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ABSTRACT

Additive friction stir deposition (AFSD) is an emerging solid-state metal additive
manufacturing technology that uses deformation bonding to create near-net shape 3D
components. As a developing technology, a deeper understanding of the processing science
IS necessary to establish the process-structure relationships and enable improved control of
the as-printed microstructure and material properties. AFSD provides a unique opportunity
to explore the friction stir fundamentals via direct observation of the material during
processing. This work explores the relationship between the processing parameters (e.g.,
tool rotation rate 2, tool velocity V, and material feed rate F) and the thermomechanical
history of the material by process monitoring of i) the temperature evolution, ii) the force
evolution, and iii) the interfacial contact state between the tool and deposited material.
Empirical trends are established for the peak temperature with respect to the processing
conditions for Cu and Al-Mg-Si, but a key difference is noted in the form of the power law
relationship: 2/V for Cu and 2%V for Al-Mg-Si. Similarly, the normal force F, for both
materials correlates to V and inversely with 2. For Cu both parameters show comparable
influence on the normal force, whereas 2 is more impactful than V for Al-Mg-Si. On the
other hand, the torque M; trends for Al-Mg-Si are consistent with the normal force trends,
however for Cu there is no direct correlation between the processing parameters and the
torque. These distinct relationships and thermomechanical histories are directly linked to
the contact states observed during deformation monitoring of the two material systems. In
Cu, the interfacial contact between the material and tool head is characterized by a full
slipping condition (6 = 1). In this case, interfacial friction is the dominant heat generation
mechanism and compression is the primary deformation mechanism. In Al-Mg-Si, the
interfacial contact is characterized by a partial slipping/sticking condition (0 < § < 1), so
both interfacial friction and plastic energy dissipation are important mechanisms for heat
generation and material deformation. Finally, an investigation into the contact evolution at
different processing parameters shows that the fraction of sticking is critically dependent
on the processing parameters which has many implications on the thermomechanical
processing history.
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GENERAL AUDIENCE ABSTRACT

Additive manufacturing or three-dimensional (3D) printing technologies have been
lauded for their ability to fabricate complex geometries and multi-material parts with
reduced material waste. Of particular interest is the use of metal additive manufacturing
for repair and fabrication of industrial and structural components. This work focuses on
characterizing the thermomechanical processing history for a developing technology
Additive Friction Stir Deposition (AFSD). AFSD is solid-state additive manufacturing
technology that uses frictional heat and mechanical mixing to fabricate 3D metal
components. From a fundamental materials science perspective, it is imperative to
understand the processing history of a material to be able to predict the performance and
properties of a manufactured part. Through the use of infrared imaging, thermocouples,
force sensors, and video monitoring this work is able to establish quantitative relationships
between the equipment processing parameters and the processing history for Cu and Al.
This work shows that there is a fundamental difference in how these two materials are
processed during AFSD. In the future, these quantitative relationships can be used to
validate modeling efforts and improve manufacturing quality of parts produced via friction
stir techniques.
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Chapter 1

Introduction

1.1 Motivation

Additive manufacturing (AM), sometimes referred to as three-dimensional (3D)
printing, free-form fabrication, or rapid prototyping, refers to a class of emerging
manufacturing techniques with the ability to perform site-specific deposition or bonding in
a layer-by-layer fashion to fabricate bulk parts [1]. The most salient benefits of these
additive techniques lie in the ability to create complex geometries [2, 3], multi-material
parts [4, 5], or near-net shape parts that reduce material waste [6]. The key tenant of
materials science and engineering lies in the understanding the process-structure-property
relationship [7] which has yet to be fully understood for these still-developing AM
techniques [8]. How a component is manufactured determines the microstructure and
morphology of the part, which in turn will determine the final part properties and
effectiveness of the component during its service life. AM techniques typically have non-
equilibrium processing conditions due to their periodic nature and are especially sensitive
to the specific part geometry [9]. Critically, inadequate conditions may lead to
delamination between layers, warpage, internal porosity, or high residual stresses. In order

to minimize the presence of defects and design the as-manufactured properties of a



component, it is necessary to have a comprehensive understanding of the relationship
between equipment processing variables, the materials processing conditions, and the

resultant microstructure (i.e. the process-structure-property relationship).

1.2 Research Goals

The goal of this work is to understand the relationship between the equipment
processing conditions and the thermomechanical processing history of materials processed
by Additive Friction Stir Deposition. Understanding of this relationship will provide key
physical insights into the process fundamentals via direct characterization of the
thermomechanical processing history. This is achieved by in situ monitoring of 1) the
thermal history, 2) the force evolution, and 3) the contact state between the tool and
deposited material. Monitoring of these three components will enable an understanding of
thermomechanical properties of the material under working conditions that ultimately
determine the deformation behavior and material flow. In particular, this work compares
the behavior of two materials during deposition: Aluminum Alloy 6061 (Al-Mg-Si alloy)
and Cu-110 (commercially pure Cu). These materials are of interest because they have
distinct thermomechanical properties, unique strain accommodation mechanisms, and they
are typically difficult to process using other metal additive manufacturing methods.
Furthermore, the knowledge obtained in this work can be directly applied to friction stir
welding and processing techniques. Ultimately, the results of this work will enable
improvement to welding and additive manufacturing part quality while enabling a deeper

understanding of the Friction Stir physical principles.



1.3 Dissertation Organization

Chapter 1 addresses the research goals and motivation of this dissertation. Chapter
2 provides background information on additive manufacturing processes and the
fundamental physical principles that govern the AFSD process. Chapter 3 presents a
method for in situ monitoring of the thermal history of AFSD and applies the technique for
a comprehensive analysis of the thermal history characteristics. Chapter 4 investigates the
force evolution during AFSD at several equipment processing conditions and provides a
brief investigation into the process-structure relationship for Al-Mg-Si. Chapter 5 provides
a method for quantifying the contact state at the tool-material interface and explores the
influence of different tool geometries on the force evolution during AFSD. Chapter 6
summarizes the major conclusions of this work and provides discussion on future

directions.
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Chapter 2

Background

2.1 Additive Manufacturing

Additive manufacturing defines a class of emerging technologies used to fabricate
components in a layer-by-layer fashion. This contrasts with traditional fabrication methods
that involve casting or subtraction of material through a milling or cutting procedure to
achieve the desired geometry. Seven methods of additive manufacturing have been
generally defined, with the use of different techniques primarily dependent on the type of
material being processed: metal, polymer, or ceramic. A description of each AM technique
is provided below, and a summary of the key advantages and disadvantages is shown in

Table 2.1 [1, 2]:

Binder Jetting — A liquid binder or adhesive is selectively placed over a thin layer
of stationary powder to trace out the desired geometry. Once the geometry for a single layer
is complete, a new layer of powder is added and the geometry for the second layer is traced
by the adhesive material. This repeats in a layer by layer fashion to create a bulk component
[3]. The powder bed provides a support structure for subsequent layers; thus, it is possible
to create free-form geometries at will. There are few limitations on material powder, but

the final part will generally have poor structural properties [4]. Burn-out of the adhesive

6



and post-processing to improve properties is often performed as a required step for

structural components.

Directed Energy Deposition — A high power laser is used to melt powder or wire
feedstock onto the surface of an existing substrate or part [5]. The small spot size of the
laser allows for fine control of the geometry tolerance, while the actual deposition process
itself remains quick and viable for large scale fabrication. Directed energy deposition is
often performed under an inert atmosphere which is the primary limitation for scalability.
The local-scale deposition provides opportunities for local variation in composition or
microstructure by varying the powder or wire feedstock [6]. However, this process has
some limitations with alloy vaporization during processing and high thermal stresses

associated with the sharp thermal gradients during melting and solidification [7].

Material Extrusion — Material extrusion or fused deposition modeling (FDM) is
the most consumer friendly and commercially available AM technique [8]. Material
extrusion involves heating of a thermoplastic filament until it resembles a viscous liquid or
a soft amorphous solid. It is pushed through a narrow nozzle onto previously deposited
material where it fuses during cooling. Here, the resolution of printing is limited by the size
of the nozzle. While extrusion is cheap and has very rapid build rates, it is limited in its
applicability due to the limited range of thermoplastics. Additionally, extrusion results in

highly anisotropic parts and weak interfaces in the build direction [9].



Material Jetting/Ink jetting — Jetting techniques are similar to extrusion in that
material is continuously fed through a narrow nozzle while tracing out a desired geometry.
The key difference for jetting processes is that a liquid suspension is used as the medium
and they rely on liquid evaporation for setting instead of thermoplastic solidification. These
liquid suspensions can carry many types of materials [10, 11], but are limited in their layer-
to-layer adhesion. For large volume prints, the ink may begin to set in the nozzle which

provides additional challenges in scalability [1].

Powder Bed Fusion — A focused beam of energy (either electron or laser) is
directed at a bed of metal or ceramic powder and causes local melting or sintering of
material. The beam traces out the desired geometry on the powder bed. Then a second layer
of powder is overlaid, and the second layer geometry is carried out. The key limitations of
powder bed fusion techniques lie in size of the powder bed and the transient
thermodynamics and kinetics during solidification that make microstructure control

challenging [12].

Sheet Lamination — There are three types of sheet lamination processes: 1)
adhesive bonding, 2) thermal bonding and 3) deformation bonding sheet lamination [13].
Adhesive sheet lamination is similar to binder jetting, but with solid sheet feedstock instead
of a powder bed. Thermal bonding can be through melting or diffusion bonding of
dissimilar materials which creates a natural gradient of the bonded materials. Deformation
bonding such as friction stir additive manufacturing (FSAM) or ultrasonic additive

manufacturing (UAM) relies on interface deformation to enable mechanical mixing and



joining. Here, the primary limitation is the need for post-process machining to achieve the

desired geometry and the lack of site-specific microstructure control.

Stereolithography — A photocuring resin is selectively exposed to UV light to
create the desired net shape in a layer-by-layer fashion. Similar to ink jetting, ceramic
particles may be dispersed within the resin to allow fabrication of polymer-ceramic
composites [14]. Stereolithography has a very fine resolution and surface finish but is a
very slow process. Furthermore, it is very limited in the material diversity and requires
post-process cleaning and curing. Ceramic parts often require a burn out phase for the

polymer binder and leave behind substantial porosity [2].



Table 2.1: A summary of the advantages and disadvantages for different additive manufacturing methods

Method

Materials

Advantages

Disadvantages

Binder Jetting

Directed Energy

Deposition

Extrusion

Material Jetting

Powder Bed Fusion

Sheet Lamination

Stereolithography

Ceramics
Metals
Polymers
Composites

Metals
Composites

Polymers
Composites

Metals
Polymers
Composites

Metals
Ceramics
Composites

Metals
Polymers
Composites

Ceramics
Polymers
Composites

Rapid build rates
Low cost

Wide range of
materials

Site-specific control
of composition and
microstructure
High strength parts

Rapid build rates
Low cost
High scalability

Multi-material parts
High precision
Rapid build rates

High quality builds
Local
microstructure
control

Rapid build rates
Low cost

Good surface finish
Very fine details

High porosity
Post-processing

Large thermal
gradients
Requires support
structures

Anisotropic
Properties
Requires support
structures
Limited to
thermoplastics

Poor out-of-plane
properties
Material
workability
during large prints

Large thermal
gradients

Limited build
volume

Requires specific
powder properties

Limited resolution
Poor out-of-plane
properties

Slow build rates
Limited material
selection




From the list of existing additive manufacturing technologies, those used for metal
additive manufacturing of structural components include: directed energy deposition
(DED), powder bed fusion (PBF), and sheet lamination. DED and PBF rely on focused
energy beams to create local melting and solidification. While these techniques offer a lot
of freedom in terms of local composition and microstructure control, the large thermal
gradients [15] associated with melting and solidification introduce high residual stresses
[16], internal porosity [17], and poor homogeneity of microstructure in bulk parts [12].
UAM and FSAM stand out as the two applicable sheet lamination AM techniques that can
produce high strength metal components. The primary limitation of these sheet lamination
techniques is in their ability for free-form fabrication and microstructure control. The
minimum feature size for sheet lamination processes without any additional
subtractive/milling procedures is a direct result of the foil/sheet size. For UAM, the
microstructure of the sheets is largely unperturbed [18], so there is no room for in-process
control of microstructure. For FSAM there can be large variations in the microstructure
from those areas in contact with the tool to those far away that retain the base

microstructure [19].
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Additive friction stir deposition (AFSD) is a novel additive manufacturing
technique with the ability to fabricate metal or composite components [20]. It does not fit
directly into any of the existing additive manufacturing categories, rather it lies somewhere
between an extrusion process and a sheet lamination process. Notably, AFSD retains the
site-specific nature of deposition from the beam-based additive manufacturing
technologies, while staying in a solid-state processing regime. In turn, this enables isotropic
mechanical properties, site-specific control of microstructure, local variation of
composition, and low residual stress. In AFSD a solid rod feedstock is continuously fed
through a rotating tool. Thermal softening of the feedstock is achieved by frictional heating
between the feed material and the substrate/tool surface. Softening of the feed material and
substrate in turn enables co-deformation and mixing to produce a single, bonded part.
Figure 2.1 shows an example part fabricated via AFSD. The AFSD process relies on the
friction stir principles which have been studied in depth for Friction Stir Welding (FSW)

and will be discussed in more detail in Section 1.3.

Figure 2.1. A figure showing (a) the side view and top view of an AFSD deposit and (b)
the MELD — R2 system used for all experiments in this work.
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2.2. Fundamental Physical Principles of Friction Stir

Additive Friction Stir Deposition (AFSD) is a friction stir technique similar to the
more established methods of Friction Stir Welding (FSW) and Friction Stir Processing
(FSP). From an application perspective, AFSD is intended for fabrication of bulk
components whereas FSW and FSP are used for bonding and surface treatment,
respectively. Fundamentally, these processes share the same defining scientific principles
which include: 1) Frictional Heat Generation through dynamic contact and 2) Continuous
Plastic Deformation [21, 22]. This is accomplished by bringing a rotating tool into contact
with a stationary substrate or joint. Here, the tool contact interface acts as a heat generation
source whereby interfacial heat generation depends on the stick-slip ratio. This contact
region also initiates bulk deformation which additionally contributes to heat generation.
Surface features on the tool may vary significantly based on processing intentions and have
significant impact on the heat generation and material flow. The most common type of
feature is a pin or protrusion (Fig. 2.2) that facilitates continuous plastic deformation in the

processing zone.

