strain observed is
substantially greater on the advancing side than on the retreating side. Across all examined welded
plates, the peak strain levels remained consistent, yet the extent of the area experiencing high strain

expanded progressively with increased welding speed.
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Figure 101: Plastic strain results from SPH simulation of friction stir welds

As mentioned in this discussion of Figure 94, the maximum temperature during FSW is typically
found at the trailing edge of the tool. This location is due to the tool's motion, which involves
heating the material in front (advancing side) and then passing over it, leaving the maximum
temperature area on the trailing edge. This specific maximum temperature results in a temperature
gradient, causing a differential expansion and contraction across the weld area. Despite the
maximum temperature occurring at the trailing edge, the maximum plastic strain occurs on the

advancing side. The maximum plastic strain is primarily caused by the material on the advancing
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side being under direct and continuous contact with the rotating tool, experiencing intense friction
and deformation before it can cool down. The tool pushes the material to the side and forward,
causing extensive plastic deformation as the material is forced under and around the pin. The
development of residual stress is closely linked to the material's plastic deformation, which causes
heating, followed by its subsequent cooling under constraint. On the advancing side, where plastic
deformation is maximal, maximum residual tensile stresses often develop upon cooling (see Figure
97). The material here is stretched and compressed under high heat and then 'locked' into place as
it cools, creating tension within the structure. The misfit of plastic strain, particularly between the
regions near the pin on the advancing side and the heat-affected zone (HAZ), contributes
significantly to the residual stress profile. This misfit arises because different areas of the weld
zone cool and contract at different rates due to variations in thermal exposure and mechanical
deformation. This differential cooling can lead to areas of tensile and compressive stress,
influencing the overall residual stress state. Furthermore, it’s important to note that residual stress
is a function of the elastic strains that remain after the material has yielded plastically under the
tool's influence, which is seen in Figure 97. Whereas the plastic deformation shown in Figure 101
permanently alters the material's shape and volume, while the elastic strain reflects the 'spring-
back' or recovery of the material after the tool passes and the temperature decreases. This elastic
recovery does not completely return the material to its original state, leaving residual stresses.
Qualitatively, this tells us that the material's response to FSW is highly dependent on thermal
dynamics, tool path, and mechanical forces. Quantitatively, residual stress profiles can be
predicted based on the extent of plastic deformation and thermal gradients, informing decisions on
tool design, welding speed, and path to optimize weld strength and minimize distortions or

weaknesses.

Bajaj et al. [208] find similar results, stating that the maximum strain is much higher on the
advancing side than on the retreating side. The difference in strain experienced between the
advancing and the retreating sides can be attributed to the interaction of the traverse vector
(direction in which the tool moves along the weld) and the rotational vector (direction in which
the tool rotates), which alters the follow flow behavior and the thermal conditions on each side.
Serious consideration should also be given to the center of the tool, where most of the material is
deposited behind its original position relative to the welding direction; Seidel and Reynolds et al.

[211] observed that no material was displaced further than the diameter of the pin. The geometry
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of the tool and how the material interacts with its several facets, shoulder, pin, and threads lead to
the formation of unique zones characterized by specific flow behaviors. Schmidt et al. [212]
identified a zone close to the pin, known as the rotational or flow zone. On the tool's advancing
side, the material flow is termed advancing flow, which, according to Bajaj et al. [208], circles the
pin several times prior to deposition, thereby experiencing increased shear strain. Other zones have
been identified by Guerra et al. [206], emphasizing that material flow varies across multiple areas
of the weld; therefore, different elements of the FSW processes influence the texture within these
zones. The impact of these texture variations on properties like yield strength is significant, where
a material's yield strength heavily impacts residual stress generation. This impact will be explored

in greater detail in section “4.1.5 Texture Measurements of Single Welded Plates™.

Figure 101 shows that the advancing side consistently experiences more plastic strain. However,
this does not always translate to higher residual stress on the advancing side. For instance, while
Plates B and D show a significant difference in residual stress between the advancing and retreating
sides, Plates A and C do not exhibit this disparity (see Figure 97). In fact, Plate C has almost
identical residual stresses on both sides despite the higher plastic deformation on the advancing
side. This inconsistency might be attributed to the complex interplay of several factors, including
material flow, thermal gradients, and misfits. While, in general, it's been observed that overall
residual stresses increase with welding speed, the relationship is not straightforward due to these
interacting factors. For example, the thermal gradients for Plate C are not as pronounced as those
for Plate B and D despite the higher plastic strain on its advancing side (see Figure 94). The
asymmetric temperature gradients and resulting strain suggest that a combination of thermal
gradients and the resulting plastic strain or misfit could influence the disparity in residual stresses
between the advancing and retreating sides. The intricate interplay between these factors likely

defines the final state of residual stresses in the FSW process.

Understanding the significance of these findings is crucial for optimizing welding parameters and
improving the structural integrity of welded joints. The delineation of stress profiles and their
correlation with welding speeds, thermal gradients, and plastic strain distributions offers
invaluable insights into the mechanics of FSW. This knowledge not only aids in predicting the
behavior of welded materials under operational stresses but also in devising strategies to mitigate

potential weaknesses in welded structures.
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As the discussion now pivots to texture in the subsequent section, the relevance of texture becomes
increasingly apparent in light of these observations. Texture, or the orientation distribution of
grains within a material, plays a pivotal role in determining the material's mechanical properties,
including its response to stress and strain. Given the significant impact of welding parameters on
plastic strain distribution and residual stresses, understanding how these parameters influence
texture development during the welding process is paramount. The alteration of material texture
can significantly affect the mechanical behavior of the weld zone, potentially influencing the
overall performance and durability of the welded structure. Hence, delving into the study of texture
is a logical progression from examining residual stresses, as it provides a deeper understanding of

the microstructural changes that underpin the observed mechanical responses.

4.1.5 Texture Measurements of Single Welded Plates

Texture refers to the orientation distribution of grains in polycrystalline materials. It affects
material properties such as Young's modulus, yield strength, ductility, and thermal expansion.
These properties are anisotropic in materials with strong textures, meaning their values vary
depending on the direction in which they are measured. This anisotropy directly influences how
the material responds to mechanical and thermal loads, which are critical factors in the
development of residual stresses. FSW involves severe plastic deformation and thermal cycles,
leading to significant microstructural transformations in the weld zone and adjacent areas. The
intense localized plastic deformation promotes the development of new textures, which can differ
substantially from the base material. Since mechanical properties like yield strength and ductility
are affected by texture, the redistribution of stresses during welding and cooling will also be
influenced, impacting the magnitude and distribution of residual stresses. Numerous studies
highlight not just the emergence of new textures but also significant alterations in texture across
the weld zone. For instance, Moradi et al. [146] discovered that the textures developing on the
retreating side of the weld differ significantly from those on the advancing side. They found that,
in contrast to the advancing side, the retreating side exhibits a texture strength that surpasses that
of the original AA6061 sheet. The variations in texture, both within and across the weld, and the
reasons behind their formation have been explored by other researchers; for example, Bajaj et al.
[208] describe a marked decline in temperature with increasing distance from the pin's surface

which causes the thermal gradient to increase the flow stress further away from the pin. Bajaj et

175



al. [26] continue to explain that the flow stress is primarily influenced by temperature in metals,
with a lesser dependence on shear rate. As a result, the flow stress increases as one moves radially
outward from the pin, causing most deformation to occur within a confined area close to the pin.
Additionally, the stark contrast between areas of intense recrystallization and those with minimal
deformation suggests that severe plastic deformation is concentrated within certain zones. This
zone acts as a boundary between the stationary base material on one side and the deformed, flowing
material on the other, effectively serving as a shear zone where the material is subject to intense
plastic deformation. Furthermore, the behavior of the material at the center and directly ahead of
the tool is governed by a distinct process. Bajaj et al. [208] explain that while the material in front
of the tool is repositioned to a spot behind its original location in relation to the direction of
welding, it is never displaced by more than the diameter of one pin. As a result, there are various
zones, mechanisms, and deposition methods to take into account, each contributing to the

formation of diverse textures.

Microtexture analysis, often conducted through techniques like Electron Backscatter Diffraction
(EBSD), provides detailed insights into the orientations of individual grains and their spatial
distribution. This level of detail is important for understanding the localized effects of FSW on the
material's microstructure (see Figure 102). Analyzing how the crystallographic orientations change
within the weld zone provides a more complete understanding of the residual stress distributions.
Understanding the relationship between texture, anisotropy, and residual stresses can lead to better

control over the FSW process and optimization of weld properties.
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Figure 102: Inverse Pole Figure (IPF) EBSD maps
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Inverse Pole Figure (IPF) maps visually represent the crystallographic orientation of materials in
relation to a fixed reference frame (e.g., the sample surface). Unlike Euler angle maps, which
represent orientation through three angles defining a rotation from a reference frame to the crystal
frame, IPF maps directly relate the crystal orientation to a sample direction. IPF maps offer a more
intuitive understanding of material orientation by directly correlating crystal directions with the
sample reference frame. IPF maps use color coding to represent different crystal directions relative
to the sample reference frame, making it easier to visually identify and distinguish between
different orientations. IPF maps allow for easy identification of specific orientations, such as those
aligned with the loading direction in mechanical testing. This capability is particularly beneficial
in studies focused on texture and anisotropy, where understanding the orientation distribution

relative to external conditions is important.

Figure 103 presents a 3D representation of the surface texture, where the top weld surface
showcases the "onion rings" formation that is commonly observed in many friction stir welds.
According to Krishnan et al. [213], this onion ring pattern results from a geometric effect as the
material is extruded with each rotation of the tool. The slicing through the material section creates
visible rings, with the spacing between them attributed to brief pauses in the tool's movement,
allowing time to generate frictional heat and extrude material cylindrically around to the retreating
side of the joint. The spacing of these markings corresponds to the tool’s forward motion during

one rotation (Krishnan et al. [213]).

Additionally, Figure 103 highlights the consistency of this texture from the front surface deep into
the material. This consistent textural pattern is crucial for the analysis in subsequent images used
for pole figures and ODFs (refer to Figure 105 and Figure 106) across a specific area of through-
thickness. Such consistency bolsters confidence in the findings related to pole figures and ODFs,
demonstrating that the texture from the front extends uniformly through the welding direction and
depth from the front surface forward. Moreover, the IPF map reveals a distinct long-range texture
specific to FSW. While studies have explored textures resulting from various forms of plastic
deformation, such as forging, rolling, and extrusion, the texture resulting from FSW—though less
frequently documented, especially in aluminum—deserves recognition as a unique category. This
study emphasizes the need to consider FSW texture as its own specific type, much like the well-

established forging, rolling, and extrusion textures. Recognizing FSW texture as a distinct category
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opens new avenues of research, highlighting its influence on mechanical properties and other
characteristics of the weld. Regardless, the advantages of the IPF map are especially useful in
identifying differences between the advancing and retreating sides in FSW; for example, in Figure
102, when focusing on the IPF map parallel to the X direction of the map, distinct orientation
differences are seen between the advancing and retreating sides compared to the center of the weld.

These differences are consistent across all welding parameters.

Weld Surface

Onion Ring Formation

[111]

| [101]

Figure 103: 3D Inverse Pole Figure (IPF) map of friction stir welded aluminum alloys

By mapping the orientation of grains across the weld, insights can be gained into the material's
microstructure and, by extension, its mechanical properties, such as yield strength. This correlation
is possible because the crystallographic orientation of grains affects the material's behavior under
stress. For instance, certain textures can indicate a material's tendency towards anisotropic
mechanical properties, where the strength varies based on the direction of applied stress. These
stresses can be from non-uniform thermal gradients after the tool has already created a certain

texture in the material. As this texture significantly affects the yield strength, it will also
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significantly affect how the residual stress forms. For example, it is known that residual stress
cannot be greater than the yield strength as strains greater than the yield strain produce plastic
deformation rather than residual stresses. Therefore, when the material cools down, the yield
strength increases and the residual stresses are formed, but this is limited by the temporary yield
strength defined by the temperature. Like temperature, texture also affects the yield strength, but
this is no longer transitory; it will permanently affect the final yield strength, thereby limiting what
type of residual stress profiles formed. Yield strength changing across the weld dependent on the
tool location has been documented by Lemmen et al. [58] where this study found that the pin
location had a much different yield strength compared to the shoulder region where, in many cases,
just outside the shoulder region had a much higher yield strength for many of the aluminum alloys

tested compared to the yield strength in the center pin location.

