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ABSTRACT

Additive Friction Stir Deposition is an emerging solid-state additive manufacturing process that
leverages severe plastic deformation to deposit fully dense metallic parts. This is of particular
interest for the high-strength aluminum alloys in which the addition of copper to the alloy
chemistry makes them susceptible to hot-cracking. This plagues traditional 3D printing of
metals which is based on melt and solidification. This work looks at a particular high-strength
aluminum alloy AA7050, one of the most widely utilized alloys for complex aerostructures. One
of the key traits that allow for its widespread use is its low quench sensitivity, allowing for it to
be formed into thick sections and still achieve adequate strength. This work studies the
feasibility of printing AA7050 and achieving full strength in thin cross sections as well as the
influence of the zirconium dispersoid particle on quench sensitivity when applied to thicker
sections. It was found that AA7050 after AFSD has significantly more quench sensitivity than
traditionally processed material and through STEM, it was determined that this was due to the
AlsZr dispersoid particles providing heterogeneous precipitation sites. It was demonstrated that
removing the Zr alleviates the quench sensitivity in the case of printing with a featureless tool,
but the breakup of constituent particles with a protrusion tool allows adequate sites to induce
quench sensitivity. This work shows that AFSD of AA7050 is inherently flawed, the dynamic
recrystallization necessary to deposit material is detrimental to the fundamental performance of
the alloy. A separate study is shown in which AFSD was utilized to successfully repair
analogous corroded fastener holes in AA7050 commonly observed in service. After repairing
with AFSD, the AA7050 outperformed the baseline material in R=0.1 and R=-1 fatigue, even
outperforming pristine material in the R=0.1 case. This was determined to be due to the breakup
of Fe-rich constituent particles serving as fatigue crack initiation sites.
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GENERAL AUDIENCE ABSTRACT

Additive Friction Stir Deposition (AFSD) is an emerging additive manufacturing technique that
utilizes severe plastic deformation instead of melting to 3D print metals. This work focuses on
one of the most prominent aluminum alloys used in aerostructures (AA7050) and its
performance after printing. It was found that AA7050 is not inherently suitable for the high
strain nature of AFSD and that modifying the alloy chemistry can alleviate losses in strength.
The understanding of AA7050 and AFSD was utilized for a specific application, the repair of
corroded fastener holes on the coupon level. It was found that repairing the simulated corroded
hole improved the fatigue performance of the coupon indicating a successful means for repairing
components.
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Chapter 1: Introduction
1.1 7xxx Series Aluminum Physical Metallurgy

1.1.1 Background and Introduction

Aluminum has had a role in aircraft since their earliest inception, originally used in engine
components aboard the Wright brother’s original airplane; the need for light components led to
the decision of using wood for the airframe [1]. For the first 25 years of aviation, airframes
remained mostly made of wood, but upon discovery of precipitation hardening aluminums the
structural components transitioned to aluminum [1]. With the increased understanding of
precipitation hardened aluminum alloys, two main alloy systems were adopted into
aerostructures: the 2xxx Al-Cu alloys and the 7xxx Al-Zn-Mg alloys [1], [2]. This work will
focus on the 7xxxaluminum series, specifically Al-Zn-Mg-Cu alloys. This alloy system
comprises most of the structural components utilized in acrospace applications.

1.1.2 Particle Types

There are several particles present within the aluminum matrix that govern its strength, texture,
corrosion resistance and fatigue properties. The first, most important type of particle is the
strengthening precipitate; in the 7xxx series system this is the MgZn n-phase. The precipitation
sequence for these particles will be discussed in more detail later in this work, but the size,
volume fraction, and spacing determine the yield strength of 7xxx series Al alloys.
Strengthening precipitates range in size from 1-10 nm depending on the level of heat treatment.
The second type of particle is the dispersoid particle, these particles typically consist of the
minor alloy elements (i.e., chromium, zirconium, manganese) and typically range from 10-200
nm [1], [3]. These particles are responsible for stabilizing the grain structure, inducing texture,
and are governed by their coherency with the matrix. The last type of particle is the constituent
particles; these intermetallic particles consist of impurities from the melting process, typically
containing Fe and Si and ranging from 1-30 um [1]. The constituent particles often form with
other alloying elements in a liquid-solid eutectic reaction upon cooling from the molten state [4],
[5]. The common constituent particles in the 7xxx series family are the Al;CuzFe particle or the
Mg>Si particle.