(a) (b)
Probe/Pin T T
Protrusion—(—(‘\; # Feed-rod
Shoulder . ey /| Exit Hole
Surface Shoulder———=
Surface e
\ /
N /

Figure 2.2. A schematic showing the key differences in tool geometry for (a) friction stir
welding and (b) additive friction stir deposition
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Heat Generation

Many models for the heat generation in FSW exist in literature varying from
analytical thermal models, to finite element (FE) models, and computational fluid dynamic
models each with their own advantages and disadvantages. The most complete description
of heat generation involves three different heat sources, the most basic of which is Coulomb
friction T = pP, where shear, T, is related to the dynamic/static friction coefficient, p, and
applied normal force, P [23]. Also present at the tool material interface is the constant shear
model, which defines plastic deformation at the interface proportional a sticking constant,

6,asat = 8o, and the material yield stress, o, The final major heat generation mechanism

is a result of the continuous plastic deformation with the thermomechanically affected
zone. At large strains and strain rates, such as those typically associated with FSW/P the
conversion factor, B, of deformation energy to heat energy is assumed to be 1 [24]. It is
unclear how much of the heat input is generated by each independent mechanism, however
most literature agrees that the interfacial combination of coulomb friction and constant
shear dominates over the plastic deformation [25].
Material Flow

Material flow occurs in the bulk of the processing zone and generally consists of
three distinct flow patterns [26]. The first flow pattern is induced by the interaction of the
shoulder and the material that causes material to flow radially along the tool surface. The
vertical sides of the pin contribute to the second method of material flow which is generally
observed to be from top to bottom of the pin. Finally, the bottom surface of the pin is noted
for surging material away from the tool center and upwards towards the shoulder. The

degree of material flow in all of these cases is proportional to the sticking coefficient ¢ at
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these different radial positions and linear velocities. Critically, the materials properties and
the nature of this material flow will depend on the thermal cycling since the heat generation
will lead to additional softening and conversely the plastic deformation will generate
additional heat and softening. Modeling of material flow during FSW is often performed
through computational fluid dynamics (CFD) modeling methods and treat the processing
zone as a non-Newtonian viscous fluid [27, 28].
Distinct Processing Zones

In general, FSW literature describes the formation of 4 distinct areas with distinct
thermomechanical processing histories and microstructure evolution. The Stir Zone or
Nugget Zone is described by the highest temperatures and strain rates of the processed
region. Typically, this area makes up the zone directly adjacent to the tool shoulder and
pin. A partial sticking-slipping condition with the nearby material generates a very steep
shear stress gradient between this area and the stationary substrate. The stir zone is also the
area with the greatest degree of grain refinement and is typically dominated by dynamic
recovery or dynamic recrystallization. Moving further away radially from the tool pin the
thermomechanically affected zone can be observed (TMAZ). Here, the stress gradient is
still present, however not as intensive as in the stir zone. Here, the dynamic restoration
mechanisms are still present, but static restoration mechanisms also become prevalent.
Deformation in this region is often associated with a shear texture. The heat affected zone
(HAZ) has no mechanical interaction with the tool or deforming material. This area is
heated by conduction from the tool to the substrate and may experience grain growth and
static restoration mechanisms depending on the starting microstructure of the substrate.

The not-affected zone (NAZ) is defined by areas far from the welding procedure that see
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no microstructural change. The microstructural evolution of these distinct zones is a
compelling reason to investigate the thermomechanical processing history. For AFSD, all
of these zones are expected to be present to different extents based on the tool geometry
and processing conditions. However, a key distinction is the orientation is in the vertical
direction rather than the horizontal direction. Generally, it is observed that the currently
processed layer and an area extending into the previous layer or substrate see massive grain
refinement compared to the base material. This is analogous to the stir zone of FSW.
AFSD is unique in that the tool head has a hollow channel through which feed-
material can be extruded. Initially, the solid feed-rod rapidly rotates with the tool head and
is continuously pushed out of the hollow channel by a uniaxial actuator. When the rotating
feed-rod contacts the stationary substrate, the interaction at the material-substrate interface
generates frictional heat. In turn, this leads to thermal softening of the feed-rod and yielding
under the compressive normal force. This initial macroscopic shape change also changes
the expected thermomechanical processing history and may have a significant influence on
the microstructural development. The combined compressive forces from the feeding
apparatus and the shearing forces from the rotating tool head cause the feed-rod and
substrate to plasticize and mix. This rapid plastic deformation results in additional
volumetric heat generation. In-plane motion of the substrate relative to the tool leads to
deposition of a single track of material with good interfacial bonding. Here, the key
equipment process variables can be defined as the tool rotation rate €, the tool in-plane
velocity V, and the material feed rate F. The combination of these process variables is
expected to determine the stress, strain rate, and total heat input experienced by the material

during processing.
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Chapter 3

In Situ Investigation into Temperature Evolution and Heat
Generation during Additive Friction Stir Deposition: A

Comparative Study of Cu and Al-Mg-Si

3.0. Abstract

Additive friction stir deposition is an emerging solid-state additive manufacturing
technology that enables site-specific build-up of high-quality metals with fine, equiaxed
microstructures and excellent mechanical properties. By incorporating proper machining,
it has the potential to produce large-scale, complex 3D geometries. Still early in its
development, a thorough understanding of the thermal process fundamentals, including
temperature evolution and heat generation mechanisms, has not been established. This
work aims to bridge this gap through in situ monitoring of the thermal field and material
flow behavior using complementary infrared imaging, thermocouple measurement, and
optical imaging. Two materials challenging to print via beam-based additive technologies,
Cu and AIl-Mg-Si, are investigated. During additive friction stir deposition of both

materials, similar trends of thermal features (e.g., the trends of peak temperature Tpeak,
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exposure time, and cooling rate) are observed with respect to the processing conditions
(e.g., the tool rotation rate 2 and in-plane velocity V). However, there is a salient,
quantitative difference between Cu and Al-Mg-Si; Treak exhibits a power law relationship
with 2/V in Cu but with @%V in Al-Mg-Si. This difference is directly correlated to the
distinct interfacial contact states that are observed through in situ material flow
characterization. In Cu, the interfacial contact between the material and tool head is
characterized by a full slipping condition, so interfacial friction is the dominant heat
generation mechanism. In Al-Mg-Si, the interfacial contact is characterized by a partial
slipping/sticking condition, so both interfacial friction and plastic energy dissipation

contribute significantly to the heat generation.

3.1. Introduction

While most metal additive manufacturing technologies to date have been based on
selective melting and rapid solidification of powders or wires (i.e. beam-based additive
technologies) [1-3], a series of solid-state metal additive manufacturing technologies have
recently emerged that provide a low-energy pathway to achieving net-shaping or near-net-
shaping with reduced heat input, thermal gradient, and residual stresses [4-6]. These solid-
state technologies exploit deformation bonding to enable material adhesion via friction stir
[7], ultrasonic vibration [8], or cold gas spraying [9]. The most recognized examples
include additive friction stir deposition (AFSD) [10], friction stir additive manufacturing
(FSAM) [11], ultrasonic additive manufacturing (UAM) [12], and cold spray [13]. By
integrating the friction stir principle [14, 15] with a robust material feeding mechanism

[16], AFSD stands out as a free-form process allowing for site-specific deposition with

22



good quality and properties in the as-printed state. With incorporation of proper machining
processes, it has the potential for creating complex 3D geometries on a large-scale. FSAM
and UAM are hybrid sheet-lamination technologies that require additional subtractive
processes for shaping newly bonded layers. Cold spray also enables site-specific deposition
but generally requires post-processing to improve mechanical properties. With the unique
benefits, AFSD has drawn great attention in the fields of multi-material additive

manufacturing [17-20], selective-area coating and cladding [21], and additive repair [22].

In AFSD, a solid-state feed-rod is delivered through a hollow tool head as shown in Fig.
3.1(a). The tool head and feed-rod assembly rapidly rotate at a rotation rate, (2, of ~10%—
10° revolutions per minute (RPM). When the rotating feed-rod contacts the stationary
substrate, the dynamic interaction at the material-substrate interface generates frictional
heat, which in turn leads to thermal softening of the feed-rod. The combined compressive
forces from the feeding apparatus and the shearing forces from the rotating tool head cause
the feed-rod to plasticize and mix with the surface of the substrate. Rapid plastic
deformation results in additional volumetric heat generation [23]. Furthermore, the tool
surface features, such as protrusions, can generate additional frictional heat and enhance
the material flow and mixing between the deposit and substrate. With co-deformation and
mixing of the deposited material and substrate surface layers, in-plane motion of the
substrate relative to the tool head leads to deposition of a single track of material with good
interfacial bonding. During deposition, the material undergoes severe plastic deformation
at elevated temperatures and high strain rates [24]. The accompanied continuous or
discontinuous dynamic recrystallization gives rise to refined, equiaxed grains and excellent

mechanical properties [6, 10, 21] in the as-printed state. This is a salient advantage as
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compared to conventional beam-based metal additive manufacturing processes, wherein
the melting and solidification will result in cast-type microstructures featuring columnar
and dendritic grains [25-28]. While these features can be avoided by controlling
solidification via the introduction of nanoparticles [29] or very precise manipulation of

transient thermal gradients [30], the associated efforts are time-consuming and expensive.
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Fig. 3.1. An illustration of (a) the AFSD process, (b) the tool head including surface
features and dimensions, and (c) the monitoring set-up. Arc and Brc are two locations in
the substrate with the temperature measured by the thermocouples, whereas Air and Bir are
two locations in the first-layer of the deposited material with the temperature measured by
the IR camera. Air and Bir are directly above Arc and Brc. ND, TD, and LD refer to the
normal direction, transverse direction, and longitudinal direction, respectively.
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As in any metal additive manufacturing technology, the temperature evolution during
AFSD controls the print quality, the microstructure, and the properties of the as-printed
material. To investigate temperature evolution in AFSD, the distinctive consideration of
material flow is necessary. On one hand, the material flow determines the volumetric
energy produced from plastic deformation [31] and contributes to heat transfer via
convective heat flow [32]. On the other hand, the material flow is influenced by the
temperature distribution inside the deposited material, because the constitutive material
properties —such as dynamic viscosity and flow stress — are strongly temperature
dependent [33]. Therefore, as a friction stir-derived technology, the heat flow and material

flow are fully coupled in AFSD.

AFSD research is at an early stage with a critical need for understanding the process
fundamentals, especially the important thermal aspects. This necessitates direct
experimental characterization of the temperature evolution and material flow during
AFSD. For direct measurement of temperature evolution in the deposited material, AFSD
shares many of the challenges as in friction stir welding (FSW) and friction stir processing
(FSP) [34-36]. For example, thermocouples are challenging to embed within the processing
zone because the large amounts of plastic deformation would likely destroy any physical
sensors [37, 38]. In addition, the tool in FSW, FSP, and AFSD obscures the stir zone or
deposition zone, making it challenging to monitor the temperature evolution by top-view
characterization (i.e., along the normal-direction). However, an important difference in
AFSD is that the deposited material lies on top of the substrate, whereas in FSW or FSP
the stir zone is internal to the workpiece material. Consequently, AFSD allows for direct

measurement of the temperature evolution in the deposited material using non-contact
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methods from the side view, which can be implemented using infrared cameras or
pyrometers [39, 40]. For the same reason, the visualization of material flow is challenging
in FSW and FSP; however, the surface of material flow can be directly monitored in AFSD

from the side view.

The aim of this work is to gain physical insights into the process fundamentals of
additive friction stir deposition via direct characterization of the temperature evolution,
material flow, and heat generation mechanisms using in situ monitoring approaches.
Infrared (IR) thermal imaging technology is employed to monitor the temperature
evolution in the deposited material from the side view and embedded thermocouples in the
substrate plate directly below the deposited material offer complementary thermal
measurements. Meanwhile, the material flow is monitored from the leading side of the
deposit to provide valuable insights into the heat generation mechanisms. This work
investigates deposition of two specific material systems, Cu and Al-Mg-Si, which are
challenging to print using beam-based additive technologies due to the high thermal
conductivity, high reflectivity, or susceptibility to hot cracking [41, 42]. AFSD is a
promising additive technology for Cu and Al-Mg-Si, because these materials are known to
be well processed using the friction stir principle [32]. Cu and Al-Mg-Si differ in their
thermomechanical responses; during forging Al-alloys undergo plastic flow more readily
than Cu and Al-alloys are recognized for easier forgeability [43]. A comparative study of
these two materials allows us to explore the linkage between the thermomechanical
properties of material and the consequential heat generation and thermal characteristics in

AFSD.

26



3.2. Experimental procedures
3.2.1. Material deposition

All AFSD experiments were performed using a MELD R2 system (MELD
Manufacturing Corporation, Christiansburg VA, USA) and a 38 mm-wide steel tool head.
The tool surface had two protrusions with rounded surfaces and a height of 1.5 mm located
immediately surrounding the feed-rod exit hole (see Fig. 3.1(b)). The build geometry of
each experiment was a stack of two deposited layers with single-layer thickness of
approximately 0.8 mm and a nominal length of 70.2 mm. Two different material systems
were studied: (1) Cu (commercially pure), and (2) a commercially available Al-Mg-Si
alloy, AA 6061. In both cases, the substrate and the deposited material had the same
composition. Substrate plates were 6.35 mm x 76.2 mm x 127 mm. Raw feed material was
in the form of square rod with a side length of 9.5 mm. Depositions were systematically
performed at various AFSD processing conditions. The selected tool rotation rates included
300 RPM, 600 RPM, and 900 RPM, and the selected in-plane tool velocities included 1.00
mm/s, 2.00 mm/s, and 3.00 mm/s. The ratio between the material feed rate to the tool in-
plane velocity was used to control the volumetric deposition rate and kept constant

throughout all experiments at a value of 1:3.
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3.2.2. Thermal measurement

In this work, thermographic measurements were performed using a Micro-Epsilon TIM
400 infrared (IR) camera, which was mounted onto the bed of the AFSD system and shared
the same reference frame as the print geometry. Temperature calibration of the IR camera
was performed using AFSD-printed Cu and Al-Mg-Si samples, which were heated using a
Fisher Scientific Hot-Plate under ambient conditions. By matching the IR outputs with the
readings from a pre-calibrated thermocouple, the emittance for a given material (Cu or Al-
Mg-Si) was calibrated [30, 44]. This procedure was repeated at 50 K increments.
Additional modifications were made to the typical AFSD setup, where the rotating tool and
the spindle were covered with fiberglass insulation to prevent undesirable radiative
interference (e.g., reflections). During AFSD, a piece of Cu or Al-Mg-Si kept at known
elevated temperatures was placed in the camera field of view to serve as a temperature
reference. The IR camera had a capture rate of 80 Hz with 382 x 288 pixels in the field of
view. The IR camera was positioned perpendicular to the side of the deposit at 11 cm. The
pixel size provided sufficient resolution to distinctly measure the temperature of each layer

while still providing a large field of view to capture the entire length of the deposit.