At the beginning of this section, researchers like Bajaj et al. [26] and Field et al. [32] highlighted
that there are significant variations in the crystallographic texture across the thickness and width
of friction stir welds. Considering this, if the texture in the center is oriented in a way that alters
the anisotropic response of the material's yield strength—upon which the residual stress response
depends—then this texture variation is likely responsible for the observed changes in yield strength
across the weld. This is because the dependency of yield strength on temperature no longer applies
after the weld has cooled. Raddle et al. [214] and ISO/TS 21432:2005 [123] standard have
emphasized that grains' crystallographic texture or orientation significantly influences various
material properties, including Young's modulus, yield strength, ductility, and thermal expansion,
potentially altering these properties by 20-50% of their original values. Reinforcing the previously
mentioned findings, and perhaps even more notable, is the observation that texture intensity
decreases as welding speed increases. This phenomenon can be identified by isolating the
dynamically recrystallized zone, utilizing the boundary marked by misorientation in the

thermomechanically affected zone, as illustrated in Figure 104.
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Figure 104: Kernal Average Misorientation (KAM) of friction stir welded aluminum alloys

To clarify, Figure 104 does not show a decrease in texture intensity. Instead, it indicates the
boundaries of the dynamically recrystallized zone. Defining these boundaries and isolating this
zone from the rest of the EBSD map allows for a focused analysis of the grains that are
recrystallized due to the FSW process, preventing the dilution of the pole figures and subsequent
ODF maps with non-welded material. Therefore, Figure 104 is presented to explain the regions
within the weld and how the kernel average misorientation map is used to define the dynamically
recrystallized zone accurately. For a clear observation of the phenomenon where texture intensity
decreases with increasing weld speed, refer to Figure 105, which showcases a pole figure where
the overall intensity is reduced from plate A to plate D (increasing welding speeds). Additionally,
the ODF sections (see Figure 107) are calculated again for plates A to D, further demonstrating

that the texture decreases with increasing welding speed.
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Nevertheless, by isolating the DXZ and creating several pole figures of this region for each of the
welded plates, interesting texture responses can be identified, as shown in Figure 105. The pole
figure results show that the intensity of the texture tends to diminish with increasing welding speed.
Higher welding speeds lead to higher temperatures (see Figure 94) and lower torques (see Figure
90), which promote dynamic recrystallization. Dynamic recrystallization can lead to a more
randomized crystallographic orientation, thus reducing the texture (see Figure 105). The reason
reducing texture increases material properties could be due to the negation of texture-induced grain
coarsening. The ever-increasing rotational speed of the tool can cause significantly less ordered
texture throughout the weld (i.e., a more random FSW texture), affecting yield strength. One might
be tempted to attribute the differences in mechanical properties to grain size refinement. However,
as concluded in “3.2.3 EBSD”, the grain size was almost consistent between the two very different
welding parameters on the battery tray due to a consistent speed ratio. This consistency was also
found in each of the welds on the single weld plate. The equivalent circular diameters (ECD) of
the grains detected by EBSD in microns for the dynamically recrystallized zone (DXZ) for each
plate are as follows: plate A was 18.26 pum, plate B was 17.02 pm, plate C was 16.88 um, and plate
D was 16.78 pm. These diameters show that the ECDs of the grains within the DXZ are essentially
the same and very close to those recorded on the battery tray. The minor differences, ranging
between 13 and 17 microns, are likely attributed to potential variations in the initial grain size of
the 6061 plate material or the fact that the grain measurements for the battery tray were taken from
the top surface, while the measurements for the plates were taken from the cross-sectional weld
surface. Regardless, a three-micron difference between these weld groups is surprisingly low,
lending further support to the conclusion that, with a constant speed ratio, the grain size remains
consistent regardless of the specific welding parameters (rotational and traversing speeds) used or

at the very least, it will not change drastically.
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Figure 105: Pole figures of the isolated DXZ for Plates A to D

To support the concept of reducing texture and increasing randomness with increasing welding
speeds, an Orientation Density Function (ODF) for each weld (see Figure 107) is extracted from
the previously defined DXZ zone. Important to ODFs are the Euler angles (91, @, and ¢2), which
are used in texture analysis to represent the orientation of a crystal lattice in a material. These
angles define the rotation of the crystal lattice in three-dimensional space. In texture analysis, the
Euler angles are used to create the ODF, a statistical representation of the distribution of
crystallographic orientations in a polycrystalline material. The entire ODF can be plotted as many
sections or is often represented in sections at constant @2, known as @2 sections. Specific
orientations within the @2 sections can be assigned to a {hkl}<uvw>, which represents an

orientation of a crystal lattice, where {hkl} represents a family of planes and <uvw> represents a
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family of directions within those planes. In combination with @2 sections, the {hkl}<uvw> can be

utilized to identify which textures are dominant in the friction stir weld (see Figure 106).

Many of the lower index planes such as {100}, {110}, and {111} and directions such as <100>,
<110>, and <111> are typical in cubic systems like the face-centered cubic (FCC) structure of
aluminum and are often measured in such processes as cold rolling and hot rolling, where specific
texture types occur do to recrystallization, rolling, or shearing (Zhang et al. [215]). Zhang et al.
[215] provide experimental results of the anisotropic differences between different directions of
the rolled material and outlined how, with increasing deformation, these textures act differently
depending on what caused them. For example, the anisotropy in elongation for the stress vs strain
curve was affected by recrystallization textures and shear textures, but the yield strength anisotropy
was significantly affected by rolling textures. Given FSW causes recrystallization textures, shear
textures, and rolling textures (Emami et al. [216]), it can be akin to a multi-modal rolling process
of cold rolling and hot rolling with extreme amounts of deformation where the amount of
recrystallization, shear, and rolling textures change across the weld as shown in Figure 106. The
colors on the ODF maps in Figure 106 are used to indicate how closely the local crystal orientation
in the material corresponds to certain "aligned orientations." Aligned orientations refer to specific
planes and directions that are of interest. In practical approaches, due to the fact real-world
materials are not in perfect alignment down to the exact degree, the assignment includes a tolerance
of 30°. This tolerance means that any crystal orientation within 30 degrees of a specified ideal
orientation is still considered to be aligned or nearly aligned to that orientation. If points satisfy
conditions for multiple textures, the color representing the closest match is utilized. This method
allows for a distinct visual differentiation of grains according to their texture components.
Analyzing Figure 106, the {100}<110> texture found in the center of the weld bead is a type of
shear texture that is commonly observed in FCC materials like aluminum (Lyu et al. [217]).
Moreover, this specific {100} <110> texture is shown to be induced by heightened exposures to
temperature (Lyu et al. [217]). It is interesting to note that the center surface of the weld is the
exact location of the maximum temperature on the trailing edge of the FSW tool, as shown in
Figure 93. Additionally, texture-induced grain coarsening could play an important role. While
direction and loading are important, the presence of hundreds to thousands of highly aligned grains
can also impact the yield strength. These factors were previously discussed in the section “2.2.5.1

Texture Considerations” in the literature review.
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Figure 107: ODF sections for Plates A to D
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Similar findings are presented by Woo et al. [218]. Although the study focuses on Magnesium, it
provides important insights relevant to the Aluminum system. Changes in texture, specifically the
basal planes in the stir zone, were observed to increase the Schmid factor, leading to enhanced
elongation and decreased tensile strength. The tensile behavior of the longitudinal specimen,
mainly the stir zone, showed a significant increase in elongation and a decrease in tensile strength
compared to the base material. A subsequent study by Woo et al. [62] directly linked the texture-
induced reduction in yield strength to the primary cause of residual stress reduction in the center
of the weld or the trough of the "M" shaped profile, aligning with the discussions in the present
study. Fortunately, the Schmid factor map can be calculated from EBSD data (see Figure 108). As
seen in Figure 108, large areas of the DXZ contain many grains with high Schmid factors. One of
the largest regions happens to be on the advancing side of a friction stir weld, potentially
corresponding to the area identified with maximum strain in Figure 101, near the pin on the
advancing side. The shoulders of the region in Figure 108 have less concentrated areas of high
Schmid factor grains. This concentration could lead to significant localized plastic deformation,

making this area a potential weak point in the weld and reducing its ability to retain residual stress.

Interestingly, in the precise region where high tensile residual stresses are found (on the interface
between the TMAZ and HAZ), there are no large-scale aligned grains with similar Schmid factors.
In materials where high and low Schmid factor grains are interlaced (as seen in the base 6061
material in Figure 108), the low Schmid factor grains can hinder the slip in high Schmid factor
grains. This barrier effect can reduce the ability of residual stress to release into plastic

deformation, leading to higher residual stresses.

Ultimately, it seems that small grains with similar high Schmid factors can collectively facilitate
mass slippage, whereas a heterogeneous mix of grain orientations (high and low Schmid factors)
can enhance the material's strength by resisting deformation. This observation aligns with the yield
strength results from the Profilometry-based Indentation Plastometry (PIP) discussed in the next
section (see Figure 118). The PIP results indicate that the lowest yield strength is measured directly

in the DXZ, but past the end of the TMAZ and into the HAZ, the highest yield strength is found.
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4.1.6 Section Conclusions

Using the widely studied and well-established 6061 and A365 Al system, the effect of four specific
welding parameters with consistently increasing the rotational and traverse speed at a consistent
speed ratio of 1.57, including the spindle torque data, temperature simulations, residual stress, and

texture in a wrought-to-cast lap FSW has been demonstrated and characterized using neutron
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diffraction, EBSD, and SPH. Within the range of the materials and welding conditions used, the

conclusions are as follows:

(1) The torque required for welding decreases as the speed of the FSW tool increases while
maintaining a constant speed ratio. This trend is observed as the speed incrementally rises
from Plate A, with settings at 700 mm/min and 1100 RPM, to Plate B at 950 mm/min and
1500 RPM, Plate C at 1150 mm/min and 1800 RPM, and finally to Plate D at 1400 mm/min
and 2200 RPM.

(2) With increasing welding speeds, the maximum temperature achieved during welding rises
for plates B, C, and D, with temperatures of 490°C for plate B, 515°C for plate C, and
550°C for plate D. Additionally, thermal exposure diminishes with faster welding speeds,
resulting in less total thermal exposure due to increased traversing speed.

(3) Stress-free measurements vary with different welding speeds, but these variations do not
follow a consistent pattern and are specific to the speeds applied. The main differences are
associated with the stirring and rotating actions of the pin, which create distinct zones from
the weld's center to its edges. This effect is thought to result from the segregation of
particular elements within the alloy, leading to changes in stress-free reference values.
Consequently, this creates a requirement for multiple stress-free measurements in
diffraction-based studies to accurately determine residual stress levels.

(4) Longitudinal stresses escalate with increased welding speeds, ranging from a minimum
peak stress of 170 MPa for plate A to a maximum peak stress of 230 MPa for plate D. This
trend is supported by SPH simulation temperature gradients, showing plate D with the most
intense thermal gradients and the most significant residual stress reactions.

(5) SPH simulations show that maximum plastic strain is predominantly observed on the
advancing side of the tool pin, almost doubling the strain compared to the retreating side.
The peak strain is located in the pin region rather than the tool's shoulder area.

(6) Across the center of the weld on Plates A, B, C, and D, normal and transverse stresses are
minimal in comparison to longitudinal stresses. However, as measured for Plate A, steep
thermal gradients significantly influence transverse stresses, starting with an average in-
weld stress of 73 MPa at the beginning, decreasing to 32 MPa in the center, and then rising

to 103 MPa at the weld's end. The maximum stresses in the transverse direction, along with
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the peak stresses in the longitudinal direction of 190 MPa at the weld's end, might account
for the frequent instances of failure observed near the weld's exit.

(7) As welding speeds increase, there is a noticeable reduction in maximum texture intensity,
decreasing from 4.83 for Plate A to 4.47 for Plate B, then to 4.09 for Plate C, and finally
to 3.35 for Plate D. Despite these changes, the average grain size within each plate's weld
zone (DXZ) remains consistent, measuring within a few microns of 17 um due to the
constant speed ratio utilized. The faster welding speeds and reduced texture may diminish
the anisotropic impact, potentially through the mechanism of texture-induced grain
coarsening, on yield strength. This reduction in texture allows for higher and/or altered
yield strength values in the weld material from Plate A to Plate D, which may affect the
residual stress response that is closely linked to the material's yield strength. Therefore,
texture may indirectly impact residual stress by influencing yield strength.