1.1.3 Particle Coherency

When discussing particles present within a hierarchical microstructure, especially those present
within a precipitation hardened regime; it is paramount to understand and discuss the role of
coherency. Coherency is a function of the lattice mismatch between a particle and the
surrounding matrix lattice. Low lattice mismatch allows for the matrix lattice to elastically strain
and accommodate the particle up to a critical particle size [6]. A coherent interface is inherently
low energy, the lattice and particle have very little strain needed to fully accommodate the
particle [7]. Coherency is also a function of size and morphology; as a particle becomes larger
and has more interfacial area, the matrix must shift more to accommodate it. For this reason,
coherent particles will often initially form in spheres as that shape maximizes the volume relative



to surface area. Once the total interfacial area of the particle grows beyond a critical size the
lattice will utilize a dislocation at the particle-matrix interface to accommodate the now plastic
deformation caused by the lattice mismatch. This is considered a semi-coherent interface [7].
Lastly, an interface that has experienced a dislocation looping event or a recrystallization front
moving through it can lose all its orientation with the matrix. This is considered an incoherent
interface and is the highest energy interface. The interface types in terms of interfacial energy
are as follows: coherent interface < semi-coherent interface < incoherent interface.

The influence of particle coherency plays several roles within aluminum physical metallurgy.
While not exhaustive in terms of the role of interfacial coherency, two of the major roles that will
be discussed in this work are 1. Precipitation kinetics and 2. Grain boundary pinning. The
precipitation sequence of the hardening phase of 7xxx series aluminums will be discussed in
greater detail, but in general the presence of many incoherent interfaces is detrimental to the
strength of the material [8], [9]. Incoherent interfaces are high energy and provide a site for
heterogenous nucleation of strengthening precipitates during quenching. This phenomenon
creates precipitate free zones, regions with lower than anticipated solute that lack the
strengthening precipitate phase. These precipitate free zones lead to lower strength in the bulk
material.

Particle coherency also plays a large role in pinning grain boundaries, in the 7xxx series
aluminum matrix this is often the role of the dispersoid particle [1], [10]. The effect of particles
on grain boundary pinning force is generally accepted to be governed by the Zener Equation
(Equation 1) [11].

F, = mry (1)

Where Fj is the pinning force exerted by an incoherent spherical particle, » is the radius of the
particle, and y is the interfacial energy of the boundary. This force is applied across a geometric
factor related to the volume fraction and radius of the particle (Equation 2) [11]-[13].
__ 3R,
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Where N; is the number of particles intersecting a unit area of a boundary, F is the volume
fraction, and r is the radius of the particle. Then the total Zener pinning pressure (P:) is given by
Equation 3.

N

P, = N;F (3)

It has been reported that coherent particles exert twice the force of an incoherent particle [11],
[14]. Essentially making Fi=2Fj for the case of a coherent particle. This means that coherent
particles are much more effective for pinning grain boundaries compared to an incoherent
counterpart.



1.1.4 Precipitation Sequence and Kinetics

The 7xxx series aluminum alloys are dependent on the principal of precipitation hardening, in
other words, the precipitation of small particles from a state of super saturated solid solution
(S.S.S.S.)) [3]. This work will focus on the Al-Zn-Mg-Cu system which has a precipitation
evolution that is shown below [3].

G.P.

VRCs

v
v
A 4
=)

S.S.S.

n-precursor | 1

Where VRCs are “vacancy rich clusters” referring to the atomic organization of solute that can
occurs near instantaneously during quenching [3], [15]. G.P refers to Guinier Preston zones,
coherent layers of Zn, Mg, and Al [2], [3], [16]. G.P. Zones are broken up into G.P. I and G.P. II,
where G.P. I zones form on the Al {100} and G.P. II forms on the Al {111} plane. G.P. Iserve as
a precipitation precursor for n’ whereas G.P II transform directly into 1’ [3]. 7' is the metastable
phase of the MgZn» n-phase. It forms in a platelet morphology as a hexagonal close-packed
(HCP) crystal structure with the (0001) of the HCP crystal oriented with the {111} of the Al
matrix [3]. In the peak strength of the 7xxx series alloys, 1’ is the main precipitate responsible
for peak strength in the T6 heat treatment condition, with an approximate size of 3-4 nm in
thickness and 5-10 nm in width [1], [3]. n-precursor is an intermediate phase between 1’ and 1
only thought to be found in copper containing alloys [3], [15], [17], this phase will not be of
significant discussion in this work. Finally, the equilibrium phase n consists of MgZn» in an
HCP crystal structure, it is incoherent with the Al matrix and typically forms in a cigar shape [2],
[3]. A comprehensive explanation of the precipitation sequence can be found in Chapter 2 of
“Friction Stir Welding of High-Strength 7xxx Aluminum Alloys” [3]. In general, to achieve
desired performance of the alloy; adequately fast quenching must be induced to lock solute in
solution to be later precipitated out as strengthening precipitates. Heterogenous precipitation is
when particles are formed on higher energy interfaces such as particle-matrix boundaries or grain
boundaries. The reduced energy required for nucleation allows for increased kinetic rates and
drives solute from the surrounding matrix onto the particle reducing the super saturation of the
bulk. Any heterogenous precipitation on particles or grain boundaries has a deleterious effect on
the precipitation of adequate amounts of the strengthening phase.