In addition to IR thermal measurement, a thermocouple array (K-type) was employed
to continuously measure local temperatures in the substrate directly beneath the deposited
material. Shallow grooves for thermocouple leads were cut into a second substrate plate,
which was clamped underneath the primary substrate. Each groove was filled with a
conductive thermal paste to improve the contact conditions and response time.
Thermocouple data-logging was accomplished using Adafruit thermocouple amplifiers and

an Arduino Nano microcontroller.
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3.2.3. Monitoring of material flow

Optical video recording of the material flow was performed on the leading edge of the
deposit using a Dino-Lite Edge AM4115ZT Microscope. The camera had a spatial
resolution of 1280 x 1024 pixels with a pixel size of 0.03 mm x 0.03 mm at the given field
of view. The optical camera was positioned perpendicular to the leading edge of the deposit
at a distance of 8 cm. A high-temperature black primer was speckled onto the surface of
the deposit during AFSD, in order to track the motion of the material relative to the tool
head. The black speckles provided contrast on the surface of the deposited material and
were individually tracked to monitor the motion of the deposited material. Comparison of
the velocity of the speckles to the tool head rotation provided valuable insights into the
stick-slip phenomena in each material system. Fig. 3.1(c) schematically shows how the
infrared thermal imaging, thermocouple measurement, and optical video recording are

incorporated into the present AFSD system.

3.3. In situ characterization of temperature evolution during AFSD of Cu and Al-

Mg-Si
3.3.1. Qualitative overview of thermal field evolution in AFSD

AFSD is composed of three distinct processing phases (1) plunge, (2) in-plane motion,
and (3) out-of-plane layer transition. In the plunge phase, the rotating feed-rod is slowly
pushed downward through the center of the tool head by the feeding apparatus so that it
makes contact with the stationary substrate. Initially, heat is generated by Coulomb friction
at the feed-rod and substrate interface until the material has substantially softened and

begins to plasticize. During plasticization, the majority of the plastic work is converted to
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heat, resulting in an additional volumetric heat generation mechanism. The continuously
plasticizing material extrudes radially until the space beneath the rotating tool is saturated.
The in-plane motion phase then begins, where the substrate is set in motion relative to the
rotating tool; as a result, material is continuously deposited onto the substrate. Once the
desired geometry has been traced by the in-plane motion and a layer is complete, the out-
of-plane layer transition phase begins, in which the print bed lowers in the out-of-plane

direction by the desired layer thickness.

An overview of the measured thermal field evolution during these phases is shown in
Figs. 3.2 (a)-(f), which consist of several representative snapshots from a thermal video for
a two-layer Cu deposition. The complete thermal video is available in the Supplemental
Information. Time step t = 0 s corresponds to the thermal profile of the plunge phase. The
in-plane motion phase is seen at t = 25 s where the print bed translates relative to the
rotating tool. The track behind the tool head remains at an elevated temperature as it cools
down through boundary heat losses (conduction, convection, and radiation). Att = 35's,
the layer transition begins. At t = 55 s, the second layer is being deposited, where the
relative motion between the print bed and the tool is in the opposite direction to the first
layer of deposition. Att =75 s, the desired two-layer geometry is complete, and the print
bed is lowered as the feed-rod detaches from the deposit. The final thermal image shows a
bowl-shaped high temperature zone surrounding the end of deposition, which corresponds

to the expected temperature distribution resulting from a moving heat source [45].

Based on the temperature measurement at a given spot, typical temperature evolution
history (i.e., T-t plot) of the deposited material is shown in Fig. 3.2 (g), showing two distinct

peaks. The first peak corresponds to the deposition of new material at Spot Air (see Fig.
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3.1(b) for the location), Tpr.qak- This is an intrinsic thermal characteristic depending on the
AFSD processing parameters and tool-material interactions. The heating portion in the first
peak is not physically meaningful because no material is initially present in the field of
view. The measured ‘heating rate’ mostly reflects the IR camera response time rather than
the temperature increase rate in the deposited material. The second peak corresponds to
deposition of the second layer directly above Spot Air, clearly showing a strong reheating
effect between layers in AFSD. The value of the second temperature peak depends on the
print geometry, tool path, and the transition time between deposition of the first and second
layer, so it is not an intrinsic thermal characteristic in AFSD. Note that the flat curve seen

at ~450 K results from the limits of the measurable temperature range by the IR camera.
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Figure 3.2. An overview of the thermal profile for Cu deposited at 600 RPM and 1 mm/s
in-plane velocity. (a) A representative thermal image of the entire field of view during
AFSD. (b)-(f) The different time steps show the measured temperature field directly
beneath the tool head, cooling of the deposited material at the far-from-the-tool position,
and a bowl-shaped heat profile associated with a moving heat source. (g) A plot of the
temperature history measured for a single spot of the deposit that demonstrates a
temperature peak due to deposition and a substantial reheating effect.
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3.3.2. Dependence of peak temperature on AFSD processing conditions

The temperature field evolution has been systematically investigated for various AFSD
processing conditions. For all successful Cu depositions without apparent defects in this
work, the peak temperature Tp..i lies in the range of 49% to 79% of the melting
temperature T,,. For all successful Al depositions, Tp.,; lies in the range of 76% to 92%
of Ty, This is consistent with the fact that the yield strength of Cu drops more rapidly than
structural Al alloys as temperature increases [46, 47], so Cu can be friction stirred at a

lower homologous temperature [48].

The trend of the peak temperature Tpzax With respect to the AFSD processing
parameters, such as the tool head rotation rate 12 and in-plane velocity V, is studied for both
Cu and Al-Mg-Si. As plotted in Fig. 3.3, Tp.qi Shows a strong dependence on AFSD
processing conditions, with Cu and Al-Mg-Si exhibiting similar trends. For a given tool
rotation rate 12, it is observed that T», ., decreases with increasing the tool in-plane velocity
V. For a given V, Tp.4; increases with increasing £2. This trend is similar to that observed
in FSW literature [49-52], which can be explained as follows: an increase of the tool
rotation rate 12 is expected to increase the heat generation rate resulting from friction at the
material-tool head interface, which leads to a positive correlation between Tp,.; and £2.
With a higher in-plane velocity V, the material feed rate is higher, and more material is
deposited for a given period of time, so the heat input is lower per unit material volume.

This leads to a negative correlation between Tp.,; and V.
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Figure 3.3. Plots showing the peak temperature measured during deposition of the first
layer at various processing conditions for (a) Cu and (b) Al-Mg-Si. In general, processing
conditions with lower traverse rate and higher rotation rate produce higher peak
temperatures. Error bars signify expected measurement error from the IR camera.

Quantitatively, it is found that the peak temperature in AFSD is well described by power
law relationships with the processing parameters. Arbegast has proposed an empirical
power law equation of the peak temperature in FSW of Al alloys [53]:
Teear /Ty = K(22/V )%, where K and a are fitting constants and 22/V is a pseudo-heat
index described by the key processing parameters. Using this type of relationship, the
fitting results of the measured AFSD peak temperature are shown in Fig. 3.4 (a) and Fig.
3.4(b) for Cu and Al-Mg-Si, respectively. The peak temperature in Al-Mg-Si is well
predicted by the heat index of 22/V with an R-squared value of 0.98 in the In-In plot. For
Cu, the fitting is relatively poor with an R-squared value of 0.81. Fig. 3.4 (c) and Fig. 3.4(d)
plot the fitting results of peak temperature using a pseudo-heat index of 2/V instead, i.e.,

Tpear/ T = K(02/V )2, showing a good fit of the Cu peak temperature with an R-squared
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value of 0.95 in the In-In plot. In contrast, the Al-Mg-Si peak temperature does not fit well
with an R-squared value of 0.87. Therefore, the peak temperature in Cu forms a power law
equation with 12/V, whereas the peak temperature in Al-Mg-Si forms a power law equation

with 22/V.

Based on the fitting results in Fig. 3.4, the peak temperature of Cu and Al-Mg-Si during

AFSD is best described by Equations 1 and 2, respectively:

T.F;.gak — KCH C:;_))ﬂ.21 for Cu (1)

M

Tf;eﬂ”f = Ky, (%2)“-0?, for Al-Mg-Si. (2)
M

Here, K, and K, are fitting constants. In Arbegast’s empirical fitting, the power a
is found to be in the range of 0.04 to 0.06 for FSW of Al alloys. To compare, Equation (2)
shows a comparable power value of 0.07 in AFSD of Al-Mg-Si, suggesting similar heat
generation mechanisms in AFSD and FSW of Al alloys. For Cu, however, the peak
temperature exhibits a power law relationship with 2/V rather than 22/V, suggesting
differences in the heat generation mechanisms. This finding correlates to the distinct
interfacial contact states and material flow behaviors between Cu and Al-Mg-Si, which
will be elaborated in Sections 3.4 and 3.5. Note that the goal of fitting here is to show the
different temperature evolution behavior between Cu and Al-Mg-Si; the latter is much
more consistent with the Arbegast model than the former. The intent is not to determine
the exact fitting constants in the power laws, which may be challenging to achieve based

on the limited data points in Fig. 3.4.
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Figure 3.4. Fitting of a power law relationship to the homologous peak temperature and
the processing parameters with a relationship of (a, b) 2%V and (c, d) 2/V. Here,
revolutions/second (rev/s) is used for the unit of 22 and millimeter/second (mm/s) is used
as the unit for V. The peak temperature for Cu shows a better fitting with 22/V, whereas Al-
Mg-Si has a better fitting with 22/V.
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3.3.3. Trends of exposure time, heating rate, and cooling rate

In additional to peak temperature, other important thermal characteristics include the
exposure time, heating rate, and cooling rate, which can be conveniently extracted from
the T-t plot (e.g., see Fig. 3.2 (g)). The goal here is to understand how these thermal
characteristics change with respect to the AFSD processing parameters. The exposure time
and heating rate estimates are based on the second peak in the T-t plot, because the heating
portion of the first peak only reflects the response time of IR camera as explained in section
3.3.1. As such, this essentially measures the reheating effect arising from the deposition of
a new layer. The cooling rate estimate is based on both the first and the second peak in the
T-t plot, which are found to have the same trend with respect to the AFSD processing

parameters.

The exposure time is the length of time that the deposited material experiences high
temperatures, which is experimentally determined by finding the full width at half
maximum of the peak temperature in the T-t plot. Figs. 3.5 (a) and (b) clearly show that the
exposure time decreases with an increase of V. This trend can be explained by considering
the positive correlation between the exposure time and the time of material interaction with
the tool head. The latter can be roughly estimated as the ratio between the deposition radius
and the tool in-plane velocity and will decrease with an increase of V. As a result, the
exposure time also decreases with an increase of V as seen in Figs. 3.5 (a) and (b). The
exposure time increases with the tool head rotation rate 2 as concluded from the same
plots. This trend is expected because a higher rotation rate 12 leads to a higher peak
temperature (when the in-plane velocity remains constant). It generally takes more time to

cool down from a higher peak temperature, so the exposure time is longer.
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The instantaneous heating and cooling rates are time dependent. From an engineering
perspective, the average heating and cooling rates are defined by the linear regions of the
second peak in the T-t plot. This is associated with a wide temperature range with respect
to Treak. In this work, the lower bound of the temperature range is set to be 30 % above the
lowest measurable temperature of the IR camera (~600 K for Cu and ~500 K for Al-Mg-
Si). With this setting, the interference from the first temperature peak can be avoided and
good linear fitting can be achieved in the T-t plot. The slope of the linear fitting (in absolute
value) is used as the heating or cooling rate. Figs. 3.5 (c) and (d) plot the heating rate under
various AFSD processing conditions, which is generally in the range of 20 — 80 K/s. Ata
high in-plane velocity V, the heat source quickly approaches a given point and results in a
rapid transition from the idle temperature to the peak temperature. Thus, the heating rate
shows a positive correlation with the tool velocity V. Figs. 3.5 (e) and (f) plot the trends of
the cooling rate, which is measured to be in the range of 5 — 25 K/s. For both Cu and Al-
Mg-Si, lower cooling rates are found to occur at higher £2 and lower V, which corresponds
to conditions with higher peak temperature and more total heat input. This trend can be
explained as follows. Under conditions of high 2 and low V, the heat input is large, and
significant preheating occurs in the substrate material ahead of the moving tool head. As a
result, the local temperature gradient VT is reduced across the newly deposited material
and the substrate below, leading to a lower cooling rate—as long as the thermal conduction
into the substrate is a major cooling mechanism. This has been confirmed in the Appendix,
in which the substrate temperature evolution is used to evaluate the contribution of different
cooling mechanisms during AFSD of Cu and Al-Mg-Si, including thermal conduction, air

convection, and radiation.
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Figure 3.5. Plots of (a, b) the exposure time, (c, d) the heating rate, and (e, ) the cooling
rate as a function of the AFSD processing parameters. The left column corresponds to the
data of Cu and the right column corresponds to Al-Mg-Si. Generally, the exposure time

increases with increasing 2 and decreasing V, the heating rate increases with increasing V,
and the cooling rate increases with decreasing £2 and increasing V.
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3.4. In situ characterization of material flow during AFSD of Cu and Al-Mg-Si

From the in situ thermal characterization results in Section 3.3, it is concluded that the
key thermal characteristics, such as exposure time, heating rate, and cooling rate, exhibit
similar trends with respect to the AFSD processing parameters in Cu and Al-Mg-Si. These
trends can be explained by linking the heat generation and thermal transfer processes to the
tool head rotation rate and in-plane velocity in a qualitative manner. However, there is a
salient, quantitative difference between Cu and Al-Mg-Si (as shown in Section 3.3.2): the
peak temperature exhibits a different power law relationship with the processing
parameters for each material system. Such a quantitative difference in peak temperature
cannot be understood without delving into the material flow behavior, because the heat

flow is fully coupled with material flow in AFSD.

3.4.1. Fundamentals of material flow and interface contact in AFSD

AFSD begins with a solid feed-rod (with a radius of Rg) that is in contact with the
substrate but is not in contact with the bottom surface of the tool head. A compressive force
is applied to the feed material as it rotates with the tool head (Fig. 3.6 (a)). With the heat
generation at the material-substrate interface, the feed material raises temperature and
extrudes underneath the tool head (Fig. 3.6 (b)). This involves a macroscopic material
shape change via plastic deformation [54]. The new material is constrained vertically by
the substrate and tool head, so it fills space with a thickness h pre-defined by the gap
between the tool head and the substrate. The steady-state configuration is shown in Fig. 3.6
(c). For the transverse cross-section of the deposition track, the region directly below the

feed-rod is referred to as the transition zone (radius of R;), where the feed material
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transitions from a compression-dominated state in the solid feed-rod to a shear-dominated
state below the rotating tool head. The region vertically constrained by the tool head and
the substrate is referred to as the deposition zone, which has a radius ranging from R, to R.
The outer radius of the transition zone in AFSD is analogous to the pin edges in FSW.
However, there is no sharp interface between the transition zone and the deposition zone
in AFSD like that between the pin and workpieces in FSW, because the transition zone and
deposition zones are occupied by the same material.