(8) The distribution of Schmid factors within the friction stir weld seems to significantly
contribute to the influence of mechanical properties (i.e., the yield strength). Regions with
high Schmid factors, particularly by the near tool pin advancing side, may facilitate
localized plastic deformation and reduce the ability to retain residual stress. Conversely,
areas with interlaced high and low Schmid factor grains hinder slip, potentially contributing

to the build-up of tensile residual stresses.

Having analyzed the specifics of each single weld plate and the varying welding parameters at a
constant speed ratio, a clearer understanding of the direction in which residual stress tends to
generate with increasing weld speeds has been obtained. This illuminates’ certain aspects of the
battery tray welding process. If the welds were conducted independently of each other, the center
weld or the non-peripheral weld on the battery tray would have generated much more residual
stress. However, this was not the observed case, and the results from this section now confirm this.
Increasing welding parameters, such as rotational and traversing speed, does indeed increase
residual stresses. However, on the battery tray, it was theorized that the order of operations played
a crucial role. The center weld, which was conducted at 1.5 times the speed of the peripheral weld,
was applied first, allowing its residual stresses to be relaxed by the subsequent welds. With the
confirmation that residual stresses increase with higher speed parameters, it is now an optimal time

to delve into the proximity welding portion of this dissertation. The next section will explore the
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effects of the proximity of multiple welds on residual stress and observed distortion, connecting

the findings from the in-house single-weld plate study to the observations made on the battery tray.

4.2 Influence of Multiple Welds on Residual Stress and Distortion in
Friction Stir Welding: A Neutron Diffraction Study

Examining the sequence and order of welds as a function of residual stress generation is an
important area for optimizing FSW processes and improving the performance and reliability of
welded components in various industrial applications, yet few studies have explored this area. In
FSW, heat generated by the rotating tool softens the material, which then reforms behind the tool
as it advances. This process can cause residual stresses to form in the material due to thermal
expansion and contraction, plastic deformation, and microstructural changes. The proximity and
order of welds can affect residual stress in several ways. For example, if welds are too close
together, they may overlap and create higher levels of residual stress in the material. Welding in a
specific order may also affect residual stress, as current welds may interact with residual stresses

generated by previous welds, potentially leading to changes in the residual stress profile.

Research on proximity welds and their effects on residual stresses has been more prevalent in
fusion welding. Bhardwaj et al. [219] investigated residual stresses in proximity girth welds using
fusion welding techniques, finding that close proximity welds can significantly increase tensile
residual stresses due to high constraints and multiaxial stress states. This highlights the critical
nature of weld sequence and spacing in fusion welding. However, such extensive studies and set
standards for proximity welds are lacking in the context of friction stir welding. The unique
characteristics of FSW, such as lower heat input and solid-state joining, necessitate specific data

collection to understand how proximity and sequence of welds impact residual stresses in FSW.

Sun et al. [220] demonstrated that the number and distribution of weld seams critically influence
the forming accuracy and mechanical properties of spun-formed workpieces, highlighting the need
for precise control over weld placement in complex components. Martin et al. [221] developed
novel techniques for corner joints using FSW, emphasizing how different joint configurations and
thermal cycles impact weld quality. Agapiou and Carlson [222] explored the optimization of
welding parameters for copper components in electric motors, underscoring the challenges of

managing thermal effects during welding. Notably, Agapiou and Carlson's work provides one of

189



the few examples of non-overlapping proximity welds and circularly enclosed welds in friction
stir welding research despite being conducted on copper rather than aluminum. These aspects are
both very important to industrial welding, highlighting the potential for cross-material insights and

the critical need for specific studies focused on aluminum.

Residual stresses have significant effects on fatigue and distortion in welded components. Dalle
Donne et al. [223] found that residual stresses are much more influential than weld quality in
determining the fatigue crack propagation rates in friction stir welded joints, emphasizing the
importance of understanding residual stress effects. Chen and Kovacevic [224] used finite element
analysis to study stress evolution during FSW, demonstrating how residual stresses impact fatigue
strength and distortion. Furthermore, Charitidis et al. [225] investigations using nanoindentation
techniques demonstrate that residual stresses can lead to localized deformation and affect

mechanical properties.

Therefore, a systematic investigation of the effects of welding sequence and proximity on residual
stress in FSW can help optimize the welding process and minimize the detrimental effects of
residual stress on the material. Hence, the present investigation aims to develop a comprehensive
framework to determine the impact of welding process conditions relating to weld sequence on the
formation of residual stresses in dissimilar aluminum alloy friction stir welds (i.e., 6061 joined to

A365).

4.2.1.1 Weld Layout and Quality Assurance of Multi-Welded Plates

The present study utilizes a 6061 aluminum top plate welded to an A365 aluminum casting (see
Table 1). The 6061 alloy dimensions were 400 mm (length) x 200 mm (width) X 2 mm (thickness),
while the A365 alloy measured 400 mm (length) x 200 mm (width) x 7 mm (thickness), see Figure
109 for weld dimensions. This study uses constant welding parameters to compare welding
sequences and order with an additional time variable for one of the plates. As shown in Table 2,
the traverse and rotational speeds were set, while the plunging force was adjusted based on weld
quality. Testing welds were utilized on additional plates to determine the optimal plunging force
by gradually increasing it until defects ceased, as verified by ultrasound. The ideal plunging force
of 6.9 kN was then applied to the plates studied. To ensure industry-quality welds, each plate was

scanned using ultrasound, as shown in Figure 110 with Plate I.
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Figure 109: Lap weld configuration for welding (combined component thickness: 9 mm)

Table 4: FSW processing conditions (multi-welded plates)

Dwell Traverse Rotational Plunge Plunge Withdraw

Time Speed Speed Force Feed Feed
(s) (mm/min) (RPM) (kN) (mm/min) (mm/min)
1.2 950 1500 6.9 120 250

Figure 110 displays the A-scan with amplitude readings and depth. The initial 0.4 mm is an artifact
of the ultrasound, so the top surface is considered to start at 0.4 mm, though this section is
unreliable. This unreliability is due to the surface irregularities produced by FSW, which create
ripples that distort the A-Scan signal quality. As described in the section titled “4.1.1.1 Weld
Layout and Quality Assurance of Single Welded Plates,” these distortions cause unreliable depth

readings in the first 1.0 from the surface, leading to a "loss of inspection" in this initial depth range.

The B-scan provides a longitudinal view of the depth, with colors corresponding to the A-scan
amplitudes. The first 1 mm shows unreliable readings due to the dead zone, but below this,
consistent green-yellow indicates low amplitude or near-zero readings, suggesting no significant
defects. The B-scan also includes a transverse view, showing three cross-sections—two for the
peripheral weld and one for the center—demonstrating good weld quality at the interfaces. The C-
scan, included for completeness, outlines the top surface. Although it shows high and low

amplitude readings, it is less reliable than the depth measurements due to the surface irregularities.
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Figure 110: Ultrasonic non-destructive evaluation of friction stir welds; (a) one-dimensional
display of amplitude versus depth; (b) cross-sectional view revealing defects across the length
and depth; (c) external details of the weld projected onto a plane; (d) cross-sectional view
revealing defects across the width and depth

The unreliability of depth readings on ultrasound in friction stir weld inspections is primarily due
to surface irregularities and high-noise signals creating a dead zone. This dead zone affects the
initial 1.0 mm from the surface, making it difficult to determine when and where the weld starts
accurately. However, the method remains effective for detecting deeper defects, ensuring the
overall integrity of the weld can still be assessed. Ultrasonic scans were utilized to validate the
weld quality of each plate and weld in this study, following the same process described in Figure
110. The final parameter requiring consideration is consistent fixturing, which is important for
comparability between plates. The manner in which material is constrained during welding and
released post-welding can influence distortion and residual stress. For example, Costa et al. [193]
demonstrated that changing the releasing strategy from counterclockwise (CCW) to clockwise
(CW) affects residual stress and plate distortion, albeit with minor effects. Therefore, the plates in
this study maintained uniformity in clamping configurations and release schedules, as shown in

Figure 111.
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Figure 111: Rigging and releasing conditions utilized (1 start, 8 end)

4.2.1.2 Coordinate Measuring Machine

The plates were scanned for distortion post-friction stir welding using a coordinate-measuring
machine (CMM) system with laser feedback technology for high-precision 3D scanning and
measurement. The scanner employs SHINE (Systematic High-Intelligence Noise Elimination)
technology to ensure high-quality data collection on surfaces with varying reflectivity, such as the
glossy material of plate 6061. A wide laser scan line covered the entire surface area of each plate,
and the system's high point acquisition rate—up to 1.2 million points per second—ensured the

creation of detailed and accurate 3D models for comparison to a non-distorted 3D model.

4.2.1.3 Profilometry-based Indentation Plastometry

Profilometry-based Indentation Plastometry (PiP) is an advanced technique used to obtain detailed
yield strength results in the present study. This method is akin to hardness while achieving
outcomes typically expected from tensile testing, particularly for yield strength. PiP involves
higher loads than traditional hardness tests and collects extensive data in the form of load-

displacement plots or residual indent profiles.
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The experimental process of PiP utilizes a spherical indenter, typically made of durable materials
such as WC-based cermet, which creates an indentation in the material. The shape and size of the
residual indent, or the load-displacement data, are then analyzed to extract a true stress-strain
relationship. This relationship can predict the nominal stress-strain curve of a conventional tensile
test, including ultimate tensile strength and post-necking characteristics. This process is enhanced
by iterative finite element method simulations of the indentation process, which are integrated into

commercial testing, making the technique reliable.

The primary advantage of PiP is its ability to measure bulk properties from small, flat samples.
The volume of material being deformed must be representative of the bulk material, typically
requiring the deformation of a large quantity of grains. This ensures the influence of
crystallographic texture and grain boundary interactions are captured. Consequently, PiP provides
a comprehensive understanding of the material's plastic deformation behavior, enabling accurate
yield strength measurements (Clyne et al. [226]). Internal testing by Kozakevich et al. [227] found
that yield strength values between multiple alloys are very similar (see Table 5). While ultimate
tensile strength shows large variability between PiP and ASTM standard tensile testing, yield
strength remains accurate within a numerical range of the uncertainty of 3-5%. Thus, the current
data accurately reflects yield strength but not other values, which is sufficient for this study's

purposes.

Table 5: PiP values compared to ASTM standard tensile testing (Kozakevich et al. [227])

Alloy Method of Testing 0.2% YS (MPa) UTS (MPa) EL (%)
A356 PiP 103 +7.97 229 +3.56 20.83
Tensile 100.25 +£7.28 159.7 £ 25.17 2.87
B319 PiP 112+ 1.53 298.5£0.58 20.625
Tensile 116.03 £0.12 152.9 +44.87 0.96
PiP 212 +39.34 419.67 = 5.69 14.00
T4 A206 Tensile 223.19+0.035 342.5+0.55 7.65

However, the limitations of PiP must be considered in this context. This is a non-ideal use case of
PiP. As detailed in the following sections, PiP is utilized near the edge of a sample and sometimes
within 6 mm of a previous PiP indentation. The results presented illustrate the differences in yield
strength across the weld but should not be taken as absolute measurements of yield strength due
to likely inaccuracies. The differences or trends observed are more valuable for understanding how

various factors contribute to yield strength differences and resulting residual stress. Future
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recommendations in this study will suggest methods better suited for this situation. The current

results provide supporting evidence of yield strength differences, not absolute values.