The addition of copper to the Al-Zn-Mg system plays a profound role in altering the precipitation
kinetics of the system. It has been found to both increase the rate and extent of hardenability in
the Al-Zn-Mg system. [3], [17], [18]. This rate increase is thought to be because of the relatively
sluggish diffusion of copper and its interactions with dislocations and other solute causing rapid
formation of VRCs [3], [15]. These VRCs serve as the locations for subsequent G.P. zones to
form, and the solubility of Cu in the n” and n phase aid its transformation from G.P. zones [3].
The addition of copper also prolongs the transformation from 1’ to n, essentially extending the
window in which peak-strength can be achieved. The addition of copper to the Al-Zn-Mg
system is not without potential pitfalls, above a certain threshold excess copper can form into
Al,CuMg S-phase, a potentially harmful high temperature stable phase [3].



1.1.5 Traditional Processing of 7xxx Series Aluminum

Traditional processing of the high strength 7xxx series alloys is based upon the idea of
thermomechanical processing. Typically, the creation of parts made from these alloys follows
the following steps: large billets are cast then homogenized (a prolonged high temperature hold
near the solutionizing temperature) to disperse solute and precipitate dispersoids; the billet is
thermomechanically processed into rough shape, typically by means of forging or hot rolling.
This thermomechanical step is then followed by rough machining. The rough component is heat
treated (solutionize-quench-age) then undergoes final machining. After final machining,
corrosion inhibiting coatings are often applied to impede surface corrosion. There are a few
large advancements utilized in modern aluminum alloys to improve reliability and performance.
The first advancement was improving the quality of feed stock; impurity elements such as iron
and silicon are detrimental to the fatigue crack initiation as well as the corrosion behavior of the
high-performance components [1], [5], [19]. Over the years the ability to reduce the
concentration of impurity elements has progressed, resulting in commercially available AA7050
having impurity content more analogous to AA7150. Secondly, the homogenization of the billet
plays a large role in its final performance [20]. While distributing solute, the homogenization
also allows sluggish solute to precipitate out into the dispersoid particles. As mentioned
previously, these dispersoid particles are often formed out of zirconium, chromium, or
manganese and play the role of stabilizing the grain structure. During thermomechanical
processing, the hindering of recrystallization can induce texture; this has been utilized in wrought
products extensively to shape the product such that the load direction is in line with the forged
direction [1]. Optimized homogenization treatments have been developed to modify the
dispersoid size and spacing, allowing further anisotropy to be achieved. Finally, the
advancement of heat treatments has been substantial. The use of CALPHAD style software
allows for improved prediction and optimization of the final heat treatment.

1.1.6 Dispersoid Particle Fundamentals

As previously discussed, the dispersoid particles play a crucial role in the ability of
thermomechanical processing to induce advantageous anisotropy in a component. It was also
discussed that homogenization plays a large role in the precipitation of these particles.
Dispersoid particles are a relatively niche aspect of the 7xxx series aluminum alloys, their
principal alloying elements (chromium and zirconium) comprise much less than 1 wt.% of the
entire alloy, but they play a crucial role in the alloy’s performance. Early 7xxx series alloys
utilized chromium rich dispersoids; the AlisMg3Cr; intermetallic forms in relatively large
incoherent particles lending themselves to rampant heterogenous nucleation and quench
sensitivity [8], [9]. It was discovered that switching to a zirconium based dispersoid particle
reduced the quench sensitivity of 7xxx series alloys, this is due to the zirconium forming a
metastable L12 Al3Zr particle with coherent interfaces with the matrix [1], [3], [8]. The coherent
interface makes it more potent in terms of grain stabilization and less prone to heterogenous
nucleation upon quenching. It has been widely cited that the AlzZr particle retains its original
orientation when confronted with a recrystallization front, meaning that it becomes an incoherent
interface after recrystallization [10], [20]-[22]. For this reason, modern thermomechanical
processing of Zr containing alloys focuses on avoiding recrystallization to ensure low quench
sensitivity. For processes that fundamentally require recrystallization such as friction stir
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welding, it has been found that the loss of particle coherency can exacerbate grain instability
induced from dynamic recrystallization [23]-[25] This work will focus in part on the effect of
the dispersoid particle during Additive Friction Stir Deposition.