In the steady state of AFSD, heat can be generated by the interfacial friction caused by
slipping of the tool head on the deposited material. The interfacial heat generation rate Q5
is a function of the interfacial contact stress t.,,:ac¢ @and the velocity difference between
the tool head and the top surface of the deposit. The latter can be written as Av (r) = r2 —
(1 —8)r2 = 6(r)r [24], where 8 (r) is the fractional slip and (1 — &§(r)) is the sticking
coefficient. The linear velocity of the tool head increases along the radial direction, and it
is harder for the deposited material to keep the same rotation rate as the tool head. Thus, a
the sticking coefficient should decrease with an increase of r, which is illustrated in Fig.
3.6 (d). In addition to slipping, it is possible to have the sticking condition dominate at the
tool-material interface, especially at small + values [55]. This corresponds to the scenario
where material in the deposition zone rotates together with the tool head, rendering a
volume of material with intensive flow. The material velocity gradient in this volume
results in shear deformation and plastic energy dissipation, with the corresponding
volumetric heat generation rate @;, depending on the shear strain rate and the shear stress

at yielding [56].
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Figure 3.6. A schematic of the AFSD process: (a) The initial plunge phase, (b) material
extrusion while rotating, and (c) the steady-state stage where the deposited material
occupies the transition zone directly below the feed-rod and the deposition zone below the
tool head. (d) An illustration of the interface region, considering the velocity of tool head
and material as well as the sticking coefficient.

Overall, the heat generation in AFSD critically depends on the contact state at the tool-
deposit interface and the volume of material flow. These two features are challenging to
experimentally measure in FSW, because the stir zone in the workpieces is completely
covered by the tool head. However, they can be explored via side-view monitoring in the

AFSD configuration since the deposited material lies on top of the substrate.
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3.4.2. Distinct material flow behaviors and contact states observed in Cu and Al-

Mg-Si

To explore the material flow and tool-deposit contact state, monitoring of the leading
edge of the deposit was performed using an optical camera and found drastically different
behavior between AFSD of Cu and Al-Mg-Si. The first notable difference is the footprint
of the deposition track. As illustrated in Figs. 3.7 (a) and (b), in Cu the deposited material
does not significantly extend toward the leading direction. The leading edge of the Cu
deposit is only slightly ahead of the leading edge of the feed-rod. In contrast, in Al-Mg-Si
the deposited material extends significantly toward the leading direction. For Cu, in situ
monitoring from the leading side can provide the material flow and rotation information
inside the deposition zone—almost reaching the transition zone. For Al-Mg-Si, however,

the monitoring can only capture the exterior surface of the deposition zone.

The second notable difference lies in the contact state of the tool-material interface in
the deposition zone. Cu is found to remain effectively stationary after being extruded into
the deposition zone, so the tool-material interface is characterized by a full slipping
condition. In contrast, the exterior surface of Al-Mg-Si is seen to rotate with the tool head,
although at a much lower rate, suggesting a partial slipping/sticking condition at the tool-
material interface. Figs. 3.7 (c) and (d) show snapshots of the optical videos captured on
the leading edge, wherein the flow paths of two distinct spots on the deposit surface

(outlined in red) are investigated for each material system.

In Cu (Fig. 3.7 (c)), Spot M, which is below the tool head (r ~ 1.5R, but r < R),
remains effectively stationary and does not follow the motion of the tool head rotation. In

other words, § = 1 and the sticking coefficient is 0. Spot N is inside the deposition zone
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almost reaching the transition zone (r ~ 1.1R), and it is seen to move from the left to the
far right in 0.13 seconds. Given the radius for the outer edge of motion and the time
between the snapshot images, the linear velocity of Spot N measures as 90% of the tool
head velocity at the same radius. In other words, for » ~ 1.1R,, the sticking coefficient (
1—46) is 0.9 and § = 0.1. This observation shows that in Cu the material rotation and
intensive flow are almost limited to the transition zone. At the boundary between the
transition zone and deposition zone, the sticking coefficient rapidly drops from 0.9 to 0,
and fractional slip rapidly increases from 0.1 to 1. In the snapshots of Al-Mg-Si shown in
Fig. 3.7 (d), Speckle P and Q, which are both on the exterior surface of the deposition zone,
move from left to right without observable changes in the relative distance over 1.51
seconds. The linear velocity of Spot P and Spot Q is measured as ~1% of the tool head
velocity at the same radius. In other words, the sticking coefficient (1 — &) is 0.01 and
& = 0.99. This observation suggests that material flow occurs throughout the entire

deposit, from the transition zone to the edge of the deposition zone.

As shown in Fig. 3.6(d), a decrease of the sticking coefficient along the radial direction
for both Cu and Al-Mg-Si. However, there is a significant difference between Cu and Al-

Mg-Si based on the observation above:

e The sticking coefficient in Cu rapidly decreases to zero just outside of the
transition zone, with a sharp transition of the material flow behavior across the
boundary between the transition zone and deposition zone. Material rotation is

almost absent in the deposition zone.
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e The sticking coefficient in Al-Mg-Si shows a gradual decrease to non-zero

values throughout the entire deposition zone (R, < r < R). The material

rotation is observed even at the exterior surface of the deposition zone (r = R).

The evolution of the sticking coefficient along the radial direction observed in Cu and Al-

Mg-Si is shown in Fig. 3.7 (e).
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Figure 3.7. The observed material flow features with the deposition footprint of (a) Cu
and (b) Al-Mg-Si compared. Video snapshots of material flow are compared for (c) Cu and
(d) Al-Mg-Si at 300 RPM and 2 mm/s in-plane velocity. The Cu snapshots show two
distinct regions where Point M remains stationary and Point N rotates with the tool head;
the Al-Mg-Si snapshots show the rotation of the entire deposition zone. (e) A schematic
showing the differences between Cu and Al-Mg-Si in the observed sticking coefficient as
a function of the radial position.
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Further insights into the material flow during AFSD can be gained by examining the
flash forming at the edge of the deposition track, which shows visible differences between
Cu and Al-Mg-Si. The top-view images in Figs. 3.8 (a) and (b) show that the Cu flash
develops discrete, sharp edges but the Al-Mg-Si flash is indistinguishable from the rest of
the deposit. From the video snapshots in Fig. 3.7 (also see Supplemental Information), it is
observed that the Cu flash begins to form as discontinuous sheets once the material enters
the deposition zone. In the absence of material rotation, with more feed material extruded
into the deposition zone, the previously formed discontinuous sheets are pushed outward
toward the edge of the tool head. In contrast, in Al-Mg-Si the entire deposition zone
(Rp = r = R) is observed to rotate with the tool head. As a result, the flash flows smoothly
without geometric discontinuities. Such differences can be seen from the transverse cross-

section images in Figs. 3.8 (c) and (d).
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Figure 3.8. Pictures of the as-deposited tracks for (a) Cu and (b) Al-Mg-Si from a top-
down view. (c) and (d) show the transverse cross-section of Cu and Al-Mg-Si, respectively.
A key difference between the two material systems is seen in the shape and continuity of
the flash.

3.5. Discussion

Section 3.3 discusses how the peak temperature Trg4x IS controlled by 2/V during
AFSD of Cu but by 22/V in Al-Mg-Si. This suggests that for peak temperature control,
the relative dominance of tool rotation rate 12 over in-plane velocity V is stronger in Al-
Mg-Si than in Cu. Section 3.4 shows that the two materials have distinct interface contact
states and material flow behaviors. This section discusses the correlation between the two
aspects in Sections 3.3 and 3.4 with an attempt to link the interface contact and material

flow to the heat generation mechanisms in Cu and Al-Mg-Si.
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3.5.1. Heat generation mechanisms: Cu vs. Al-Mg-Si

In AFSD of Cu, the material rotation and intensive material flow are mostly observed
within the transition zone (r < R,) whereas the majority of the material in the deposition
zone (R, < r < R) does not rotate with the tool head. As a result, the volumetric heat
generation is almost limited within the transition zone. Regarding the contact state at the
tool-material interface, the deposition zone in Cu is characterized by a full slipping
condition as the material appears to be largely stationary. This leads to significant
interfacial heat generation by friction. In AFSD of Al-Mg-Si, even the exterior surface is
found to rotate, suggesting that the interaction with the tool head effectively drives the
material flow in the deposition zone. Therefore, significant shear deformation could occur
after AlI-Mg-Si being extruded beneath the tool head, resulting in considerable volumetric
heat generation. Since the deposition zone in Al-Mg-Si is found to rotate with the tool head
but at a lower rotation rate (see Fig. 3.7), the contact state is characterized by a partial

slipping/sticking condition [57].

Because the deposition zone of Cu is characterized by slipping at the interface and
minimal material flow, interfacial friction is expected to be the dominant heat generation
mechanism for the deposition zone. For Al-Mg-Si, both the interfacial friction and
volumetric energy dissipation from plastic deformation are important heat generation
mechanisms. The differences in the heat generation mechanisms between Cu and Al-Mg-
Si are illustrated in Fig. 3.9, in which the interfacial heat generation is marked by blue
arrows and the volume with significant volumetric heat generation is highlighted in red.
Note that the color gradient of the figure corresponds to the differences in material flow

and rotation, rather than the temperature distribution. While more intensive material flow
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is expected in the transition zone, convection via material flow from the transition zone to
the deposition zone could lead to higher temperatures in the deposition zone [58]. That
being said, previous simulation works on FSW have predicted higher temperature in the
center than the edge of the stir zone [24, 59]. Determining the temperature distribution
inside the transition zone and deposition zone in AFSD is beyond the scope of this work

and will require future experimental or simulation efforts.
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Figure 3.9. A diagram showing the heat generation mechanisms for (a) Cu and (b) Al-Mg-
Si. The volumetric heat generation regions are shown in red and the interfacial friction is
highlighted with blue arrows. The Cu system has the most significant volumetric heat

generation directly beneath the feed-rod and the flash is large. In Al-Mg-Si, the volumetric
heat generation zone is large due to substantial material flow.
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In addition to the frictional heat and plastic deformation driven by the stick-slip interface
at the tool bottom surface, heat is generated due to the presence of tool protrusions. In this
work, the tool protrusions height is 1.5 mm and the layer thickness is 0.8 mm. As a result,
a significant portion of the protrusion penetrates into the substrate. The tool protrusions
interact with the deposited material as well as the substrate, resulting in (i) frictional heating
at the associated interfaces and (ii) substantial material flow in the volume surrounding the
protrusion path. Regarding the amount of heat generation, the surface area of the
protrusions is small (~10 mm?) compared to the bottom surface of the tool head (~1140
mm?), so the interfacial heat generation contributed by the protrusions is expected to be
small globally. However, they locally raise the temperature and drive the material flow in
the surface layers of the substrate, and thus play an important role in quality control in

AFSD.

3.5.2. Influences of the tool head rotation rate on the heat generation mechanisms

Generally, the interfacial heat generation rate can be written as

Qs = Jrcontact (vtooi - vmaterl’ai)dﬁ = Jrcontact }"ﬂ(sdﬁ, where  Toontaer IS the
interfacial shear stress and dA4 is an infinitesimal interface area. The integration covers the
entire deposition zone: Ry = r = R. In AFSD of Al-Mg-Si, the fractional slip & and the

sticking coefficient (1 — &) vary for different r values in the deposition zone, so

Al-Mg-Si
Q5

= [ Teontact T28(r)dA. However, in AFSD of Cu, almost no material rotation
is observed in the deposition zone, so & is constantand & = 1. The heat generation equation
cu

thus reduces to Q; ZJTconmr r2dA. From these equations, the interfacial heat

generation is expected to increase with the tool head rotation rate 12 in both Al-Mg-Si and
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Cu due to the term 2. However, there is an additional term & (r) in @ £~ 9 7"

, Which also
increases with the tool head rotation rate 2. This is because an increase of 2 leads to an
increase in the tool velocity, resulting in a decrease of the sticking coefficient and an
increase of the fractional slip 6. Considering the appearance of 12 in both terms 2 and J(

r,12), it should have a more significant influence on the interfacial heat generation rate in

Al-Mg-Si than in Cu.