4.2.2 Distortion

There are five plates labeled E, F, G, H, and I, each welded using friction stir welding (FSW) but
with different configurations. Each weld on all plates has a uniform bead width of 13 mm. Plate E
features a single central weld 175 mm long. Plate F includes a circular peripheral weld encircling
the center weld, measuring 350 mm long and 125 mm wide (see Figure 109). Plate G incorporates
a central weld followed by a peripheral weld, whereas Plate H is welded peripherally first and then
centrally. Plate I differs in that after the peripheral weld, it is cooled to ambient temperature before
the central weld is applied (see Figure 112 for weld order). Distortion measurements were taken
using a coordinate measuring machine (CMM) from a flat cad reference model. Distortion on a
400 mm long plate ranges from +1 mm to -1 mm depending on weld configuration, indicating
noticeable changes considering the component's thickness (see Figure 109). While joint
configuration plays a significant role, the exact degree of distortion depends on various factors,
including the specific welding parameters, fixture setup, and the welded materials. Therefore,
making direct comparisons or drawing conclusions between different studies can be unrealistic

due to these variables.

Specifically, Plate E shows negligible distortion at the start of the central weld, intensifying to -1
mm distortion toward only the end of the weld (see Figure 112). Plate F, which features only the
peripheral weld and lacks a center weld (see Figure 112), displays notable distortion. Specifically,
significant portions in the center of the plate show distortion at -1 mm, while the top left and
bottom right corners exhibit distortions ranging from 0.75 mm to 1 mm, respectively. These
differences in distortion are significant and can be attributed to the difference in bulk material
support at the plate's edges and the considerably longer weld path of the peripheral weld compared
to a configuration with only a center weld. Plate G, which completes the center weld first and then
the peripheral weld directly after, exhibits significant distortion at -1 mm in the central areas
covering large areas of the plate, with the top left and bottom right corners reaching up to +1 mm
of distortion. The arrangement of the welds on Plate G, starting with the center followed by the

peripheral weld, shows that the distortion affects nearly all four corners to about 0.75 mm, with
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the bottom of the plate below the peripheral weld measuring distortions ranging from +0.25 to

+0.5 mm across its width.

Following a pattern similar to Plate G, Plate H—which reverses the welding sequence by
performing the peripheral weld first and then the center weld immediately afterward—exhibits
positive distortion across the entire width of the plate below the peripheral weld. This similar
distortion profile suggests that the welding sequence (whether peripheral or central first) may not
significantly affect distortion, as the distortion magnitudes in the corners of Plates G and H are
similar. However, Plate I's weld sequence, which allowed the material to cool down to ambient
temperature between welds, shows the most considerable distortion, with significant curling at the
corners and more extensive negative distortion across the center toward the top left corner of the
plate. This distortion profile suggests that temperature plays a fundamental role in FSW; if a
component cools between welds or is performed in separate stages, the distortion profile can vary
significantly, even if the welding sequence remains the same. Most notably, considering the entire
data set, single welds tend to cause minimal distortion, but adding multiple welds or allowing for

cooling between welds increases distortion significantly. This observation will be further explored

in subsequent parts of the study to understand the effects of interacting residual stress fields and
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Figure 112: Coordinate measuring machine distortion (CMM) images of multi-welded plates
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Distortion observed in the plates depicted in Figure 112 typically manifests as a combination of
angular and bending distortions, mainly due to variations in the thermal field, material
displacement, and longitudinal residual stresses throughout the plate's thickness. In thicker plates,
achieving uniform conditions through the plate's thickness is increasingly difficult, a challenge
often compounded by significant through-thickness temperature gradients. Xu et al. [228]
identified these gradients as the primary drivers of residual stresses across the plate's thickness in
FSW. Another form of distortion, buckling, results directly from the loads imposed by welding-
induced residual stresses. As Williams et al. [82] remark, the applied weld load refers to the load
generated by the residual stresses induced during the welding process. These residual stresses,
particularly the compressive residual stresses in the outer regions of the welded plates, create a
force or load on the structure. This load can cause various forms of distortion, including buckling
if it exceeds the critical buckling load of the plates. The magnitude of this critical load is influenced
by the stiffness and geometry of the plates, with thinner and narrower plates having a lower
threshold for buckling (Williams et al. [82]). The specific buckling mode determines the final
distortion's level and shape, which can often resemble bending distortion, making it easy to confuse
the two. However, the origins and management strategies for buckling and bending distortions
differ. Buckling direction can be highly unpredictable, influenced by variables such as the
orientation of pre-existing residual stresses or the clamping configuration used during the welding
process (Williams et al. [82]). The CMM images (see Figure 112) and the unpredictable nature of
distortion underscore the importance of minimizing distortion through optimal welding practices.
For example, rigging and clamping alter the resulting distortion and residual stress studied by
Staron et al. [90] and Costa et al. [193]. Nonetheless, it is recognized that these practices alone
cannot wholly eliminate distortion and residual stress due to the asymmetric nature of FSW (He et
al. [229]). Addressing this challenge may require a standardized process to ensure a flat multi-
welded component immediately after welding. This process would include measuring distortion
and residual stress based on a specific clamping and rigging setup, then designing and
implementing counter-rigging tailored to offset the anticipated distortion. This method would
involve pressing the component against a custom-designed rig to neutralize distortion, ensuring
the component remains flat post-FSW. Certain automotive companies have adopted a similar

process to enhance throughput by minimizing manufacturing costs, as managing post-welding
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distortion can be expensive and time-consuming. However, this process is not widely documented

in literature due to its need for very specific rigging tailored to the welded component.

Nevertheless, various post-welding techniques can manage distortion if active management is
unrealistic or too costly. Active distortion management refers to strategies implemented during the
welding process to prevent or minimize distortion. This approach involves real-time adjustments
and control measures to manage the residual stresses and deformation as they develop. The
example mentioned above would be considered active management as it uses preemptive measures
that involve anticipating potential distortions and implementing strategies to counteract them
before they occur. Post-welding distortion management involves correcting any distortion that
occurs after the welding process is complete. This approach focuses on remediation rather than
prevention. For instance, the burnishing and coining post-welding techniques discussed in section

“3.3.4 Residual Stress after Burnishing and Coining”.

4.2.3 Torque and Temperature Analysis

It's important to verify welding torques when examining weld sequencing in FSW, as torque is a
key indicator of the load applied during the process and significantly influences welding quality
(Shahi et al. [230]). In the current study, axial force and speed parameters were controlled,
allowing torque to adjust freely. Monitoring the torque applied during the FSW process provides
insight into the characteristics of the weld. Therefore, maintaining consistency in all aspects except
sequence is essential; this ensures uniformity in heat generation, material softening, plasticizing,
stirring action, penetration depth, and process stability across different plates. Figure 113

demonstrates that torque measurements are highly consistent regardless of the welding sequence.

This observation indicates that torque stability is maintained across different welding sequences,
suggesting that effectively managing distortion may necessitate proactive and well-planned
interventions rather than adjusting parameters such as torque during welding. Furthermore, torque
appears unaffected by the plate's starting temperature during welding. This relationship and its
implications can be explored further in subsequent analyses, particularly in relation to temperature,

as shown in Figure 114.
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Figure 113: Spindle torque measurements during friction stir welding for each plate welded

Figure 114, featuring four thermocouples, demonstrates how the temperature generated by FSW
influences the starting temperature of the plate for subsequent welds. For instance, thermocouples
1 and 2 (TC1 and TC2), both starting at nearly 25 degrees Celsius and positioned 21.5 millimeters
from the edge of the 13-millimeter-wide weld seam, show similar temperature readings during the
initial center weld at the bottom end of Plate G. After completing the center weld at around the 50-
second mark, the peripheral weld begins, starting and ending near the same position by the exit
hole at the bottom left of Plate G. TC1, positioned on the left side, first registers a rise to 80 degrees
Celsius. Shortly after that, as the peripheral weld encircles the plate and the welding tool
approaches the right side near TC2, the temperature at TC2 reads 10 degrees higher than the initial
condition, illustrating the additional heat introduced by the welding sequence. This increase
indicates that the starting temperatures for welds performed after an initial weld will be elevated,

which, interestingly, does not significantly impact torque readings.
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Figure 114: Measured temperature on four different thermocouples for Plate G during welding
In FSW, the torque required to move the tool through the material primarily depends on material
properties, tool geometry, and process parameters like rotational speed and traverse speed. The
findings between Figure 113 and Figure 114 suggest that variations in starting temperature do not
significantly influence the torque because the process inherently accommodates a wide range of
temperatures due to friction-generated heat. This heat leads to the thermal softening of the material,
which is more significant than the initial temperature in determining the torque required.
Therefore, it could be hypothesized that while initial plate temperature might cause minor
fluctuations in starting torque, these variations are likely overshadowed by the more substantial
temperature changes and material softening caused by the welding process. This hypothesis might

explain why initial temperature variations don't significantly affect torque, as any minor changes
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are quickly mitigated by the intense heat generated during welding, which dominates the material's
response to the welding tool. This view aligns with a review article by Meyghani et al. [231] and
studies completed by Sigl et al. [232] discussing methods for controlling welding temperature to
ensure quality. The stability of torque despite variations in initial temperature could be due to the
rapid thermal dynamics within the FSW process, where the temperature quickly reaches levels that

diminish the impact of any initial temperature differences.

Moving on to TC3 and TC4, positioned just outside the weld path at two millimeters and five
millimeters from the weld edge, respectively (see Figure 114), these thermocouples register much
higher temperatures. TC3 reaches a maximum of 240 degrees Celsius, while TC4 peaks at 180
degrees Celsius, highlighting a significant temperature decay rate between them. The data from
these thermocouples are explicitly used to validate the SPH simulation data. As depicted in Figure
114c and Figure 114d, TC3 and TC4 are strategically placed to capture essential temperature
gradients across the weld area, just outside the direct influence of the welding tool. The setup for
TC3 and TC4 allows for a comparison of real-world temperature readings with the simulation,
ensuring that the SPH model accurately replicates the thermal dynamics of FSW and reinforcing
the model's validity and reliability. Figure 115 depicts a specific material segment being tracked
over time, creating a temperature contour in Figure 116. As the simulation progresses, the FSW
tool approaches and physically interacts with the analyzed material segment, displacing material
points and resulting in a blank spot (see Figure 115 and Figure 116) on the temperature data map
at the point of material displacement, which is subsequently refiled.
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Figure 115: SPH simulation of center friction stir weld
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Figure 116: Temperature contour illustrating the thermal gradients of the stationary material over
the simulation period for friction stir welded

The contour image (Figure 116) does not represent the traverse or rotational direction of the tool
in any physical sense. Instead, it records and displays the temperature at a specific, fixed location
of material over time (see Figure 115). At time zero, the material is at a constant room temperature.
The simulation does not include a plunging phase; it begins at 1.1 seconds. The first recorded
'simulation time' is 0.02 seconds, which, when multiplied by the velocity scaling factor of 50 (as
defined in the simulation), results in 1.07 seconds. This marks the actual start of the simulation,

not zero.

The velocity scaling factor is used to expedite the simulation, calculating only a fraction of the
actual time in 'simulation time' and then multiplying the result by the velocity scaling factor to
obtain 'real-time.' Fraser [190] explains that this is achieved using velocity scaling (or time
scaling), which does not alter the time step size. Instead, it allows more simulation to be performed
in a reduced timeframe by scaling all relevant terms by a velocity scaling factor. These terms

include rotational speed, traverse speed, thermal conductivity, convection coefficient, and other

202



related parameters. It is essential to exercise caution when applying this method, as Fraser [190]

emphasizes, to ensure that the system's dynamics are not unreasonably altered.

Notably, in Figure 116, the maximum temperature consistently occurs at the trailing edge of the
FSW process, which lies on the retreating side of the tool. This finding aligns with Silva-
Magalhaes et al. [34] measuring maximum temperature on the retreating-trailing edge of the FSW
tool. This area reaches a maximum temperature of 490 °C, which is significant yet still below the
melting point of aluminum, with the solidus temperature for 6061 and A365 at 590 °C and 570 °C
respectively (Jin et al. [233]; Hernandez et al. [234]). The maximum temperature of 490 °C from
the simulation is consistent with other physical measurements recorded by researchers in previous
studies (Tang et al. [235]). Lastly, thermocouples placed 21.5 millimeters from the weld's edge, as
shown in Figure 114, register temperatures around 100 degrees Celsius. The thermocouple
measurements correlate well with the simulated maximum temperatures occurring approximately
30 millimeters from the center on both the positive and negative sides of the weld, reaching
between 100 and 125 degrees Celsius. Heat distribution throughout the plate is evident as the
simulation advances, potentially impacting subsequent welds nearby. Instead of starting at the
typical 20-25 degrees Celsius for new welds, the starting temperature in the area increases to about
80 to 100 degrees Celsius due to lasting heat from previous welds. This approximately 60-degree
increase from the initial conditions could significantly influence the thermal dynamics and quality

of subsequent welding processes in the vicinity.