1.2 3D Printing 7xxx Series Aluminum

There has been very limited success in the ability to 3D print high-strength aluminum alloys
[26]-[29]. This is due to a phenomenon called “hot cracking” driven from the addition of copper
to the alloy [3], [30]. As explained previously, copper is utilized to enhance the rate and extent
of the precipitation hardening achieved in the alloy. All copper containing aluminum alloys are
considered “non-weldable” due to copper segregating at the solidification front and causing
porosity. This has caused traditional melt and solidification-based metal 3D printing (i.e.,
selective laser melting, powder bed fusion, wire arc additive manufacturing, directed energy
deposition) to be unsuccessful. This has been a major setback for the additive manufacturing
community and precludes these processes from being utilized in the aerostructures market. With
recent advances led by the groundbreaking work by Martin et al., ceramic nanoparticles were
added to AA7075 feedstock to provide heterogeneous nucleation sites in the melt pool [31]. This
style of feedstock preparation has proven successful across a multitude of alloy systems, and has
even seen commercialization into high-strength aluminum feedstock [29], [32]-[34]. While
these advancements are promising for the ability to additively manufacture components, the melt
and solidification-based processing is inherently flawed as it doesn’t reflect the intended
processing of these alloys. Furthermore, the high energy inputs typically observed in traditional
AM processes can vaporize the more volatile alloying elements, leaving a matrix diminished of
the intended strengthening phase [27], [28]. This vaporization is difficult to reliably control,
leading to variable properties throughout a part. In this work a novel method of additive
manufacturing is discussed which more closely mirrors the wrought processing method intended
for the high-strength aluminum alloys.

1.3 Additive Friction Stir Deposition

Additive Friction Stir Deposition (AFSD) is a novel solid-state additive manufacturing technique
that utilizes the friction stir principle and severe plastic deformation to deposit material [35]—
[37]. AFSD uses a rotating hollow tool and feed material is forced out of the tool. The process
leverages similar fundamental physics as friction stir welding (FSW). In the same vein, many of
the principles developed for FSW apply to AFSD such as the pseudo-heat index [25], [38]. The
process parameters of FSW (rotation rate and traverse rate) are compounded in complexity by
those concerned with additive manufacturing (feed rate and layer height). Significant work has
been undertaken to both understand and model the fundamental process physics [39]-[42].
Unlike melt-solidification based additive processes, AFSD has been proven effective for
depositing high-strength aluminum by leveraging its fully solid state nature [40], [41], [43]-[45]
as well as retaining the ability to heat treat the material back to forging-like properties [46].



During the AFSD process, material is forced out of the feed channel and experiences an
incredibly high strain rate event [42]. This event causes extensive subgrain rotation of the feed
material and the flow stress dictates the final subgrain size [47]. This work will work to
understand whether processes such as FSW and AFSD are fundamentally incompatible with the
high-strength aluminum alloys that are traditionally processed with the intent to prevent
recrystallization.

1.4 Dissertation Overview

The aim of this dissertation is to shed light on the processability of AA7050, both understanding
the effect of dispersoid particles as well as post-deposition heat treatment. With these
understandings, an application driven use of AFSD for AA7050 is given.

Chapter 2 includes a submitted manuscript (1) that demonstrates the ability to print AA7050 via
AFSD and then heat treat back to forging-like properties. This work compares the as printed to
the fully heat-treated state, both in the microstructure and in the mechanical response. It was
observed that the solutionizing heat treatment induced an abnormal grain growth event leaving a
bimodal distribution in grain size within the deposited material.

Chapter 3 (Manuscript 2) studied the effect of tool type, and the effect of a modified AA7050
alloy on quench sensitivity. Thorough investigation utilized EBSD and HR-TEM to determine
the effect of the AlzZr dispersoid particle on AFSD of Al-Zn-Mg-Cu alloys. It was found that
removal of the minor alloying elements reduces the effect of quench sensitivity, giving rise to a
possible modified alloy more suitable for high-strain processing such as AFSD.

Chapter 4 (Manuscript 3) examines the use of AFSD to repair corroded fastener holes in
AAT050-T7451 rolled plate. It was found that the solid-state repair could improve the fatigue
life compared to the baseline in the R=-1 loading case, and outperformed new material in the
R=0.1 loading condition. The repair was divided into relevant regions and thoroughly
investigated to understand the microstructural influence on the fatigue performance.
Fundamental mechanisms for improving fatigue life and plans for further improvement are
discussed.