The total volumetric heat generation rate can be written as @, = [ ¢ s‘f} o; j-dff. Here s‘f}
and g;; are the components of the plastic strain rate tensor and the Cauchy stress tensor,
the product of which defines the density of plastic energy dissipation [60]. { denotes the
ratio of the heat converted from plastic deformation and ranges from 0.80 to 0.99 [61], dV
is an infinitesimal volume, and the integration covers the volume of material with intensive
flow. For Cu, the total volume of intensive flow V¥1°% is almost the same as the volume of
transition zone and is hardly influenced by the tool rotation rate. For Al-Mg-Si, V¥V js
larger than the volume of transition zone, and likely increases with the tool rotation rate 2
as suggested by previous studies. In FSW of Al alloy 7020-T6, Lorrain et al. [62] have
experimentally observed an increase of the stir zone size with the tool rotation rate
increasing from 300 RPM to 600 RPM. Using the methodology of scaling, Mendez et al.
[63] have analyzed the heat transfer and plastic deformation during FSW and predicted a
positive correlation between the thickness of the shear layer (volume with intensive flow)
and the tool rotation rate. With V2% staying almost constant in Cu but increasing in Al-
Mg-Si at a higher rotation rate, 2 should have a more significant influence on the

volumetric heat generation rate in Al-Mg-Si than in Cu.
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From these analyses, the tool head rotation rate should have more influences on the
interfacial and volumetric heat generation rates in Al-Mg-Si than that in Cu for a given in-
plane velocity. This is probably the origin of the different power laws of peak temperature
between Cu and Al-Mg-Si, wherein the relative dominance of tool rate 2 over in-plane
velocity V¥ is found to be stronger in Al-Mg-Si than in Cu. Fundamentally, the drastically
different contact states and material flow behaviors in Cu and Al-Mg-Si are related to stick-
slip interactions with the tool head as well as their intrinsic thermomechanical properties.
For solid materials, the sticking period between two surfaces is dependent on the kinetic
friction coefficient between the interacting surfaces. Of particular importance here is the
friction coefficients of the Fe-based tool and the deposited materials, Cu and Al. It is known
that the kinetic friction coefficient between Cu:Fe is lower than Al:Fe [64, 65], which leads
to a lack of sticking in the Cu to the rotating steel tool and a lower frictional shear stress
[66]. Beyond that, Al-Mg-Si has better intrinsic forgeability with easier plastic flow than
Cu [43]. Even with the same contact shear stress, more intensive material flow and rotation

is expected in the deposition zone in Al-Mg-Si than in Cu.
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3.6 Conclusions
In summary, this work characterized the temperature evolution and heat generation
mechanisms during AFSD of Cu and Al-Mg-Si via in situ measurements of the thermal
evolution and material flow. In addition to providing critical thermal data, this work has
enabled quantification of the relationships between the AFSD processing conditions and
key thermal characteristics, while providing physical insights into the differences in heat
generation mechanisms between Cu and Al-Mg-Si. The most salient conclusions from this
work include:
» Treak exhibits a power law relationship with 2/V in Cu but with 22/V in Al-Mg-
Si.
* The exposure time, heating rate, and cooling rate for AFSD are approximately on
the order of 10 s, 10 - 10? K/s, and 10 K/s, respectively. The exposure time
increases with an increase of £2 or a decrease of V, the heating rate increases with
an increase of V, and the cooling rate increases with a decrease of £2 or an increase
of V.
» During AFSD of Cu, material rotation primarily occurs in the material beneath
the rotating feed-rod. The interface between the tool head and deposited material is
under a full slipping condition, and interfacial friction is the dominant heat
generation mechanism in the deposition zone. During AFSD of Al-Mg-Si, the tool
rotation causes the material in the deposition zone to rotate. The interfacial contact
is under a partial slipping/sticking condition. Both interfacial friction and
volumetric energy dissipation contribute to the heat generation in the deposition

Zone.
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* The differences in the heat generation mechanisms between Cu and Al-Mg-Si,
which result from the distinct material flow behaviors and interface contact states,

are likely to be the origin of their different power laws of peak temperature.

3.7 Appendix 1. Substrate temperature evolution during AFSD

The IR camera provides important insight into the temperature distribution on the
exterior surface of the deposited material. Complementary to that, the embedded
thermocouples offer an accurate and reliable measurement of the substrate temperature
directly beneath the deposited material. Fig. 2.10 shows the typical temperature evolution
in Cu and Al-Mg-Si measured by thermocouples at positions Arc and Brc. The measured
T-t plots are overlaid with the IR temperature measurements of the deposited material
selected at spots Air, and Bir, which correspond to the location directly above Arc and Brc,
respectively. The exact locations of the measurement can be found in Fig. 2.1(b) in the

main text.

The temperature evolution in the deposited material measured by IR imaging shows a
sharper peak with a higher magnitude, a smaller exposure time, a higher heating rate, and
a higher cooling rate compared to the temperature profile of the substrate measured by
thermocouples. This is because the temperature measured by IR imaging results from the
heat generation by tool-material interactions and possibly severe plastic deformation,
whereas in the thermocouple data it is a result of the heat conduction from the deposited
material into the substrate. Even before the arrival of the tool head at Point Air, Point Arc
in the substrate experiences a gradual pre-heating effect due to the material deposited (of

elevated temperature) before Point Air. The preheating and gradual cooling from
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conduction result in a broader temperature profile than Point Ajr. The temperature profiles
for each spot are strongly site-specific. Locations far from the layer transition, such as Spot
Arc and Ar, experience two distinct peaks with substantial cooling between layers, as seen
in Figs. 2.10 (a) and (b). Spot Brc and Bjr are much closer to the layer transition, so the

two peaks from each layer deposition are seen to overlap (see Figs. 2.10 (c) and (d)).

The difference in the measured temperature at Spot Ajr and Atc or Spot Bir and Brc
allows us to roughly estimate the contribution of cooling mechanisms in AFSD. This work
considers the heat flux by thermal conduction into the substrate, air convection, and

radiation [43, 51, 52]. Heat flux by conduction can be estimated using Fourier’s conduction
laW ? ;onauction = —k - 2T /5., Where x is the thermal conductivity. AT is the difference

in temperature between the deposited material (measured from the IR camera) and the
substrate below it (measured from the embedded thermocouples), and Ax is the distance
between the two measured locations. Using x = 401 and 170 W/m-K for Cu and Al-Mg-
Si respectively [66] as well as Ax = 6.8 x 1073 m (dimension measured in our
experiment), @ onauction 1S Calculated to be on the order of 10" W/m? or above for both
materials. Heat flux of convection can be estimated using Newton’s law of cooling
P convection = —N " (T — Tonvironment)- Here, h is the heat transfer coefficient of air
assumed to be in the range of 10-100 W/m?-K [65], T is the peak temperature measured by
the IR camera, and T, pironment 1S the ambient temperature set to be 298K. With these
NUMbers, @ onpection 1S €Stimated to be ~ 10%-10* W/m?. The heat flux by radiation is
P aiation = €0 (T4 — Toh oo ot ), Where the Stefan-Boltzmann constant o= 5.67x10®

W/m?- K* and & is the emissivity [66]. ®,qaiation 1S €Stimated to be ~ 10* W/m?2.

Apparently, the heat flux by conduction is much more significant than that by air
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convection and radiation. The total heat flow by each mechanism is a product of the heat
flux and the cooling area. Considering the cooling area of each mechanism, the
corresponding analysis concludes that conduction is the dominant cooling mechanism in

AFSD for both Cu and Al-Mg-Si.
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Figure 3.10. Temperature-time plots of spot Arc and Ar for (a) Cu at 300 RPM and 1
mm/s in-plane velocity (b) Al-Mg-Si at 300 RPM and 2 mm/s in-plane velocity. Plots (c)
and (d) correspond to the temperature-time plots of Brc and Bir for Cu and Al-Mg-Si,
respectively. In general, the temperature curve measured by the IR camera shows a
narrower peak with greater magnitude than the corresponding temperature of the substrate.
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3.8. Appendix 2. Non-dimensional analysis of the Arbegast relationship

The original form of the Arbegast relationship has constants K and a, where a is
raising a dimensional quantity to a variable power. Thus, the units for the constant K are
also variable based on the equipment and geometry used for fitting of this relationship.
Here, a non-dimensional form of the Arbegast relationship is obtained by multiplying the
parenthetical value by the circumference of the stir zone to determine more broadly
applicable constants in the case of a heat index of 2/V. For Cu, the dimensionless fitting
constants are found as K., = 0.11 and a., = —0.90. For Al-Mg-Si, the dimensionless
fitting constants are Ky;_pg-s; = 0.19 and ay_pyg-s; = —1.68. The magnitude of the
fitting parameters is scaled by this method, but this does not change the form of the
relationship, thus the fitting accuracy is unaffected. This is reflected by the R-squared

values that remain as 0.94 and 0.86 for Cu and Al-Mg-Si, respectively

0.8 Cu g Al-Mg-Si
c 0.9 O
t 0.7 - = O
2
0.5
1 O 7 N
100.0 1000.0 200.0 1000.0
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Figure 3.11. Fitting a power law relationship of the homologous peak temperature to the
processing parameters with a relationship in the form of 2C/V. Units for (2 are (rev/s), C
are (mm/rev), and V are (mm/s).
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Chapter 4

Investigation into the Force and Torque Evolution during Additive

Friction Stir Deposition

4.0. Abstract

Additive friction stir deposition (AFSD) is a metal additive manufacturing
technology that leverages the fundamental physical principles of friction stir and a material
extrusion mechanism to fabricate near net-shape components. For friction stir techniques,
it is well established that the forces during processing are highly indicative of the final part
quality and the bonding strength. Compared to the more traditional friction stir techniques,
AFSD has distinct mechanical boundary conditions: no mechanical constraints exist in the
plane of deposition except for previously deposited material and the out-of-plane constraint
provided by the tool is a reactionary force rather than an applied force. This work presents
the first in situ investigation into the evolution of the compressive force F; and torque M,
for AFSD at a variety of equipment processing parameters (tool rotation rate 2 and in-
plane velocity V) for Cu and Al-Mg-Si. For both material systems, F; is found to have a
positive correlation with V and an inverse correlation with £2. For Al-Mg-Si, similar trends

are found for M;, however the M; in Cu systems shows no relationship to the processing
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parameters. This is attributed to the tool-material contact state which takes the form of
partial sticking condition for Al-Mg-Si and full slipping in the bulk of the deposition zone
for Cu. Finally, the sub-grain morphology of the Al-Mg-Si system is characterized and
used to predict the flow stress during processing. The flow stress shows a strong correlation
to the torque M during processing which further suggests that the partial sticking condition

leads to substantial induced shear in the deposition zone for Al-Mg-Si.

4.1 Introduction

Additive friction stir deposition (AFSD) is a solid-state metal additive
manufacturing process that enables site-specific build-up of three-dimensional components
through frictional heating and material extrusion [1]. Consumable rod feedstock is pushed
through a non-consumable rotating tool where frictional heating leads to local softening
and mixing of the feedstock and substrate materials. Movement of the tool and feed stock
material enables gradual build-up of full-scale parts where complex geometries can be
deposited in a layer-by-layer fashion. AFSD leads to several benefits compared to melt-
based additive manufacturing and other solid-state additive processes: i) refined, equiaxed
microstructure with isotropic mechanical properties [2], ii) reduced thermal gradients and
low residual stresses [3], iii) achieves near-net shaping without subtractive machining [1],
iv) no need for post-processing heat treatment to reduce porosity or improve mechanical
properties [4, 5], and v) enables fabrication of composites and dissimilar materials [6].

AFSD shares many physical principles with established friction stir techniques such
as friction stir welding (FSW) [7, 8], friction stir processing (FSP) [9, 10], and friction stir

additive manufacturing (FSAM) [11], but AFSD stands out as the only site-specific
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material accumulation technique. The key processing parameters for these techniques are
the tool velocity V' and the tool rotation rate 2. These parameters determine the local
processing conditions which includes not only the thermal history components such as heat
generation rate and total heat input [3, 12] but also includes the coupled mechanical
histories such as the strain and strain rates [13] experienced by the material. For AFSD,
there has been preliminary investigation of how the processing conditions affect the local
material flow [14], thermal history [3], local microstructure [15], and final properties [5,
16] of as-manufactured parts but there has been no investigation of the stress states at the
tool-material interface as there has been for FSW. Du et al investigated the conditions that
lead to a high frequency of voids using a Bayesian neural network and found that peak
temperature and shear stress are the most influential parameters for void formation in
aluminum alloys [17]. Long et al demonstrated a strong correlation between the tool
rotation rate, welding torque, and grain size for several aluminum alloys and approximated
the strain and strain rates experienced by the material [18]. Crawford et al found that
conditions with a low Q2/V ratio led to formation of wormhole defects due to lack of
plasticization and conditions with a high 2/V ratio can lead to local distortion due to
surface overheating in AA 6061 [19]. Additionally, the force and torque experienced by
the tool during processing may be detrimental to the tool durability as demonstrated by
Buchibabu et al [20]. It is evident from the FSW literature that an understanding of the
material stress state and mechanical deformation history is key in determining the
microstructure, quality, and properties of parts produced via AFSD. Furthermore, the

distinct boundary conditions for AFSD, necessitate an in-depth investigation as the local
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boundary conditions may lead to unique stress states compared to other friction stir
processes.

Figure 4.1 shows a schematic of (a) friction stir welding and (b) additive friction
stir deposition. Here, the key differences in the applied boundary forces for the the tow
processes can be observed. In FSW the key forces applied are F; the normal force applied
by the tool to the surface of the material, and M; the shear force imparted into the base
material that is determined by the tool rotation rate, the sticking coefficient, and the normal
force. Fx and Fy are reactionary forces that develop from material drag and the mechanical
constraints as the tool moves across build plate. In AFSD the in-plane forces are generated
by the same mechanisms as in FSW, but the mechanical constraints are notably different.
In the traverse direction Fx has no mechanical constraint along the leading edge but is
constrained by the deposited material on the trailing edge. Fy has no constraint in either
direction. Furthermore, F; is the normal force directly applied to the material being
extruded into the deposition zone. The force applied by the tool shoulder Fr is a reactionary
force that depends on the material flow during mixing and the spacing between the tool

head and the substrate.
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Figure 4.1. A schematic of (a) FSW and (b) AFSD showing the distinct forces during
these friction stir techniques.

4.2. Experimental Method

4.2.1. Material Deposition

Deposits for this work were performed using a MELD — R2 system (MELD
Manufacturing Corporation, Christiansburg VA, USA). The system was equipped with a
38 mm wide tool steel head with two surface protrusions on opposite ends of the feed-rod
exit hole. The two surface features were semi-circular in shape and had a height of 1.5 mm.
Each experiment consisted of a stack of two deposited layers with single-layer thickness
of ~1.65 mm and a nominal length of ~70 mm. Layers were printed continuously, such that
the traverse directions for each layer were in opposite directions and the end of layer one
corresponds to the start of layer two. Two different material systems were studied in this
experiment: 1) Cu-110 (commercially pure), and 2) a commercially available Al-Mg-Si
alloy (i.e., AA 6061). The feed-rod material was square rod with a side length of 9.5 mm.
The substrate was machined from rolled plate into 6.35 x76.2 x 127 mm sections. The

substrate and the deposited material had the same composition for each respective material
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system. Deposits were performed at systematically varied processing conditions that
included variations in rotation rate and in-plane velocity. Material feed rate can also be
varied, however the ratio between the material feed rate and the tool in-plane velocity can
have significant effects on surface quality; it was kept constant at a value of 1:3 which is
typical of high-quality deposits using the given tool geometry. Tool rotation rates £ were
distributed across the viable processing range at 300 RPM, 600 RPM, and 900 RPM, and

the selected in-plane tool velocities V include 1.00 mm/s, 2.00 mm/s, and 3.00 mm/s.

4.2.2. Force and Torque Measurement

In-line measurement of the normal force and the torque are built in to the MELD —
R2 system. During deposition, the compressive force imposed onto the feed-rod material
from the linear feed apparatus was measured by a strain-based load cell. The torque at the
tool head is indirectly measured by an ABB ACS-880 spindle drive. The current applied to
the motor is measured and then converted into atorque value based on the motor
characteristics and the gear ratio of 1.775 between the motor and tool. The measured torque
to freely run the tool head was measured at 10 RPM increments up to 990 RPM and

subtracted out from all torque measurements.
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4.2.3. Microstructure Characterization

Samples were prepared for microstructure characterization via standard mechanical
grinding and polishing using sand paper of 240, 320, 400, 600, and 1000 grit followed by
a 1-micron diamond suspension and colloidal silica. Microstructure imaging was
performed using a Helios Nanolab 600 DualBeam SEM (FEI company, Waltham, MA,
USA) equipped with a Hikari EBSD detector. EBSD scan data analysis and alignment were
performed using TSL OIM Analysis. The images generated from the scan data included
inverse pole figure (IPF) maps and kernel average misorientation (KAM) maps. Grain size
was determined using the size average method. A similar approach was applied to the KAM
maps in accordance with ASTM E112 to determine the average sub-grain size of the

material post deformation.