The temperature differences resulting from the initial weld sequence significantly impact the
distortion observed in Plates G, H, and I (see Figure 112). Plates G and H, although exhibiting
some variances in distortion—with Plate H showing more pronounced negative distortion at minus
one millimeter near the peripheral weld and Plate G displaying localized negative distortion at the
center—both follow a similar welding sequence. This sequence involves one weld heating the
plate, followed immediately by a second weld, whether peripheral or center. In contrast, Plate I
demonstrate greater negative distortion near the top left of the plate and significant positive
distortion where the plate tips curl upwards. This pronounced curling occurs because, unlike Plates
G and H, Plate I undergoes a cooling period to ambient temperature between the first peripheral
weld and the subsequent center weld. The higher starting temperatures for the second weld in

Plates G and H, which do not cool down between welds, seem to mitigate distortion compared to
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Plate I, where the cooling period leads to increased distortion. This observation suggests that
maintaining a higher temperature between sequential welds can reduce distortion. In industrial
applications, especially with larger components, it might be beneficial to perform all welds on one
section of a component consecutively before allowing any cooling. The increase in the initial
starting temperature of 60 °C appears to reduce the resulting distortion. Additionally, reducing the
time between welds could offer significant advantages, ensuring rapid transitions from one weld
to the next without lengthy pauses. This approach could be particularly important when tool
changes are necessary. These initial findings open various avenues for further exploration and
adjustment in welding practices to optimize outcomes and reduce distortion in larger industrial
components. As demonstrated in the study by Sinclair et al. [236], preheating the workpiece before
FSW can significantly reduce axial forces, provided the system allows these forces to vary.
Notable reductions are observed in the 80 to 100 °C range, with maximum reductions of up to 43%
at a preheated temperature of 200 °C. This reduction in axial force enhances material flow and
improves welding quality. By incorporating preheating techniques, it is possible to achieve more
consistent and reliable welding results, minimizing distortion and enhancing the overall structural

integrity of welded components.

Furthermore, the initial starting temperature of subsequent welds may significantly affect residual
stresses, which in turn contribute to distortion. Residual stresses, being the stresses that remain in
the material after welding, are a primary cause of distortion. The temperature gradient in FSW is
a critical factor in determining how the material around the weld zone experiences thermal
expansion and contraction. When the initial temperature of the plate is elevated due to a previous
weld, the second weld starts at a higher baseline temperature. This results in an altered temperature
gradient as the tool passes through because the surrounding material's temperature is now different
from what it would be if starting from ambient temperature. Residual stresses in FSW are primarily
formed during the cooling phase when the material tries to contract but is restrained by the
surrounding cooler, unyielded material. The contraction behavior changes if the initial temperature
is higher, particularly in areas away from the immediate weld zone. This modified contraction can
result in more complex residual stress patterns due to the differences in thermal contraction across
the weld area. Essentially, the non-uniform cooling rates across the weld influence the magnitude
and distribution of these stresses. These changes in stress formation could lead to welds with

different mechanical properties or increased susceptibility to defects such as cracking or porosity,
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especially if the residual stresses exceed the material's strength limits. Understanding these
dynamics could be important in predicting and mitigating potential weaknesses in the weld.
Therefore, controlling the initial temperature and managing the welding sequence is critical in
practice. Techniques such as pre-heating or controlled cooling might ensure more uniform
temperature gradients and minimize the impact on residual stress. Raising the initial temperature
by preheating the component before FSW could be advantageous. Additionally, applying post-
weld thermal insulation, such as a thermal blanket or a cooling chamber, can reduce temperature
gradients and allow for more even and gradual cooling. However, the specific benefits of these

techniques on residual stress and distortion should be investigated further.

4.2.4 Residual Stress of Multi Welded Plates

Figure 117 details the locations where residual stress measurements were taken using neutron
diffraction scans. These measurements involve comparing neutron diffraction data from both
stress-free and stressed samples. The stressed samples are the plates themselves, while the stress-
free samples are a set of matchsticks cut from each welded subsection. These samples are spaced
2mm apart over a distance of 200 millimeters, covering the dynamically recrystallized zone
(DXZ), the thermomechanically affected zone (TMAZ), the heat-affected zone (HAZ), and the
base material. This setup provides a stress-free reference for each material type encountered in

FSW, as detailed in the section “4.1.4 Residual Stress on Single Welded Plates”.

The present section focuses primarily on the residual stress results rather than the specifics of the
calculations and the use of stress-free samples, which are extensively covered in earlier sections.
Figure 117 illustrates three lines on each plate for measurement: a blue line at 0 millimeters, a red
line at 80 millimeters, and a green line at 160 millimeters. While the spacing between these points
may vary slightly across different plates to optimize beam time, each point undergoes
measurement in three directions: longitudinal (parallel to the weld), transverse (perpendicular to
the weld), and normal (perpendicular to the surface). Additionally, Figure 117 highlights the
negative and positive directions relative to the advancing and retreating sides of the weld,
respectively. Small icons within Figure 117 indicate the direction of tool travel and rotation,

helping to identify the advancing side for each weld.
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Figure 117: Blue line (0 mm line); Red line (80 mm line); Green line (160 mm line); layout for
residual stress analysis on each plate

Figure 119 presents the residual stress data for plates E and F along the zero-millimeter line in the
longitudinal direction. The top-left of Figure 119 consolidates the residual stress measurements of
Plates E and F for easier comparison with Plates G, H, and I. Plate E shows significantly higher
residual stresses on the advancing side compared to the retreating side at the start of the plate, with
a 50-megapascal difference and the lowest stress point at 76 megapascals in the dynamically
recrystallized zone (DXZ) at the center of the weld bead. This asymmetrical "M" shaped
distribution is typical in friction stir welds, influenced by composition, texture, and temperature

gradients that ultimately affect the yield strength in different weld locations (see Figure 118).

The yield strength results from Figure 118 are directly compared to the residual stress results in
Figure 119. In the center of the weld, low yield strength results are recorded, while the region just
outside the weld edge measures a yield strength of 246 MPa, with the weld edge itself measuring
179 MPa. The maximum tensile residual stress (see Figure 119) is measured just outside the weld
between the two yield strength measurements on the advancing side of the tool in Figure 118. The
key takeaway is that the yield strength limit varies across the weld. As noted in section “4.2.1.3

Profilometry-based Indentation Plastometry,” the measurements were conducted under non-ideal
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conditions. Consequently, while it is reasonable to assume there are changes in yield strength
across the weld, the precise measurements may not be entirely accurate. Therefore, the results from

Figure 118 are useful for a qualitative assessment of anisotropy across the weld.

Yield Strength =
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Yield Strength =
138 + 12 (MPa)

Figure 118: Profilometry-based Indentation Plastometry (PIP) yield strength results from friction
stir weld

The residual stress measurements coincide with the yield strength in certain areas but not others,
where the yield strength acts as the upper limit for residual stress generation. However, it’s
important to reiterate that, strictly speaking, it is not a definitive limit. Stresses may evolve above
the yield strength, as seen in some areas of the battery tray, or even above the ultimate tensile
strength in "locked" material. In many cases, though, such as this one, the stresses evolve up to the
yield strength level when there is significant unrestricted plasticity (deformation) involved. The
area where the yield strength does not coincide with residual stress is along the trailing edge of the
tool in the center of the weld, which experiences the highest temperatures for the longest duration
(see Figure 116). Consequently, the temperature gradient is less intense down the center of the
weld compared to the edges, resulting in the valley on the measured "M" shape profile in the
longitudinal direction as the residual stresses are generated due to the contraction of the material

during cooling.
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Figure 119: Blue line (0 mm line) (see Figure 117); Stress Direction: Longitudinal

However, at the weld edge on the advancing side near the TMAZ and HAZ interface, the maximum
value of residual stress (180 MPa; see Figure 119 Plate E) almost directly coincides with the values
measured in yield strength (179 MPa; see Figure 118). Any thermo-mechanical loading above this
level is released into plastic deformation (distortion). The yield strength of A6061 is typically 240
MPa in the T6 condition, but near the weld, the strengthening is removed when the material

experiences high welding temperatures.

In Plate F, which features only a peripheral weld encircling the plate, there is a distinct, albeit less
pronounced, asymmetrical M-shape. The stresses on both advancing and retreating sides are closer
together, illustrating less disparity in the "M" shape, indicative of interacting residual stress fields
and varying temperature gradients due to the weld's circumnavigation around the periphery of the
plate. The peripheral weld's interaction at the 56-millimeter mark shows closer residual stress
levels between the advancing and retreating sides, differing from the typical pattern where the
advancing side exhibits maximum stress in the single center welds like Plate E. The distortion

measurements in Figure 112 indicate substantial differences between Plates E and F. Plate F
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exhibits more pronounced negative distortion at the center, with the top left and bottom right
corners showing positive curling. This pattern correlates with lower residual stresses observed in
these areas, suggesting that interacting residual stress fields contributed to distortion. According
to Radaj [237], the temperature and microstructural state fields in welding are coupled to the stress
and deformation fields affected by thermal and transformation stress, respectively. As the material
distorts, it may partially relieve these stresses, only to develop new residual stress patterns
influenced by the temperature distribution and the material's deformation history. Plate F, which
lacks a center weld but includes a peripheral weld (see Figure 112), has significantly different
distortion and longitudinal residual stress patterns in Figure 119. Maximum tensile residual
stresses are lower in Plate F compared to Plate E, possibly because the edges of Plate F, with less
material support due to the location of the welds, cannot sustain the imposed stress and thus release
it through deformation. In Plate F, the central areas between the welds at the 0 mm location show
lower residual stresses, but the difference is not as pronounced as in Plate E, where residual stresses
outside the weld approach zero on both sides of the center weld. However, near the edges of Plate
F, the stress state shifts into compression, particularly at points -84 and 84 millimeters. While the
tensile residual stresses are reduced for Plate F, the breath of stress extends into the compressive
region, and the center exhibits elevated tensile stresses, possibly due to the interaction of residual
stress from adjacent welds. This results in greater compressive stress responses near the plate's
edges, which may contribute significantly to the larger distortions measured in Plate F (see Figure
112). This greater compressive stress response is not unique to Plate F. On Plates G, H, and [—

each with both welds—a shift to compression near the plate's edge is observed.

Plate G's longitudinal stress profile, as depicted in Figure 119, features a center and peripheral
weld, with the welding sequence starting on the center weld followed by the peripheral weld. These
are detailed in the annotations as the first, second, and third welds, respectively. Although the
second and third welds are part of a single circular peripheral weld, they are segmented in the
figure to clarify the sequence of operations. The center weld in Plate G shows lower and nearly
equal tensile stresses between the advancing and retreating sides, unlike the standalone center weld
on Plate E. This difference is likely due to the temperature interactions and the influence of residual
stress fields from the subsequent peripheral weld. The welds on Plate G located at the negative 56-
millimeter mark (second in sequence) and the positive 56-millimeter position (third in sequence)

are affected by the heat from the initial center weld. This heat generation elevates the plate's

209



temperature, altering the temperature gradients during cooling and impacting the residual stress

levels observed.

In Plate H, the welding sequence begins with the peripheral weld, reversing the order used in Plate
G. When comparing Plates G and H in Figure 119, where the sequence of welds is the only
variable, it is observed that Plate H exhibits lower tensile residual stresses throughout the
peripheral weld. Additionally, there is a notable difference in tensile stresses between the
advancing and retreating sides in the center weld. This difference demonstrates that the sequence
in which the welds are performed influences the effects on the initial weld. Specifically, in Plate
H, there are lower tensile stresses on the peripheral weld closer to the end of the plate but higher
maximum tensile stress in the middle. This alteration in stress distribution could impact the
component's life. If changing the welding order can reduce high tensile stresses on the weld near
the plate's edge—where there is less material to provide support and a higher susceptibility to crack
propagation—then this represents a potential advantage to completing peripheral welds first in
sequence. Nonetheless, the distortion profiles of Plates G and H are similar, suggesting that the

sequence may not significantly impact the overall outcome of deformation (see Figure 112).

Plate I adopts a different strategy: the peripheral weld is completed first and allowed to cool to
ambient temperature before the center weld is executed. In this configuration, the peripheral weld,
particularly at the negative 56-millimeter location, does not achieve the low tensile residual stress
seen in Plate H despite the peripheral weld being performed first. Moreover, Plate I's center weld
exhibits stress levels comparable to those in Plate G and lower than those in Plate H but shows
significantly higher distortion. A comparison of the CMM measurements from Plates H and I, as
shown in Figure 112, highlights these differences in distortion. Plate I displays substantial positive

distortion at the top right and bottom left corners, in contrast to Plate H.

Progressing to the 80 mm position on the plate (see Figure 117, red line), a similar pattern of
longitudinal residual stress is observed, as shown in Figure 120, comparable to the 0 mm position
in Figure 119, where primarily the second weld influences the residual stresses of the first weld.
While the overall patterns are consistent, specific points display differences in magnitude. In the
steady-state region of the weld, observing areas with lower longitudinal residual stresses is typical.
This occurrence is likely linked to the consistent application of heat as the welding process

transitions from the initial cold start to the more thermally stable steady-state phase. Unlike the

210



beginning, which starts from a colder state, or the end, which might experience an abrupt cessation
of heat, the steady-state region benefits from a continuous and uniform heat application. This
consistent thermal gradient could be the reason for the reduction in residual stresses observed at
specific points within this region.

Plate E and F - Red Line (80 mm Line) Plate G - Red Line (80 mm Line)
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Figure 120: Red line (80 mm line) (see Figure 117); Stress Direction: Longitudinal

1. (Plate H) Peripheral weld first |Point Location (mm)
2. Then center weld

However, the changes in residual stress levels are not markedly pronounced across the board in
Figure 120 compared to the 0 mm blue line in Figure 119. Only a few points show notable
reductions. This consistent lack of magnitude reduction contrasts with single-weld studies, where
an apparent residual stress decrease is often evident in the steady-state region. The subtler changes
in multi-weld scenarios are likely due to the complex interactions of multiple welds within this
area, affecting how stresses are distributed and relieved during the process. These more unique
residual stress distributions are probably a function of both temporal and spatial dynamics. When
considering the temporal dynamics, the residual stress field of an initial weld is established as it
cools and the metal contracts. If a second weld is introduced nearby before the entire structure

equilibrates, the heat from the second weld can modify the still-evolving stress field of the first
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weld. The effect of this modification most likely comes down to its spatial position, where the

closer the welds are, the more likely their heat-affected zones will affect each other's stress fields.

Lastly, considering the 160mm scan line marked by the green line for longitudinal stresses (see
Figure 121), this area presents some of the most complex interactions observed in the study. Plate
E, a single-welded plate, exhibits a significant increase in residual stress, ranging between 20 to

30 MPa higher than earlier measurements at the 80mm and Omm locations.
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Figure 121: Green line (160 mm line); Stress Direction: Longitudinal

1. (Plate H) Peripheral weld first |Point Location (mm)
2. Then center weld

This pattern of high residual stresses at the 160mm line is consistent across plates G, H, and I,
where this line marks the end of the center weld. However, for the peripheral weld, this line
coincides with the steady-state region. The welding sequence significantly impacts the residual
stresses observed for plates G and H on the 160mm scan line. Plate G, with the center weld
conducted first, shows higher residual stresses at this green scan line before the peripheral weld,
resulting in elevated stresses around the periphery. In contrast, Plate H starts with the peripheral

weld, which shows lower residual stresses at this line.
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However, when the center weld is subsequently performed, it matches or exceeds the stresses seen
in Plate G. This suggests that temperature distributions play a crucial role, as evidenced by
comparing these plates with Plate F, which only features a peripheral weld starting at the negative
56mm location. In Plate F, the peripheral weld begins on the colder side of the plate; as it wraps

around to the positive 56mm location, the stresses significantly drop by about 50 megapascals.

This decrease may be attributed to either geometric effects or temperature variations influencing
the weld's progression. Notably, the end of the peripheral weld in Plates G, H, and I do not show
the high residual stresses near the 200 megapascal level observed at the center weld's end. This
difference is likely due to the peripheral weld's geometry, which does not transition from weld into
no-weld or base material as sharply as the center weld. The peripheral weld completes a circuit,
ending on itself, which may contribute to a more uniform distribution of stresses and or further
release of stress into the geometry as distortion due to the lack of material support on the peripheral
welds as they are completed near the plate's edges. The green line, while in a steady state for the
peripheral welds, is near the end of the plate for the center weld, capturing the culmination of

welding stresses.

In contrast, the closest scan line to the end of the peripheral weld, marked by the blue line, is
significantly further away. This is illustrated in Figure 117, at the bottom left of the multi-welded
plate, showcasing the exit hole of the peripheral weld. Yet, it does not experience the pronounced
ending stresses seen in the center weld, emphasizing the unique impact of the weld's geometrical
closure on residual stress distribution. This analysis underscores the importance of considering
both the welding sequence and the geometrical configuration of the welds in understanding and
predicting residual stress distributions and their potential implications for the structural integrity

of welded components.

Examining the transverse stresses is also important, as both types significantly affect the
component's structure, integrity, and performance, as well as significantly influence the welded
joint's ultimate strength, fatigue life, and fracture toughness. Longitudinal stresses, running along
the weld seam, primarily result from thermal expansion and contraction as the tool moves forward
and are a common cause of bending. Conversely, transverse stresses occur perpendicular to the
weld direction, often due to differential cooling across the weld's width. These stresses are

influenced by temperature gradients extending from the advancing and retreating sides of the weld
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to the HAZ and the base material regions unaffected by the tool's mechanical disturbance. The
maximum temperature is typically recorded on the trailing edge of the tool, with maximum
temperature gradients originating from this location outward (see Figure 115). Different
temperature gradients between these sides are widely acknowledged, as is in the case of the present
study (see Figure 115). However, the intensity of the gradient depends on material type, tool
design, and welding parameters, to name a few factors. Transverse stresses are critical to consider
because, unlike longitudinal stresses, which may lead to cracks along the weld seam, high
transverse stresses can cause transverse cracking similar to what was observed by Milan et al.
[238]. The previous section, “4.1.4 Residual Stress on Single Welded Plates”, concluded that
transverse stresses are inconsistent throughout the weld, tending to increase towards the end. This
increase is highlighted in the comparison between Figure 122 and Figure 123, where Figure 122
represents the start and Figure 123 the end of the weld at the 160-millimeter line, showing an
increase in transverse stresses of 20 to 30 megapascals, particularly noticeable in the center weld.
This pattern is unique to the center weld, demonstrating the plates' varying ability to support
stresses near the edges, especially in the transverse direction, extending to the plate's edge more
quickly than in the longitudinal direction. Compared to Chapter 3, with similar weld paths but
different supporting geometry as the component studied is a battery tray, more uniform transverse
residual stresses were measured across all welds. This uniformity is attributed to the tray's design,
featuring a lip that forms a container shape capable of better supporting these stresses and

preventing them from converting into distortion.

This geometry suggests that designs incorporating more support can retain higher residual stresses,
potentially reducing distortion. The direction and magnitude of these stresses are important in
determining how the material will perform under service loads, a key consideration for structural
applications where safety and reliability are crucial. Understanding the stress profiles in both
directions is vital for designing an optimal welding configuration for the structure. It also informs
decisions regarding potential post-weld treatments such as heat treatment, mechanical stress relief

processes, or adjustments in the assembly's layout or sequencing of welding paths.

The last direction of consideration, normal stress direction (see Figure 124), typically remains
minimal due to modest temperature fluctuations in this orientation and the absence of significant

constraints (Williams et al. [82]).
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Figure 122: Blue line (0 mm line); Stress Direction: Transverse

Figure 124 encompasses the normal direction of stresses at the 160 mm mark. This direction of
stress is by far the most consistent across the start, middle, and end of the weld, with tensile stresses
generally not exceeding 55 megapascals; therefore, only the ending 160mm line residual stresses
are provided. The most notable feature of the normal profile is the many points near each weld
edge exhibit a compressive reaction, underscoring the complex interplay of stresses within welded
components. While the normal stress direction shows relatively minimal fluctuations and
consistent behavior, this stability is significant as it indicates a relatively uniform thermal profile

across the depth of the weld.
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It is important to consider the plane-stress conditions that exist in the 6061 2mm plate, especially

when evaluating stress distributions away from the weld zones. Plane-stress conditions imply that

the stress normal to the plate surface is negligible, while in-plane stresses (longitudinal and

transverse) dominate. This assumption is crucial for thin plates like the 2mm 6061 used in this

study, where the thickness is small relative to the other dimensions. However, the observed normal

stress of approximately 25 MPa in regions distanced from the weld, as shown in Figure 124,

indicates that plane stress conditions might not be perfectly met. This non-zero normal stress

suggests that residual stresses from the welding process are still present and significant, even in

regions far from the weld. These residual stresses can contribute to overall distortion and affect

the mechanical behavior of the welded component.
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Figure 124: Green line (160 mm line); Stress Direction: Normal

Additionally, many neutron diffraction studies may omit the fabrication of stress-free samples and
rely on the plane stress assumption to calculate the dy spacing. This study confirms that such an
approach may significantly affect the results of neutron diffraction stress scans. Therefore, by
ensuring that the plane-stress assumption is valid or by accurately measuring deviations from this
condition, one can better predict and mitigate potential distortions and stress concentrations. This
leads to improved weld quality and structural integrity, particularly in thin plates where out-of-

plane stresses should ideally be minimized to prevent buckling and other forms of deformation.

4.2.5 Section Conclusions

This comprehensive data set and analysis provided in the current study serve as a baseline for
simulations and technologies aimed at exploring distortions and interactions among multiple welds
on the same friction stir welded component. It can be leveraged for specific applications, such as

in battery trays and other structures where FSW is employed, particularly where flatness is critical.
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The findings suggest that while weld sequencing may not significantly affect outcome distortions,
managing thermal gradients and minimizing wait times between welds are crucial for reducing
distortions and achieving more predictable results. This insight could inform strategies to mitigate
distortion through tailored weld management rather than sequence alteration alone. Within the
scope of the data analyzed, for the aluminum 6061 lap weld to A365 cast structure, the following

conclusions are made:

(1) Torque measurements indicate consistency and independence from the welding sequence.
Even when welds are conducted in succession, which raises the plate's temperature, the
initial torque values are only minimally affected. This effect may be negligible in practical
terms. In the steady-state phase of the weld, torque levels stabilize, demonstrating
uniformity across different welding sequences.

(2) Single welds introduce minimal distortion to the plate. However, as additional welds are
implemented, the cumulative effect results in significantly increased distortion. This
amplification underscores the impact of multiple welds on the structural behavior of the
plate.

(3) Residual stress resulting from multiple welds caused significant distortion in all plates.
While the distortion profile did not change between certain ordered weld sequences, the
magnitude of distortion remained consistent. The distortion magnitude only changed with
added welds or when the plate temperature decreased due to introduced waiting periods
between welds. However, altering the weld sequence changed the residual stress
distribution on plates, where the only variable was the weld sequence. Initiating welding
at the center, followed by the periphery, results in higher residual stresses at the edges.
Conversely, starting at the periphery reduces high tensile stresses near the edges,
potentially enhancing component longevity. Yet, the benefits of altering weld order
diminish when the initial weld is allowed to cool, indicating that the residual stresses from
the first weld significantly impact subsequent welding outcomes, which also increases the
distortion magnitude and changes its profile. Thus, in larger components, maintaining a
quick succession of localized welds may be advantageous, preserving the heat from initial

welds to minimize stress and distortion.
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(4) Longitudinal residual stresses, measured as the most significant in the component,
consistently exhibit higher values in scenarios involving multiple welds. Specifically,
central welds with particular end geometries show the highest longitudinal residual
stresses. In contrast, peripheral welds completing a circuit to end the weld tend to exhibit
lower residual stresses. Furthermore, transverse stresses, which increase from the
beginning to the end of the weld, are particularly pronounced in central welds. Peripheral
welds, lacking direct material support, often show significantly lower or even compressive
residual stresses, highlighting the influence of support and weld geometry on stress
distributions in multiple directions.