4.3. Results
4.3.1. General Phases of AFSD

Several distinct phases of deposition can be described based on the input operating
conditions and the associated stress state of the tool and material. Fig. 4.2 shows the typical
force vs. time plots during deposition of Al-Mg-Si and Cu. Prior to deposition, the feed-
rod and tool head rotate together at a rapid rate. There is contact at the feed material-
substrate interface, but no applied normal force other than gravity. Once the tool and feed
material are up to speed, the tool is moved to the appropriate layer height such that the
surface protrusions are plunged into the substrate surface (I), but no force is applied to the
feed-rod. A baseline torque is measured due to the interaction of the tool protrusions with

the substrate surface. This is the tool plunge phase and is analogous to the plunge of FSW,
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but at a reduced scale given the small size of the tool protrusions (~1 mm) compared to the
pin (~5 mm diameter). The next stage (Il) is the feed-material plunge phase which is
described by elastic deformation of the feed-rod under uniaxial compression where the
input stress can be approximated by the change in the beam length F,~AL. Here, heat is
generated by a slipping dominated contact state at the feed-rod substrate interface where
the generated heat is directly proportional to F,. Frictional heating softens the feed-rod and
substrate at the contact interface until both materials begin to yield (I11). As soon as the
feed material begins to yield and enter the deposition zone underneath the tool shoulder, a
combination of yielding at elevated temperatures and shearing at the tool-material interface
lead to a drop-off in F,. The torque gradually rises as material fills the space beneath the
tool surface and the interaction volume increases. At this point, the in-plane motion phase
is initiated (1V). The start of the in-plane motion phase requires an increase in the material
feed rate to reach the 1:3 material feed rate to in-plane velocity ratio. After a few moments,
F; reaches a relatively stable value denoted as the steady-state force (V) with only minor
oscillations in magnitude. Once a layer is finished, the layer transition (VI) creates a large
drop in F, and M, as the tool assembly is moved away from the substrate by the desired
layer height. A gradual return to steady-state conditions occurs and a second layer of
material is deposited. At the end of deposition, the tool raises, and the feed material breaks

from the deposit, resulting in a final drop of the measured compressive force and torque.
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Figure 4.2. A Schematic showing representative plots of the normal force and torque for
(@) Al-Mg-Si and (b) Cu. Roman numerals correspond different stages of operation for
AFSD including the tool plunge, the material plunge, the material feed, steady state
traverse and layer transition phases.

It is noted that the peak force observed during the plunge phase (111) for Al-Mg-Si
is higher than the steady-state force (V) required during deposition. In Cu, the opposite
trend is observed — the steady-state force (V) is higher than the peak plunge force (I11). The
key difference between these two phases with regards to the operating conditions is that
the in-plane motion phase (1V) requires an increase in the material feed rate compared to
the initial plunge phase (Il). There are several factors that may contribute to this
phenomenon. Cu has been observed to have a very low sticking coefficient in the bulk of
the deposition zone during AFSD, so the stress-state is more akin to a forging or extrusion
process. The deformation during all stages is primarily driven by the normal force applied

to the feed material as opposed to shearing at the tool-material interface. For Cu, the yield

stress at low temperatures is generally lower than Al-Mg-Si which leads to small peak in
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the plunge force. The increase in material feed-rate may lead to strain hardening of the Cu
feed-material thus a higher required force for steady-state deposition. In Al-Mg-Si the
increase in feed-rate also increases the strain rate and a small peak in force is observed,
however, the interaction volume and thus the heat generation via plastic deformation under
the tool may increase to offset this change in the compression state. The torque trends for
both materials are fairly similar between both Cu and Al-Mg-Si with the onset of torque

rise for Cu occurring at a relatively low F; due to the lower yield strength.

4.3.2. Trends in Steady-state Force and Torque Evolution

Figs. 3.3 (a) and (b) show the measured steady-state compressive stress at various
processing conditions. Note that the normal stress applied in AFSD is the force directly to
the feed material and not applied by the tool head. For both Cu and Al-Mg-Si, the steady-
state compressive force decreases with an increase of 2 or a decrease of V. This suggests
an inverse correlation with the expected peak temperature trends. The yield strength of both
material systems decreases at higher temperatures. A higher 2 at a constant V corresponds
to a higher heat generation rate for a constant exposure time leading to increased thermal
softening. A decrease of V at a constant £2, provides more time for frictional heat generation

thus increasing the total amount of input energy.
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Figure 4.3. A plot of the compressive stress applied to the feed-rod for (a) Cu and (b) Al-
Mg-Si at various processing conditions.

Fig. 4.4. (a) and (b) shows the measured steady-state torque at various processing
conditions. For Al-Mg-Si, the steady-state torque decreases with an increase of 2 or a
decrease of V. Similar to the compressive stress, this trend is consistent with the previously
described temperature trends as the flow stress is expected to decrease at higher
temperatures. In Cu however, there is little influence of the equipment processing variables
on the shear stress during deposition. This is attributed to the pure slipping condition
observed in the majority of the processing zone. Although the material is still expected to
soften at elevated temperatures, there is little interaction between the tool surface and the
deposited material. Therefore, the torque is primarily dependent on the interaction between
the tool surface protrusions, the substrate, and a small volume of material that makes up

the transition zone.
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Figure 4.4. A plot of the torque input by the tool at different equipment processing
parameters for (a) Cu and (b) Al-Mg-Si

Trends for the force and torque variation with respect to the processing conditions

were quantitatively analyzed by an empirical fitting of Y = A(X;)?(X,)%, where Y

corresponds to the output process parameter (normal force or torque), X; and X, are the

input process parameters, A, p, and g are fitting constants [21]. Fitting was performed

using the MATLAB Curve Fitting Toolbox. Units for each variable are F;(N), Mz(Nm),

N(RPM), and V(m/min). Eqg. 1 — 4 show the fitting coefficients for F; and M, for Al-Mg-

Si and Cu. R-squared values are 0.948, 0.938, 0.965, and 0.601 for Eq. 1 — 4, respectively.

F,(Al- Mg- Si) = 303300 (2)~065 (V)015

F,(Cw) = 1437000 (2)~%72 (V)04

M, (Al-Mg- Si) = 13630 ()02 (V)18

M,(Cu) = 58.52 (_(2)—0-05 (V)—o.os
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For both material systems, F; has a positive correlation to the in-plane velocity, V,
and an inverse correlation to the tool rotation rate, 2. An increase in V leads to reduced
total heat input and tool interaction time. In turn, this reduces the expected peak
temperature and subsequent thermal softening if the feed material. For Al-Mg-Si, similar
trends are found where M is positively correlated to the in-plane velocity, V, and inversely
correlated with the tool rotation rate, 2. For M; in Cu the fitting coefficients suggest an
inverse correlation to both V and 2, but the fitting is very poor given an R-squared value
of 0.601. Furthermore, the value of the coefficients is an order of magnitude smaller than
any of the other fitting coefficients, suggesting that neither processing parameter has a
significant influence on the measured torque at the tool-material interface. This stems from
the differences in the stick-slip behavior observed for Cu and Al-Mg-Si during AFSD and

will be described Section 4.4.

4.3.4. Energy Efficiency of AFSD Process

Solid-state processes generally have increased power efficiency and lower energy
requirements than melting based techniques. The energy efficiency of the AFSD process
is estimated by comparing the input energy based on measured rotational power [12], Q,,,
to the energy input based on the measured temperature change [22], Qar. The rotational
power is described by P, = tw where t is the applied torque in N-m and w is the tool

angular rotation speed in rad/s. This is then converted to an energy input based on the
approximated interaction time of the deposit with the tool head, t = § where t is the

interaction time, D is the tool diameter, and V is the in-plane velocity. The product of P,t

gives the total rotational energy input Q.. The energy input into the system can also be

81



approximated using the heat energy equation Q, = mCAT where m is mass of the deposit,
C is the heat capacity of the material, and AT is the difference between the peak measured
temperature and room temperature. Material and geometric constants used for calculation
of these values can be found in Table 4.1. The ratio of the heat energy to the rotational
energy provides the efficiency of the AFSD process for these two material systems and can
be seen in Fig. 4.5. The average power efficiencies are 30% and 36% for Cu and Al-Mg-

Si, respectively.

Table 4.1: Parameters used for efficiency calculation

Parameter Value Units
Tool Diameter 0.038 m
Stir Height 0.00762 m
Heat Capacity — Al [23] 900 Jikg°C
Density — Al [23] 2700 kg/m’
Heat Capacity — Cu [23] 385 J/kg°C
Density — Cu [23] 8950 kg/m’

Qualitatively, the Cu system has a consistent trend amongst all processing
conditions which corresponds to a consistent power efficiency. Al-Mg-Si shows much
more scatter, particularly with respect to the heat energy. A key limitation of this efficiency
calculation is that the heat energy calculations assume a constant volume for the stir zone
and also ignore the presence of any local thermal gradients. Generally, it is expected that
the size of the stir zone increases with increasing 2 and decreasing V [24]. Additionally,

the rotational energy Q,, for Al-Mg-Si has competing variables with an increase in the tool
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rotation rate. An increase in w leads to a direct increase in @Q,,, but also a decrease in the
required torque t since there is increased thermal softening. In the case of Cu, 7 is relatively
constant amongst the processing conditions whereas w still provides a proportional
increase in the rotational energy. Ultimately this relates back to the stick-slip condition at
the tool interface which is defined by partial sticking for Al-Mg-Si and full slipping for Cu

[3].
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Figure 4.5. A plot comparing the rotational energy calculated from experimental torque
measurements and the heat energy expected from the measured peak temperature.
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4.3.5. Microstructure Characterization for Al-Mg-Si

The final microstructure of the material can be telling of the deformation and
temperature experienced during a thermomechanical process. EBSD imaging was
performed on the Al-Mg-Si samples and the inverse pole figure (IPF) maps are shown in
Fig. 4.6. The grain size trends and grain boundary misorientation trends coincide
previously established trends [25]. In general, an increase in grain size is observed with
increasing 2. Decreasing the tool travel velocity has an inverse effect on the temperature
which can have a substantial effect on the precipitate structure thus the strains and strain
rates during processing. Furthermore, this is indicative of different degrees of continuous

dynamic recrystallization which has been observed to take place in AFSD.
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Figure 4.6. Inverse Pole Figure Maps of samples manufactured at (a) 300RPM and 2 mm/s
in-plane velocity, (b) 600RPM and 2 mm/s in-plane velocity, (c) 900RPM and 2 mm/s in-
plane velocity, (d) 300RPM and 1 mm/s in-plane velocity, (¢) 900RPM and 1mm/s in-
plane velocity, and (f) a plot of the grain size vs the processing parameters.
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4.4. Discussion
4.4.1 Force Evolution at different Processing Temperatures

Figure 4.7 shows the (a) steady-state stress applied to the feed material and (b) the
torque applied at the tool plotted along with the corresponding peak temperatures measured
during deposition. The normal stress trend for both materials correlates well with thermal
softening whereby the yield strength required to plasticize the material decreases at
elevated temperatures. For Al-Mg-Si, the torque follows a similar trend with high
temperature leading to reduced torque. Similar to the normal stress, the flow stress is
expected to decrease with increasing temperature. For Cu, the torque does not follow any
clear trend, which matches the empirical fitting that showed no dependence on processing

parameters.
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Figure 4.7. Plots of the (a) normal compressive stress and (b) the torque at the
corresponding processing temperature for Cu and Al-Mg-Si
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The key difference between the two material systems is the distinct contact states
observed in the deposition zone, which critically depend on the slipping coefficient § and
sticking coefficient (1 — &§). Fig. 4.8 shows the key differences ascertained from optical
monitoring of the material flow. For Cu, there is a very high sticking fraction § < 1 ina
small volume that surrounds the original feed-rod diameter. The bulk of the deposition
zone is in a full slipping condition, § = 1. For Al-Mg-Si the bulk of the deposition zone is
observed to be in a partial-sticking condition 0 < § < 1. The measured torque at the tool
interface should take the form of M, = [ 7, x (t;dA) where 7, is the position vector of
the area with respect to the tool and t; is the contact shear stress. This torque is commonly
represented by an empirical combination of the Tresca and the Coulomb friction 7, =
[(1 — &) Trow t cmfP] where 1y, is the shear flow stress at a given position, u; is the
dynamic friction coefficient between the tool and working material, and P is the normal
force applied by the material [26]. For the case of Cu, § = 1 in the bulk of the deposition
zone so the torque at the interface simplifies to 7, = uP. For AFSD, P = Fr whichis a
reactionary force at the tool-deposit interface rather than an applied force. Since there is
only one in-plane mechanical constraint on the trailing edge, the value of F; is expected to
be relatively constant as material should flow preferentially outward towards the
longitudinal or transverse directions. For Al-Mg-Si, the sticking fraction (1 — &) should
be inversely proportional the tool rotation rate (2 and = should vary based on the flow stress
at the given temperature. This is consistent with the observed trends for the torque at

different temperatures in Fig. 4.7.
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Figure 4.8. A cross-section schematic of the tool shoulder showing the contact state in the
deposition zone for Al-Mg-Si and Cu. For Al-Mg-Si there is a partial sticking-slipping
condition in the bulk of the deposition zone. For Cu, there is a slipping condition in the
bulk of the deposition zone and full sticking in the region near the transition zone.