(5) Given the normal stresses in the single-welded plates, it was observed that the in-plane
stresses were low when welding speeds were between approximately 10-40 MPa. As
welding speeds increased, the average in-plane stress across the plate also rose. In the
multi-welded plates, adjacent welds contributed to complex stress interactions, generating
normal non-zero tensile stresses of around 50 MPa, even in the base material. When
comparing the multi-welded plates to the welded high-pressure die-cast components from
the battery tray, normal (Z) residual stresses were significantly elevated to approximately
100 MPa. This increase is due to multiple factors, including the influence of adjacent welds
and the possible inheritance of residual stresses from the high-pressure die-cast component

before welding.
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Chapter 5: Conclusion

This dissertation was undertaken to address the critical need for efficient thermal management in
electric vehicles, particularly focusing on the design of coolant channels within battery trays. These
channels are crucial for maintaining optimal operating temperatures of battery cells, thereby
maximizing the distance per battery kilogram achievable. The primary method explored for
creating and sealing these channels involved high-pressure die casting (HPDC) followed by the
sealing of coolant channels with thin aluminum plates using Friction Stir Welding (FSW). FSW,
an advanced solid-state joining process, was chosen due to its ability to overcome significant
challenges associated with traditional welding methods for aluminum, such as high oxidation,
thermal distortion, and environmental impact. The research comprehensively investigated the
formation and implications of residual stresses introduced by FSW, especially in multi-weld
configurations. These stresses, if unmanaged, could potentially compromise the structural integrity
of the battery tray, affecting both safety and functionality. Through detailed analysis using
techniques like neutron diffraction, this study measured and analyzed the internal stresses and their
redistribution post-straightening operations. The ultimate aim was to refine FSW parameters to
enhance joint quality, minimize the need for costly post-weld treatments, and ensure robust,
lightweight components conducive to sustainable and efficient electric vehicle operation. The
conclusions drawn from this investigation provide foundational insights into optimizing FSW

processes. The primary conclusions that can be drawn from this dissertation are as follows:

3.1 Characterization of FSW Microstructure and Residual Stress in the As-Welded Non-
Straightened Battery Tray

(1) The tool's rotation and transverse direction, with respect to the geometric constraints of the
component, influence the residual stress profiles. For example, if the rotational and traverse
direction switched, the stress profile would mirror along the vertical axis, with the
maximum tensile stress consistently occurring on the advancing side of the tool rotation
direction.

(2) Unintentional preheating of the battery tray by welds occurring in the proximity of un-
welded locations results in a decrease of maximum tensile stress after these un-welded

locations become welded.
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(3) Microstructural marks and residual stress results indicate that the advancing side of the tool
rotation is consistent with the maximum residual stress location, where the advancing side's
maximum stress can be 70% higher than the tool's retreating side.

(4) The EDS analysis of a weldment portion reveals the maximum silicon content through the
6061 to A365 FSW interface, suggesting that the plasticized pieces during the FSW
operation primarily stir the material with minimal mixing, leading to a very narrow

transition zone, on the order of 100 microns.

3.2 Microstructural Changes in Friction Stir Welds of the Battery Tray

(1) ICP results indicate silicon accumulation during the FSW operation for both weld groups.
However, as the coefficient of friction reduces with increasing temperature (proportional
to the increasing rotational speed), silicon accumulation decreases in the weld. This
reduction is observed in the 56 mm weld (high-temperature weld) compared to the 0 mm
and 112 mm welds (lower-temperature welds), possibly because less material adheres to
the tool at higher temperatures. In contrast, at lower rotational speeds, more material sticks
to the tool, resulting in an ordered texture and higher Si accumulation in the weld. It is
important to distinguish this from the stirring of the underlying A365 cast structure. In the
lap weld configuration, the primary mixing occurs within the 6061 plate, with the A365
plate below experiencing minimal plastic deformation. The narrow transition zone
discussed in the last section, indicated by the sharp cut-off in silicon content detected by
EDS, suggests stirring rather than mixing with the A365 plate.

(2) The distribution and generation of precipitates are not the main factors causing the
increased surface hardness in the 56 mm weld compared to the 0-mm and 112-mm welds.
Instead, the reduction in ordered texture or increased randomness due to higher plastic
deformation, resulting from increased rotational speed, traverse speed, and plunging force,
is found to cause the variation in mechanical properties between the weld groups.

(3) KAM results show an increase in misorientation of the grains and suggest an increase in
the density of dislocations due to higher rotational speeds, traverse speeds, and plunging
forces. Additional increased misorientations indicate more severe plastic deformation.
Although there is less sticking with increased rotational speed, the material that does stick

experiences much higher plastic strain. The competing factors of increasingly less ordered
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texture and higher plastic strain with increased rotational speeds may explain why welds
conducted at higher rotational speeds have increased hardness.

(4) With a constant speed ratio (rotational speed/traverse speed), competing mechanisms keep
the grain size relatively consistent, only deviating by a few microns from each weld group

as the rotational speed and traverse speed increase.
3.3 Analyzing Distortion and Stress Effects in Response to Straightening the Battery Tray

(1) After the FSW process, the yield area (i.e., the area containing residual stress above the
material yield strength) accounted for 24, 9.6, and 9.8% of the scanned area for the X-
direction, Y-direction, and Z-direction of stresses, respectively.

(2) The FSW process imparts significant plastic deformation, leading to large residual stresses
shown in the yield area, causing distortions of the battery tray upwards of +3 mm at the
wings and center of the battery tray, as compared to the pre-weld geometry.

(3) Following the burnishing operation, the measured residual stress in the scanned region
revealed evidence of surface layer compression induced by the burnishing technique. In
addition, the burnishing operation reduced the yield area by 14 and 18% in the X-direction
and Y-direction, respectively. In contrast, the Z-direction stresses increased the yield area
by 10% after the burnishing operation. Nonetheless, the burnishing operation restored 93%
of the battery tray's surface area to within +0.75 mm of the pre-weld geometry.

(4) Following the coining operation, the yield area is reduced by 14% in the X-direction of
stresses. The yield area in the Z-direction stayed nearly constant, only decreasing by 2%.
However, the battery tray's significant distortion profile was reduced by the operation,
which required considerable plastic deformation to restore the pre-weld geometry,
increasing the yield area by 23% after straightening in the Y-direction of stress.
Nevertheless, the coining operation restored 98% of the battery tray's surface area to within

+0.75 mm of the pre-weld geometry.

4.1 Residual Stress Characteristics in Friction Stir Welding: An In-depth Temperature, Texture,
and Neutron Diffraction Analysis of Speed Parameters

(1) The torque required for welding decreases as the speed of the FSW tool increases while

maintaining a constant speed ratio. This trend is observed as the speed incrementally rises
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from Plate A, with settings at 700 mm/min and 1100 RPM, to Plate B at 950 mm/min and
1500 RPM, Plate C at 1150 mm/min and 1800 RPM, and finally to Plate D at 1400 mm/min
and 2200 RPM.

(2) With increasing welding speeds, the maximum temperature achieved during welding rises
for plates B, C, and D, with temperatures of 490°C for plate B, 515°C for plate C, and
550°C for plate D. Additionally, thermal exposure diminishes with faster welding speeds,
resulting in less total thermal exposure due to increased traversing speed.

(3) Stress-free measurements vary with different welding speeds, but these variations do not
follow a consistent pattern and are specific to the speeds applied. The main differences are
associated with the stirring and rotating actions of the pin, which create distinct zones from
the weld's center to its edges. This effect is thought to result from the segregation of
particular elements within the alloy, leading to changes in stress-free reference values.
Consequently, this creates a requirement for multiple stress-free measurements in
diffraction-based studies to accurately determine residual stress levels.

(4) Longitudinal stresses escalate with increased welding speeds, ranging from a minimum
peak stress of 170 MPa for plate A to a maximum peak stress of 230 MPa for plate D. This
trend is supported by SPH simulation temperature gradients, showing plate D with the most
intense thermal gradients and the most significant residual stress reactions.

(5) SPH simulations show that maximum plastic strain is predominantly observed on the
advancing side of the tool pin, almost doubling the strain compared to the retreating side.
The peak strain is located in the pin region rather than the tool's shoulder area.

(6) Across the center of the weld on Plates A, B, C, and D, normal and transverse stresses are
minimal in comparison to longitudinal stresses. However, as measured for Plate A, steep
thermal gradients significantly influence transverse stresses, starting with an average in-
weld stress of 73 MPa at the beginning, decreasing to 32 MPa in the center, and then rising
to 103 MPa at the weld's end. The maximum stresses in the transverse direction, along with
the peak stresses in the longitudinal direction of 190 MPa at the weld's end, might account
for the frequent instances of failure observed near the weld's exit.

(7) As welding speeds increase, there is a noticeable reduction in maximum texture intensity,
decreasing from 4.83 for Plate A to 4.47 for Plate B, then to 4.09 for Plate C, and finally

to 3.35 for Plate D. Despite these changes, the average grain size within each plate's weld
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zone (DXZ) remains consistent, measuring within a few microns of 17 um due to the
constant speed ratio utilized. The faster welding speeds and reduced texture may diminish
the anisotropic impact, potentially through the mechanism of texture-induced grain
coarsening, on yield strength. This reduction in texture allows for higher and/or altered
yield strength values in the weld material from Plate A to Plate D, which may affect the
residual stress response that is closely linked to the material's yield strength. Therefore,
texture may indirectly impact residual stress by influencing yield strength.

(8) The distribution of Schmid factors within the friction stir weld seems to significantly
contribute to the influence of mechanical properties (i.e., the yield strength). Regions with
high Schmid factors, particularly by the near tool pin advancing side, may facilitate
localized plastic deformation and reduce the ability to retain residual stress. Conversely,
areas with interlaced high and low Schmid factor grains hinder slip, potentially contributing

to the build-up of tensile residual stresses.

4.2 Influence of Multiple Welds on Residual Stress and Distortion in Friction Stir Welding: A
Neutron Diffraction Study

(1) Torque measurements indicate consistency and independence from the welding sequence.
Even when welds are conducted in succession, which raises the plate's temperature, the
initial torque values are only minimally affected. This effect may be negligible in practical
terms. In the steady-state phase of the weld, torque levels stabilize, demonstrating
uniformity across different welding sequences.

(2) Single welds introduce minimal distortion to the plate. However, as additional welds are
implemented, the cumulative effect results in significantly increased distortion. This
amplification underscores the impact of multiple welds on the structural behavior of the
plate.

(3) Residual stress resulting from multiple welds caused significant distortion in all plates.
While the distortion profile did not change between certain ordered weld sequences, the
magnitude of distortion remained consistent. The distortion magnitude only changed with
added welds or when the plate temperature decreased due to introduced waiting periods
between welds. However, altering the weld sequence changed the residual stress
distribution on the plates, where the only variable was the weld sequence. Initiating

welding at the center, followed by the periphery, results in higher residual stresses at the
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edges. Conversely, starting at the periphery reduces high tensile stresses near the edges,
potentially enhancing component longevity. Yet, the benefits of altering weld order
diminish when the initial weld is allowed to cool, indicating that the residual stresses from
the first weld significantly impact subsequent welding outcomes, which also increases the
distortion magnitude and changes its profile. Thus, in larger components, maintaining a
quick succession of localized welds may be advantageous, preserving the heat from initial
welds to minimize stress and distortion.

(4) Longitudinal residual stresses, measured as the most significant in the component,
consistently exhibit higher values in scenarios involving multiple welds. Specifically,
central welds with particular end geometries show the highest longitudinal residual
stresses. In contrast, peripheral welds completing a circuit to end the weld tend to exhibit
lower residual stresses. Furthermore, transverse stresses, which increase from the
beginning to the end of the weld, are particularly pronounced in central welds. Peripheral
welds, lacking direct material support, often indicate significantly lower or even
compressive residual stresses, highlighting the influence of support and weld geometry on
stress distributions in multiple directions.

(5) Given the normal stresses in the single-welded plates, it was observed that the in-plane
stresses were low when welding speeds were between approximately 10-40 MPa. As
welding speeds increased, the average in-plane stress across the plate also rose. In the
multi-welded plates, adjacent welds contributed to complex stress interactions, generating
normal non-zero tensile stresses of around 50 MPa, even in the base material. When
comparing the multi-welded plates to the welded high-pressure die-cast components from
the battery tray, normal (Z) residual stresses were significantly elevated to approximately
100 MPa. This increase is due to multiple factors, including the influence of adjacent welds
and the possible inheritance of residual stresses from the high-pressure die-cast component

before welding.