4.4.2. Sub-grain Size Characterization and Flow Stress Trends in Al-Mg-Si

Since AFSD is a non-equilibrium process it becomes challenging to directly relate
the microstructure to the processing conditions. Here, a combined approach that uses the
collected process monitoring data and post-process characterization enables additional

characterization of the process-structure relationship. The sub-grain size (D) can be directly
related to the flow stress (a) during processing via the Derby relationship %% = K where

G is the shear modulus, b is the magnitude of the Burgers vector and K is a constant with
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magnitude 10 for FCC metals [27]. The sub-grain size is characterized by looking at the
KAM obtained during EBSD imaging and quantified in accordance with ASTM E112
using the Hilliard single-circle intercept procedure [28]. This procedure was repeated with

two different circumference circles and an example is shown in Fig 3.9(a). A temperature

dependent shear modulus was calculated based on G =

E_ where the temperature
2(1+v)

dependent modulus was defined as in Fig. 4.9(b). The temperature dependence of the
Burgers vector and Poisson’s ratio is ignored for these calculations as the variation is small

relative to the shear modulus and sub-grain size variations.

o T o B
200 400 600 _ 800 1000
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Figure 4.9. (a) A demonstration of the Hilliard single-circle intercept procedure for
characterization of sub-grain size and (b) a plot of the elastic modulus vs temperature used
to calculate the temperature dependent shear modulus [29].
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From the sub-grain size measurements and the temperature dependent modulus, the
flow stress during deposition is obtained and plotted amongst the various processing
conditions (Fig 4.10a). The flow stress is inversely correlated to conditions with higher
peak processing temperatures, as higher temperatures lead to additional thermal softening.
The average contact shear stress is calculated from the torque via M, = [ 7, X (;dA) and
plotted along the shear flow stress as shown in Fig. 4.10b. The contact shear stress is found
to exhibit a linear relationship with the flow stress of the form tgq,, = 1.8t + 1.6 with
an R-squared value of 0.92. This form of the relationship is not consistent with the linear
combination of the Tresca and Coulomb friction forces discussed in Section 4.4.1 and
would suggest a constant sticking coefficient greater than one and a constant normal force.
The physical meaning behind this relationship is being explored through additional
modeling efforts. The direct relationship between contact shear stress and flow shear stress
further suggests that the tool contact state is in a partial-sticking slipping condition. The
high agreement in trend between the torque and flow stress suggests that the shear force at
the tool-material interface has a significant contribution to both the flow-stress during
processing and the final microstructure post-processing. Additionally, the sub-grain size
relationship to the flow-stress also suggests that continuous dynamic recrystallization is the
primary restoration mechanism for Al-Mg-Si systems, although it is unclear if an

equilibrium grain size is attainable within this process window.
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Figure 4.10. A plot of (a) the flow stress at various processing conditions and (b) the
contact shear stress vs the flow stress for AI-Mg-Si. There is a strong correlation between
the contact shear stress and shear flow stress suggesting that the flow stress is driven by
the partial sticking condition at the tool-material interface. Error bars for flow stress are
propagated from the standard deviation of sub-grain size measurement.

4.4.3 Force Evolution of AFSD compared to FSW

A schematic plot of the typical normal force observed in AFSD and FSW is shown
in Fig. 4.11 [24]. While the shape of the curves for AFSD of Al-Mg-Si follows a similar
trend to that of FSW, the exact mechanisms are not identical. In the case of F; for FSW,
the force corresponds to the normal force applied by the tool to the substrates and the is an
initial peak in force corresponds to the tool plunge phase. For AFSD, F; describes the force
applied directly to the feed-rod material and the tool-plunge phase has almost no influence
on . This is a result of the small size of the surface protrusions and the shallow penetration
into the substrate. However, the material plunge phase has a similar spike to the tool plunge
for FSW, as the material undergoes uniaxial compression with gradual heating until

yielding.
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Figure 4.11. A schematic of the force evolution for FSW compared to AFSD of Al-Mg-Si
and Cu.

4.5. Conclusions
This work characterized the force evolution for Cu and Al-Mg-Si during the
additive friction stir deposition process through in situ measurement of the normal force
applied to the feed-rod and the torque measured at the tool-material interface. Quantitative
relationships between the equipment processing parameters and the stresses were
established with key differences in the torque relationships being explained by the contact
state at the tool-material interface. The most prominent conclusions of this work are
bulleted below:
e The initial spike in normal force in AFSD corresponds to the initial heating and
macroscopic shape change of the feed-rod as opposed to a tool plunge phase in

FSW. For Al-Mg-Si the normal force during this macroscopic shape change
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corresponds to the peak force during deposition. For Cu, the peak force during
deposition occurs during the steady-state deposition regime.

F, exhibits a positive correlation with V and is inversely correlated to 2 for both Cu
and Al-Mg-Si. For Cu, the power associated with each variable is comparable in
magnitude whereas for Al-Mg-Si the 2 has power value several times larger than
V.

M; exhibits a positive correlation with V and is inversely correlated to 2 only in the
case of Al-Mg-Si. In Cu, the torque is independent of the processing parameters.
This is related to the contact state at the tool-material interface whereby the Cu is
in a full slipping condition and the torque equation simplifies to two constants: the

dynamic friction coefficient u, and the normal force applied by the tool Fr.

Sub-grain size characterization of the Al-Mg-Si samples enables estimation of the
flow stress during processing. The flow stress is found to be proportional to the
torque measured at the tool which further suggests a partial-sticking condition since
the shear force induced by the tool has a strong correlation with the deformation

state during processing.
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Chapter 5

Investigation of the Stick-Slip Contact State during Additive

Friction Stir Deposition for Cu and Al-Mg-Si

5.0. Abstract

Additive friction stir deposition (AFSD) is a metal additive manufacturing
technology that uses frictional heating and deformation bonding to fabricate three-
dimension components. As a friction stir process, the thermal and mechanical processing
conditions are intrinsically coupled. The contact state at the tool-material interface is
critical in determining the coupling of the thermomechanical processing history. AFSD
provides a unique opportunity to directly monitor the contact state and quantify the stick-
slip phenomenon at the material interface. This work investigates the sticking coefficient
(1 — o) at various AFSD equipment processing conditions using surface paint speckle
tracking through optical video monitoring in Cu and Al-Mg-Si. For both material systems,
increasing the tool rotation rate 2 decreases the sticking coefficient (1 — 9). A key
difference in the two material systems is observed in how the layer height h affects the

sticking coefficient. In Cu, increasing h increases (1 — 8), whereas in Al-Mg-Si increasing
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h decreases (1 — 6). This difference is attributed to the dynamic friction coefficient which
determines the dominant deformation mechanism during the AFSD process. A preliminary
comparison of the forces during AFSD using two different tool geometries is also presented

in this work.

5.1. Introduction

Additive friction stir deposition is a novel additive manufacturing technique that
uses the fundamental physical principles from friction stir to enable frictional heating and
continuous deformation to fabricate metal components [1]. In friction stir techniques, the
heat generation and material deformation are intrinsically linked [2]. An increase in the
frictional heat will affect the materials properties for deformation while an increase in the
material deformation will contribute to heat generation through plastic energy dissipation.
Critically, the contact state that the tool-material interface determines the transfer of
deformation from the tool to the material underneath by the slipping coefficient & and the
sticking coefficient (1 — 3). While the stick-slip phenomena plays a critical role in
understanding the thermomechanical history of the processed material, characterization of
the contact state remains elusive, and modeling efforts attempting to quantify the contact
state have yielded many conditions for &. Colegrove and Shercliff (2004) used
computational fluid dynamics (CFD) to estimate the contact state from the local shear stress
at the interface [3]. Hamilton et. al (2008) applied an energy-based slip coefficient 6 to
estimate the peak temperatures during friction stir welding of aluminum alloys with high
accuracy but did not consider heat generated from plastic deformation [4]. Wang et. al

(2013) compared several slip contact state conditions for modeling of friction stir welding
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of aluminum alloy 7449 [5]. They found that the most successful approach for temperature
estimation used the contact shoulder radius ratio method that a fraction of the tool radius
is under full sticking condition and the remainder of the tool is in a full slipping condition.
From these studies it is evident that characterization of the contact state is essential in

understanding the thermomechanical processing history during friction stir.

AFSD provides the unique opportunity to directly observe the contact state at the
tool-material interface. Compared to other friction stir processes where direct observation
of the stir zone is obscured by the tool, in AFSD the interface can be monitored from the
leading edge, the advancing edge, or the retreating edge of the deposit. Here, a systematic
variation of the equipment process variables is performed for Cu and Al-Mg-Si while
monitoring the deposition zone with optical video. The aim is to observe the evolution of
the contact state at different processing conditions and ascertain if it is possible to transition
between different regimes of slipping coefficient 8. Direct observation of the stick-slip
phenomena will provide insight onto the boundary conditions at the tool material interface.
This quantification may prove invaluable in modelling of the heat generation mechanisms
[6] and can lead to improved prediction of total heat input with experimental validation for
FSW and AFSD [7]. Additionally, the characterization of the contact state will also
improve the prediction capabilities of the strain and strain-rates during friction stir

processes.
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5.2. Experimental Procedure
5.2.1. Material Deposition

A MELD - R2 system (MELD Manufacturing Corporation, Christiansburg VA,
USA) was used for all deposits in this work. The system was equipped with a flat surface
38 mm wide tool steel head with no surface features except for the feed-rod exit hole. Each
experiment involved a single layer of deposition with ~70 mm of in-plane traverse. The
key processing conditions of tool rotation rate, in-plane velocity, and layer height were
systematically varied to observe the evolution of the contact state at different processing
conditions. While the material feed rate is also an important processing parameter, the ratio
between the material feed rate and the tool in-plane velocity has significant effects on the
final part quality. As a result, it was kept constant at a value of 2:3 material feed rate to
tool in-plane velocity which consistently produces high-quality deposits using the flat tool
head geometry. Tool rotation rates were distributed across the viable processing range at
300, 400, 500, and 600 RPM, the selected in-plane tool velocities include 1.27 mm/s and
2.54 mm/s, and the layer height which is set by the spacing between the tool and substrate
was set at 1 mm and 2 mm.

Two material systems were studied in this experiment: 1) Cu-110 (commercially
pure) and 2) a commercially available Al-Mg-Si alloy (AA 6061). The feed-rod material
was square rod with a side length of 9.5 mm. Substrates measured 152.4 x 203.2 x 6.35
mm. Three parallel tracks were deposited onto each substrate along the 152.4 mm direction
with 50.8 mm spacing between the center of each track. 15 minutes of cooling with

continuous air flow were allotted between deposition of each track to prevent any influence

100



of residual heat in the tool or substrate. The substrate and the deposited material had the

same composition for each respective material system.

5.2.2. Material Flow Monitoring

A Dino-Lite Edge AM4115ZT Microscope was placed on the leading edge of the tool
to record optical images of the deposit surface. The camera had a spatial resolution of 640
x 480 pixels at a working distance of 125 mm and a capture rate of 30 Hz. Black paint was
speckled onto the leading edge of the deposit during processing in order to track the
velocity of the material relative to the tool head. The stick-slip boundary condition can be
characterized by this direct comparison of the speckle velocity and the tool head rotation
velocity. Fig. 5.1 schematically shows how the experimental setup for the optical video

recording was incorporated into the AFSD system.

Spray Paint

Figure 5.1. A schematic of the experimental set-up for optical monitoring of the contact
state at the tool-material interface.
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5.3. Results
5.3.1. Calculating the Sticking Fraction

Paint speckling on the surface of the deposit is used to track the rotation rate of the
deposit relative to the velocity of the tool. Snapshots taken from the videos can be seen in
Figure 5.2 (a) for Al-Mg-Si and (b) for Cu. The outer diameter of the deposit is used as the

distance for the effective linear velocity of the tool rotation. The tool velocity at the

specified radius is then calculated via Vteol (") = 12" 2MT aeposit where vioo is the linear
velocity of the tool at the radius of the deposit, 12 is the tool rotation rate, and raeposit IS the
measured radius of the deposit. The distance traveled by the paint speckles serves as a
linear projection for the fraction of the circumference rotated by the deposit. The number

of frames divided by the framerate of the camera provides the time elapsed for the allotted
travel of the paint speckles from which the deposit linear velocity Ydepesit can be calculated.

Lo L i (1 _ 5) — vdeposit‘f
The sticking coefficient (1 — ) is then calculated by - Vtool.
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Frame 10

Frame 20

Frame 30

Figure 5.2. Snapshots taken from the optical video recording for (a) Al-Mg-Si and (b) Cu
that show rotation of the material in the same direction as the tool motion.

5.3.2. Sticking Coefficient Trends in Al-Mg-Si

Fig 5.3. shows a preliminary investigation into how the contact state at the interface
evolves at various equipment processing conditions including the tool rotation rate 12 and
tool velocity V for Al-Mg-Si. All processing conditions for Al-Mg-Si are shown to be in a
partial stick condition. From the figure, it is observed that a decrease of tool rotation rate
£ or an increase of the tool velocity V results in an increase of the sticking coefficient (1 —
d). The tool rotation rate has a negative correlation which matches the expected trends from
literature. For any two materials with interface friction, there is a critical velocity Veritical
above which no sticking can occur [8]. As this critical velocity is approached, the sticking
coefficient decreases. While the tool velocity may have been expected to follow a similar

trend as 2 since it increases the local velocity of the tool, changing the tool velocity can
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also lead to different mechanical constraints and velocity fields. At low V, the material can
slowly expand radially due to the continuous feeding of new material, regardless of the tool
velocity. Increasing V, leads to a direct shift in the magnitude of the velocity of the tool
and deposit, but only in the longitudinal direction. This creates preferential motion along
the longitudinal direction and limits material extrusion along the transverse direction. As a
result, the radial position r for measurement may decrease and lead to a subsequent
decrease in the velocity of the tool [7]. In turn, this can lead to a higher apparent sticking

fraction.

7r O v=254mm/s
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Figure 5.3. A plot showing the sticking coefficient (1 — 5) for Al-Mg-Si at several different
tool rotation rates (2 and two different in-plane velocities V. In general, the sticking fraction
is observed to decrease with increasing 12 or decreasing V.
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5.3.3. Sticking Coefficient Cu

For Cu, only the effect of the tool rotation (2 rate was investigated as shown in Fig.
5.4. The general trend is similar to that in Al-Mg-Si. Higher linear velocities favor slipping
over sticking, so an increase in the tool rotation rate £2 leads to a decrease in the sticking
coefficient (1 — 5). For all of experiments in this work Cu shows a partial-stick condition
which contrasts with previous measurements of the stick-slip ratio for AFSD of Cu
systems.

Previous work showed a full slipping condition (& = 1) in the bulk of the deposition
zone and a near full sticking condition near the feed-rod initial radius [9]. Note that the tool
geometry in each set of experiments was substantially different in these sets of
experiments. This work used a flat tool with no surface features while the previous work
used a tool with two surface protrusions immediately surrounding the feed-rod exit hole.
Given the additional surface area at a lower radial position, the propensity for sticking is
higher in the area immediately surrounding the protrusions. This may result in a “shear
layer” [10] type effect in the area immediately surrounding the pins. Instead of a gradual
decrease in velocity with radius as is the case for the flat tool, the protrusions induce a
larger area with high sticking fraction, but once the material is sufficiently far away from
the protrusions, the radial velocity of the tool may be too fast to accommodate any sticking
of material exiting the shear layer/transition zone. This may explain rapid transition to

slipping in the case of the tool with protrusions.
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Figure 5.4. A plot showing the sticking coefficient (1 — &) for Cu at several different tool
rotation rates.