5.1 Contributions of Research

The research described in this dissertation significantly advances the understanding and
optimization of friction stir welding (FSW) processes, especially in joining dissimilar aluminum

alloys for automotive applications. The study offers valuable insights into microstructural changes,
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residual stress evolution, and the effects of post-weld straightening techniques on the performance

and durability of welded components. By employing advanced characterization methods such as

neutron diffraction, electron backscatter diffraction (EBSD), and inductively coupled plasma

atomic emission spectroscopy (ICP-AES), this research provides a comprehensive analysis of the

factors influencing weld quality and mechanical properties. The findings are crucial for improving

manufacturing processes and enhancing the structural integrity of lightweight automotive

components, contributing to the efficiency and sustainability of the transportation industry.

The following list summarizes the novel contributions that originate from this research:

1. Characterization of FSW Microstructure and Residual Stress in the As-Welded Non-

Straightened Battery Tray

o

The research investigates residual stress profiles from the FSW process, focusing
on an industrial full-size high-pressure die-cast battery tray component. Analyzing
a full-sized component rather than simplified samples provides realistic insights
into residual stress distribution and its impact on structural performance and
longevity. Neutron diffraction reveals how preheating by previous welds
redistributes stresses in subsequent welds. This finding is confirmed through the
analysis of simplified multi-welded plates, highlighting how initial weld-induced

stresses are redistributed by subsequent welds.

2. Microstructural Changes in Friction Stir Welds of the Battery Tray

o

EBSD analysis quantifies plastic deformation and texture variations across the
welds. At a constant speed ratio, grain size remains consistent, indicating that grain
refinement strengthening does not account for hardness differences between welds.
Increased rotational and traverse speeds lead to more significant plastic
deformation and misorientation, which explains the higher Vickers hardness
observed in faster welds.

ICP-AES analysis identifies variations in elemental concentrations, particularly
silicon. While it was expected that higher rotational speeds might reduce silicon
accumulation, the key finding is the clear segregation or accumulation of silicon
within the welds. This supports the observation that stress-free results vary with

solute content due to friction stir welding.
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3. Analyzing Distortion and Stress Effects in Response to Straightening the Battery Tray
o The study examines the impact of FSW on residual stress and distortion in battery
trays, focusing on post-weld straightening techniques like burnishing and coining
applied to multi-welded components. Connecting direct distortion measurements
with post-straightening outcomes in multi-welded components is a relatively
unexplored area. Burnishing induces compressive stresses to reduce tensile
stresses, restoring pre-weld specifications, while coining focuses solely on
achieving dimensional accuracy, sometimes increasing stresses in certain
directions.
4. Residual Stress Characteristics in Friction Stir Welding: An In-depth Temperature,
Texture, and Neutron Diffraction Analysis of Speed Parameters
o Integrating multiple data collection methods, particularly Smoothed Particle
Hydrodynamics (SPH), to model near-tool temperatures provides a more accurate
approach compared to traditional finite element methods (FEM). This research
connects SPH modeling with neutron diffraction and EBSD to provide a
comprehensive analysis of residual stresses and texture changes at consistent speed
ratios but varying rotational and traverse speeds. This approach reveals texture
randomness and material behavior changes previously undocumented.
5. Influence of Multiple Welds on Residual Stress and Distortion in Friction Stir Welding: A
Neutron Diffraction Study
o The research highlights the impact of welding sequence and proximity of multiple
welds on residual stress and distortion. Reducing the complexity of a full-sized
battery tray helps identify stress inheritance in multi-welded configurations.
Neutron diffraction measurements show that starting with peripheral welds
followed by central welds can reduce high tensile stresses at the edges, emphasizing
the critical role of thermal management. This study identifies that complex
components, like battery trays, contribute to unique stress profiles not observed in

simplified geometries, guiding better welding practices for complex structures.

This dissertation, from both an industry and academic perspective, significantly broadens the
understanding of residual stress generation in FSW. It demonstrates that numerous factors

contribute to residual stress, including mechanical properties, texture, temperature history, welding
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sequence, and component geometry. This comprehensive approach encourages researchers to

explore these factors and their interconnections. Ultimately, this work can lead to the development

of a robust database of correlations, enhancing the ability to predict and manage residual stresses

in multi-welded FSW operations.

5.2 Limitations of Research

Despite the contributions of this research, there are several limitations that must be acknowledged.

These limitations are discussed here, with future recommendations provided in the next section to

address these issues and expand on the research.

1. Single Sample Limitation

o

Some of the samples characterized in this study were single samples, meaning that
only one sample was created and measured using neutron diffraction. This
limitation arises due to the scarcity and competitive nature of obtaining beam time
for neutron diffraction. Consequently, the variability in results was not considered,
given the time and resource constraints. This limitation is significant and

contributes to the limited availability of similar research studies.

2. Absence of Fatigue Life Measurements

o

Fatigue life measurements were not conducted in this study. Residual stresses are
known to drive crack initiation and propagation, damaging the microstructure and
contributing to the applied load during cycling. As most components are designed
to operate below the yield strength, fatigue is a major cause of failure, with 90% of
engineering components failing due to fatigue. The absence of fatigue life
experiments is a significant limitation. This omission was primarily due to time
constraints and the potential for substantial content addition to the dissertation.
Future research should include fatigue life measurements to comprehensively

understand the impact of residual stresses.

3. In-Operation Stresses

o

In-operation stresses were not a primary focus of this study. Although axial or
plunging forces and torque measurements were conducted on single-welded plates
and multi-welded sections, the stresses experienced during actual operation were

not thoroughly examined. This limitation affects the applicability of the results to
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real-world conditions, where in-operation stresses play a critical role in the

performance and longevity of components.

4. Clamping Variability

o

The study did not vary the clamping configurations, which is a significant
limitation. As demonstrated in the literature review (specifically Figure 29),
clamping significantly affects residual stresses. The clamping techniques, forces,
and methods used between the battery tray and single/multi-welded plates were
different. This variability can heavily influence the residual stresses and plastic
deformation outcomes. While clamping was kept constant within specific sections,
the lack of variation limits the generalizability of the conclusions, as clamping
configurations in friction stir welding research vary considerably and significantly

impact distortion outcomes.

5. Tool Wear Considerations

o

performance.

Tool wear was not considered in this study. As the tool wears, changes in its
geometry can significantly affect the flow of material and the resulting texture.
Only an optimal tool with minimal to no wear was used for all welding processes
in this study. The study acknowledges that significant tool wear would likely alter
the texture and flow stress conclusions, but this was not measured. Future research
should investigate the effects of tool wear to provide a more comprehensive

understanding of the welding process.

In summary, these limitations highlight areas where future research can build upon and address
the gaps identified in this study. By acknowledging these limitations, continued research can

improve the reliability and applicability of findings in the field of residual stress and material

5.3 Future Recommendations

The research described throughout this dissertation provides clear evidence of various aspects,
including proximity preheating of previous welds, friction stir welding texture effects on yield
strength, and potential effects on residual stress. These findings contribute significantly to
developing FSW technology for aluminum alloy dissimilar lap welds. However, further

development can be achieved through additional research in several key areas, which include:

229



1. Reclassitying Friction Stir Welding in Context with Forming Processes

o

Friction stir welding (FSW) should be reconsidered not just as a welding process
but as a forming process. Unlike fusion welding, which results in cast-like
structures with no significant texture other than that imparted by cooling, FSW
shares similarities with extrusion, hot rolling, and other forming processes in
developing unique textures. Fusion welding does not impart the same deforming,
plasticizing, and recrystallizing textures seen in forming processes. Therefore, the
comparison between FSW and fusion welding, which is common in the literature,
may be less accurate. FSW should be studied more in relation to forming processes
that impart texture, as it fundamentally has many forming-like aspects. This new
classification and focused research on FSW textures will enhance our

understanding of the process.

2. Utilizing Digital Image Correlation for Yield Strength Mapping

o

A future recommendation is to use Digital Image Correlation (DIC) or create a
specific rigging for the PIP machine to accurately map yield strength changes at
multiple locations within the FSW. While this may be unrealistic for PIP, DIC has
been successfully used in other studies. It is suggested to conduct DIC and EBSD
texture analysis on the same material. Perform a large-scale EBSD map and then
use DIC on the entire surface of the weld cross-section. Correlate the Schmid factor
or other aligned grains with the yield strength mapping. If a strong correlation is
found, as suggested in this dissertation, it will significantly enhance our

understanding of deformation in FSW.

3. Analyzing Stress-Free Equivalent Comb Samples in Neutron Diffraction

o

Another recommendation is to use equivalent comb samples for stress-free analysis
in neutron diffraction, especially for welds or FSW that change the concentration
from the base material to the weld. It would be beneficial to see how the
concentration changes from one pin location to another on the comb and match this
to the stress-free profile. This is essential due to ongoing debates among scientists
and institutions about the necessity of multiple stress-free results across a weld.
Fully defining the concentration of elements within the matrix at multiple points

along the comb will provide valuable insights.
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4. Investigating Proximity Welding Effects in FSW

o

Further study on the proximity welding effects of FSW is highly recommended.
Conducting systematic investigations on multiple components with increasing
distances between welds will be extremely beneficial. Currently, literature lacks
studies on this, with existing works either coincidentally placing welds near each
other or performing multiple welds on top of each other. Suggested studies should
involve one weld followed by a second weld at varying distances (e.g., Smm,
10mm, 15mm, 20mm) and measure the residual stress and distortion for each case.
This will help create standards regarding the interaction of residual stress fields and
the potential minimization of distortion. Additionally, the distance of the weld from
the edge of the component is a significant factor, especially in industrial
applications like coolant trays and battery trays. Studies should also focus on edge

welding and its impact on residual stress and distortion.

5. Continuation of SPH Simulation for Residual Stress Analysis

o

o

Continuation of the SPH (Smooth Particle Hydrodynamics) simulation for residual
stress analysis using this dataset is recommended for confirmation of the values. A
collaborative project with METALTec and Dr. Fraser would be advantageous, as it
would leverage this dataset to validate the simulation results. Given the multiple
speed parameters utilized in the data collection, these simulations could provide a
robust reference point for comparing simulation results with real-world neutron
diffraction measurements. Implementing a texture model to accurately describe the
effect of texture on yield strength could further enhance the understanding of
residual stress retention in elasticity versus release into plasticity around the weld,
advancing the knowledge of residual stress generation.

Contact: francois.nadeau(@cnrc-nrc.gc.ca

6. In-Situ Residual Stress Measurements

o

In-situ residual stress measurements to observe the development of residual
stresses, their release into deformation, and continued generation after the end of
the weld are recommended. This project, suggested by Dr. Arianna E. Gleason-
Holbrook from Stanford during a visit to Los Alamos, could be conducted on

specific beamlines. Although this project was beyond the scope of the current work,
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it holds great promise for understanding the evolution of residual stresses during
operation, which is crucial for comprehending their impact.

o Contact: ariannag(@stanford.edu

7. Fatigue Testing
o Future research should incorporate fatigue testing to complement the residual stress
analysis conducted in this study. While 6061 aluminum and its friction stir welded
counterpart have established fatigue limits under standard conditions, the unique
residual stress field from complex multi-welding to a cast component introduces
uncertainties not covered by existing literature. Accurate fatigue analysis requires
replicating real-world loading conditions precisely, necessitating a large-scale
fatigue cycling rig for the entire battery tray component or a similar, albeit smaller,
version for the plate geometry utilized in this study. Extracting smaller samples for
fatigue testing would alter stress distributions, making results non-representative of
the effects of residual stress on the component's fatigue life. Therefore, true fatigue
testing should involve multiple full-scale components and industry-grade setups.
By incorporating large-scale fatigue testing, future studies can provide a more
comprehensive understanding of how residual stresses impact fatigue life, validate
the residual stress analysis, and ultimately enhance the durability and performance

of large multi-welded components.

These recommendations aim to further advance the understanding and application of friction stir

welding, providing a framework for future research and standardization in the field.
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