5.3.5. Layer Height Effects

Figs. 5.5 show the effect of the layer height on the sticking fraction for (a) Al-Mg-
Si and (b) Cu. For Al-Mg-Si it is noted that increasing h leads to decreasing sticking
coefficient (1 — 8). For Cu the opposite trend is observed where increasing h leads to
increasing sticking coefficient (1 — d). Increasing h directly increases the volume of free
space beneath the tool, but since the volumetric feed rate is held constant the volume of
material deposited remains constant. This has competing two effects on the tool-deposit
interaction: 1) increasing the layer height for a constant volume of material will lead to a
narrower track as material surges upward rather than outward and 2) the mechanical
constraint applied by the tool is alleviated as the distance between the constraints of the

substrate and the tool is increased.
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Figure 5.5. A plot of the stick fraction (1 - 8) for (a) Al-Mg-Si and (b) Cu at different layer
heights.

The force evolution at different layer heights is also monitored for Al-Mg-Si and
Cu as shown in Fig. 5.6. The normal stress F, for Al-Mg-Si appears to slightly increase
with increasing layer height h. Cu follows the opposite trend where increasing layer height
h decreases the normal stress F,. For the torque M, both materials follow a similar trend
where increasing layer height h leads to decreasing M,. Furthermore, the torque variation
at a layer height of 2 mm becomes near constant for different tool rotation rates 1 in the
case of both material systems. This suggests that the reduced mechanical constraint
imparted by the tool may have significant influences on the shear deformation experienced

by the material.
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Figure 5.6. A plot of the (a) and (b) steady-state normal stress for Al-Mg-Si and Cu at
different layer heights. (c) and (d) are plots of the steady-state torque for Al-Mg-Si and Cu
at different layer heights.
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5.4. Discussion
5.4.1. Comparison of Al-Mg-Si and Cu

While the trend for the sticking coefficient with respect to the rotation rate 2 is
similar in both material systems, the magnitude of sticking is substantially lower in the case
of Cu compared to Al-Mg-Si and sees a much smaller change (0.6% in Cu compared to
~5% in Al-Mg-Si). This corresponds with previous measurements where Cu appeared to
be more dependent on the compressive force for deformation and Al-Mg-Si experienced
significant shear imparted by the tool. The sticking coefficient and frequency is directly
related to the dynamic friction coefficient. For Cu:Fe the dynamic friction coefficient is
lower than that of Al:Fe which may contribute to the reduced sticking in the case of Cu
[11, 12].

The force trends at different layer heights are also indictive of the contact state
between the tool and material. For Al-Mg-Si, increasing layer height h leads to increasing
normal force F; and decreasing torque M. These trends may correspond to a transition
from a shear dominated process to a process more dependent on the uniaxial compression
for deformation. As the layer height is increased, the mechanical constraint out of plane is
decreased thus the tool velocity F,. The decrease in sticking coefficient (1 — &) and the
decrease in M; suggest that the deformation imparted by the tool is reduced at increasing
layer heights. This is likely a result of the reduced mechanical constraint imposed at greater
layer heights. For Cu, the deformation was more compression dominated in all cases due
to the relatively lower dynamic friction coefficient. Thus, increasing the layer height only
serves to decrease the radial distance (and velocity) of the tool and increase the sticking

fraction (1 — 9). These trends are shown in Fig. 5.7.
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Figure 5.7. A schematic showing how the contact state changes with different layer heights
for (a) Al-Mg-Si and (b) Cu. For Al-Mg-Si an increase of the layer height leads to a balance
of the shear deformation and compression deformation. For Cu, the deformation is always
compression dominated, so increasing the layer height only reduces the radius and local
velocity of the tool so there is increased propensity for sticking.

5.4.1. Influence of Tool Geometry on Force and Torque in Cu and Al-Mg-Si

This section discusses the influence of tool geometry on the forces measured during
deposition for a 1mm layer height deposit. Chapter 3.0 discussed how the normal stress
followed an inverse trend with peak temperature for both Cu and Al-Mg-Si. Here, the
pseudo heat index for temperature prediction is plotted along the normal stress for the two
material systems (Fig. 5.8) using two different tool geometries. For Al-Mg-Si the normal
stress F; required for deformation is generally higher at low values of 22/V for the flat
tool compared to the tool with protrusions. Tool protrusions provide additional driving

force for shear induced deformation and contribute additional heat generation via plastic
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energy dissipation. In turn this leads to a baseline heat generation even at low values of
n2/V. For higher values of 22/V the frictional heat at the interface is the only contributing
factor, so the actual processing parameters are more influential thus there is an increased
slope for the flat tool In Cu, a similar trend is observed, with a pseudo heat index of 2/V.

Since the deformation is more compression driven, the influence of the protrusions is small

thus the trend is similar for the flat tool and protrusion tool.
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Figure 5.8. A plot of the steady state compressive stress with different tool geometries
plotted (a) against a pseudo heat index of 22/V for Al-Mg-Si and (b) against a pseudo
heat index of 2/V for Cu.

The torque at different processing conditions (Fig. 4.9) follows similar trends for
the flat and two protrusion tools for Al-Mg-Si. Here the torque is dominated by the stick-
slip interaction at the tool-material interface due to the comparably larger area of the tool
compared to the protrusions. Although the trend is similar, the magnitude of the torque M;
is higher for the tool with two protrusions. The protrusions provide extra resistance to
rotation, as they must mill through unheated substrate during tool in-plane motion and meet

resistance when pushing mixing material within the processing zone. For Cu, the tool with

protrusions shows no dependence of the torque on processing conditions as discussed in
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Chapter 4. This is a result of the bulk of the deposit being in a full slipping condition. For
the flat tool, there is a partial stick condition, so the dependence on the processing

parameters becomes more evident. Higher values of the pseudo heat index 22/V to reduced

torque as the flow stress required to shear decreases.
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Figure 5.9. A plot of the steady state torque with different tool geometries plotted (a)
against a pseudo heat index of 22/V for Al-Mg-Si and (b) against a pseudo heat index of
n/V for Cu.
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5.5. Conclusions

This work investigated the contact state between the tool and material in the

processing zone during AFSD of Cu and Al-Mg-Si at various equipment processing

conditions. Optical video monitoring in combination with surface speckling of the

deposition zone enabled direct quantification of sticking coefficient (1 — 3). A preliminary

comparison of the forces during AFSD using two different tool geometries is also presented

in this work. The most prominent conclusions are bulleted below:

For AFSD of Cu and Al-Mg-Si using a flat tool, both materials exhibit a partial
stick condition at the tool-material interface. The magnitude of sticking in Cu is
substantially lower than that observed in AI-Mg-Si and this is attributed to the lower
dynamic friction coefficient between Cu:Fe compared to Al:Fe.

Increasing 2 decreases the sticking coefficient (1 — 9) for both Cu and Al-Mg-Si.
This is a result of the increased tool velocity at a comparable normal force. For Al-
Mg-Si an increase of V increases the sticking coefficient.

For Cu increasing layer height h increases the sticking coefficient. Increasing h with
a constant volume of material leads to a reduced radius for the outer surface of the
deposit. The decreased velocity of the tool at this reduced radius increases the
chances of sticking.

For Al-Mg-Si, increasing h decreases the sticking coefficient. For Al-Mg-Si, there
is a higher dynamic friction coefficient with the tool, thus higher propensity for
sticking. Increasing h leads to a decrease in the mechanical constraint and a

subsequent decrease in the normal force applied by the tool.
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For Al-Mg-Si, the normal stress F; for a flat tool is much more dependent on the
processing parameters than in the case for a tool with two protrusions. The two
protrusions introduce additional heat generation via plastic deformation which
provides additional softening at low values of 22/V. For the torque M., The tool
protrusions introduce additional surface area and resistance to rotation, so the
torque for a tool with surface features is higher than the flat tool.

For Cu, the normal stress F; for a flat tool is generally higher than for a tool with
surface features. The tool protrusions provide a shearing effect that reduces the
compressive stress required to yield material. The torque for a flat tool follows a
temperature dependent trend where higher values of 2/V lead to decreased M,. For
the tool with protrusions, the torque is constant at all processing conditions, since

the bulk of the processing zone is in a full-slipping condition.
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Chapter 6

Conclusions and Future Work

6.1. Conclusions

This work characterized the thermomechanical processing history of the Additive Friction
Stir Deposition (AFSD) process through in situ measurement of the thermal history, the applied
forces, and the tool-material contact state for two material systems, Cu-110 and AA-6061. The
intrinsic coupling of these thermomechanical conditions was explored in depth and quantitative
relationships were established for several of these trends. The coupling of the applied forces and
heat generation mechanisms were found to be critically dependent on the tool contact state
described by the sticking coefficient (1 — 3). The evolution of this contact state at various
processing conditions and with different tool geometries was also investigated and showed that Cu
can transition from full slipping condition (3 = 1) to a partial sticking condition with different tool
geometries. These trends may serve to improve future modeling efforts of friction stir welding and
AFSD and lead to improved quality control of friction stir manufactured parts. The most notable

conclusions from each chapter are detailed below:
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Thermal History Monitoring

Quantitative trends for the peak temperature with respect to the processing conditions were
established, however different forms of the relationship were obtained for each material system:
Treak exhibits a power law relationship with 2/V in Cu but with 22/ in Al-Mg-Si. This is
attributed to the contact state during processing of each material system. During AFSD of Cu,
material rotation only occurs in the area immediately surrounding the rotating feed-rod. The
interface between the tool head and deposited material in the bulk of the processing zone is under
a full slipping condition, and interfacial friction is the dominant heat generation mechanism in the
deposition zone. During AFSD of Al-Mg-Si, the tool rotation causes the material in the deposition
zone to rotate. The interfacial contact is under a partial slipping/sticking condition. Both interfacial
friction and volumetric energy dissipation contribute to the heat generation in the deposition zone.
Force Evolution Monitoring

The normal force in AFSD has an initial peak during the frictional heating and macroscopic
shape change of the feed-rod compared to the peak observed in FSW which corresponds to the
tool plunge phase. For both material systems, F, increases with increasing V and decreases with
increasing 2. For Cu, the contribution associated with each variable is comparable in magnitude
whereas for Al-Mg-Si the 12 has significantly higher contribution than V. The torque M, for Al-
Mg-Si increases with increasing V and decreases with increasing 2. For Cu, the torque is
effectively constant. This is again related to the contact state at the tool-material interface whereby
the Cu is in a full slipping condition and the torque equation simplifies to two constants: the

dynamic friction coefficient x; and the normal force applied by the tool Fr. Finally, microstructure

characterization of Al-Mg-Si provided estimates of the flow stress during processing which is

found to be strongly correlated to the torque.
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Contact State Monitoring and Tool Geometry Effects

For AFSD of Cu and Al-Mg-Si, both materials exhibit a partial stick condition at the tool-
material interface when using a flat, featureless tool. The magnitude of sticking coefficient (1 — )
in Al-Mg-Si is higher compared to the sticking coefficient in Cu at all processing conditions. This
is related to the lower dynamic friction coefficient between Cu:Fe compared to Al:Fe which is an
indicator of the sticking frequency. The two material systems exhibit different trends in contact
state for increasing layer height h: For Cu increasing layer height h increases the sticking
coefficient, whereas for Al-Mg-Si increasing h decreases (1 — 8). Increasing h with a constant
volume of material leads to a reduced radius for the outer surface of the deposit. The decreased
velocity of the tool at this reduced radius increases the chances of sticking in Cu. For Al-Mg-Si
Increasing h leads to a decrease in the mechanical constraint and a subsequent decrease in the
normal force applied by the tool. In general, the sensitivity of the normal stress F; to the processing
conditions £2 and V increases for a flat tool. The torque trends remain largely similar for Al-Mg-
Si. For Cu, the key difference in torque is a result of the partial sticking condition for the flat tool

and the full slipping condition for the tool with protrusions.
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6.2. Future Work
While this work establishes a baseline for understanding of the thermomechanical
processing history during AFSD, there are still opportunities to apply this work towards improved

manufacturing and answering additional unexplored questions.

6.2.1 Process Monitoring

This work established several methods for monitoring the thermal and thermomechanical
processing history during the additive friction stir deposition process, however there were many
limitations due to equipment, time, and cost that prevented exploration of some fundamental
questions. These limitations primarily relate to the measurement of local scale gradients and forces.
The temperature measurements and thermal characteristics in this work were analyzed in the
context of the bulk part. Peak temperatures, heating rates, cooling rates, exposure times, and
cooling mechanism were generally characterized and approximate ranges where established,
however there was no in-depth investigation into the local variation of these thermal history
characteristics within the processing zone. The heat generation and contact state are expected to
change with respect to the position along the tool radius [1]. This is expected to produce thermal
gradients, and local scale variations of the strain and strain rates experienced by the material during
processing [2]. Furthermore, direct measurement of the normal force at the tool-material interface

is of particular interest for process modeling and determining the evolution of the contact state [3].
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6.2.2 Process modeling

This work established many generic trends for heat generation, macroscopic force
evolution, and the tool-material contact state however, it is by no means a comprehensive study
that is universally applicable to all processing conditions and materials. This experimental work
can serve as a foundation for process modeling and provide substantial data for validation of such
models. Conversely, process modeling can serve to supplement the experimental data collected in
this work and extend the applicability to different processing parameters and material systems.
This is of particular interest when trying to optimize the properties of as-manufactured components
[4]. Furthermore, local-scale modeling may provide additional insights into the local scale thermal

and deformation gradients that were not investigated in this work.

6.2.3 Towards closed-loop control

Beyond the scope of understanding the process-structure-property relationship lies the
application of this knowledge for the the control of the processing history and the design of the
structure and properties. The information collected in this work can serve as a starting point for
the local control of the processing history to produce homogeneous parts at the bulk scale or
intended variations in microstructure to meet anisotropic performance metrics. This could be
accomplished by local control of the forces and contact state, to vary the strain and strain rates
during processing and enable microstructure control. Furthermore, control of the peak
temperatures, cooling rates, and heating rates is of particular interest for multi-phase material
systems or precipitate strengthened material systems [5]. Additionally, integration of the online
sensing techniques used in this work with an advanced image processing and data analytics

algorithm can enable detection of processing anomalies and automatically vary the equipment
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processing parameters to prevent defect formations [6]. This type of advancement in the AFSD

technology is necessary to see the salient advantages of additive manufacturing come to fruition.
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