Chapter 5 summarizes and draws conclusions from Chapters 2-4. Future work to understand the
extent of AA7050 quench sensitivity and future alloy design is discussed.
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Abstract
Owing to hot cracking, printing aerospace grade AA7050 is challenging via fusion-based

additive manufacturing. Using a deformation-based additive process, here we show that forging-
like tensile properties are achieved in additively manufactured AA7050 without chemical

modification for the first time — YS: 430 MPa; UTS: 491 MPa; elongation: 11.2% (T74 temper).

Keywords

Additive manufacturing; additive friction stir deposition; aerospace aluminum; AA7050;

forging-like properties; abnormal grain growth.

Introduction
Additive manufacturing has experienced significant growth over the last decade and is now

widely exploited for rapidly prototyping components and creating complex geometries unavailable
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through traditional manufacturing methods [1]. Despite its rapid growth, a sub-field within
additive manufacturing has been largely left behind — structural aerospace and space components
— especially those made of high-strength, precipitation-hardened 7xxx and 2xxx Al alloys [2]-[4].
AA7050, an Al-Zn-Mg-Cu alloy, represents a modern example in this category, with improved
fracture toughness, corrosion resistance, and quench sensitivity from its predecessor AA7075 [5]—
[7]. Traditional manufacturing of AA7050 is based on wrought processing routes like rolling,
extrusion, and forging; the resulting components play a crucial role in aerostructures requiring
significant load-bearing capabilities. For instance, forged AA7050 (with T74 temper) is commonly

used to manufacture aircraft fuselages and wing frames [5].

AA7050 is known as a “non-weldable” alloy and undergoes hot cracking during rapid
solidification in mainstream beam-based metal additive manufacturing, such as selective laser
melting and wire arc additive manufacturing [3], [4], [8]-[10]. Innovative strategies, such as
introducing high melting temperature nanoparticles, have been taken to induce heterogeneous
nucleation inside the molten pool [4], [9], [11]. This can avoid columnar grain formation and lead
to desired tensile properties after proper aging. For example, by adding 2% ceramics into the
feedstock, Elementum 3D has developed a proprietary composition for beam-based additive
manufacturing of AA7050, which can achieve an ultimate tensile strength (UTS) of 504 MPa and
a yield strength (YS) of 469 MPa with an elongation of 6 +1.5% after hot isostatic pressing and
T74 temper [12].

Modifying the alloy composition for processing viability fundamentally leads to a different
alloy than the well-established AA7050, which is designed for excellent performance along with
low quench sensitivity. This alteration results in possible unforeseen consequences. Moreover, the
high energy input during beam-based additive manufacturing can vaporize elements like Zn and
Mg, leading to the loss of strengthening precipitates necessary for post-deposition aging [8].
Vaporization is challenging to control consistently, potentially causing property uncertainties in
large-scale components. We argue the need for an additive manufacturing approach for printing
AA7050 that mirrors traditional wrought processing methods [13], [14]. Such an approach will
allow us to leverage the intended processing path to achieve superior mechanical performance in
the printed AA7050. Here, we show that additive friction stir deposition (AFSD) [15], [16] , a
deformation-based additive process [17]-[19], can render fully-dense AA7050 in the as-printed
state [17], [20]; after T74 temper, the printed AA7050 exhibits forging-like tensile properties with
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a measured YS of 430 MPa, UTS of 491 MPa, and elongation of 11.2%. For the first time, this
work shows that forging-like tensile properties can be achieved in additively manufactured
AA7050.
Materials and Methods

AFSD was carried out using a MELD R2 system (MELD Manufacturing, USA). 6.35 mm thick
rolled AA7050-T7451 plates were used for substrates. Feed material was cut along the rolling
direction from 9.5 mm thick AA7050-T7451 rolled plate to give 2 9.5 mm X 9.5 mm X 152.4 mm
rod. Graphite lubricant was applied to the feed-rod surface to avoid jamming during deposition.
The deposition process had two stages: (i) initially, the print head was spun at 350 RPM with a
feeding rate of 0.21 mm/s; (ii) after the material is fully plasticized, steady-state deposition began
at a 1.27 mm/s traverse rate and a 1.27 mm/s feeding rate. Single wall tracks were built 140 mm
long, 30 mm wide, and four layers tall, giving a final build height of approximately 11 mm. ASTM
E8 subsize tensile specimens [21] were fabricated along the longitudinal direction. Heat treatment
was applied to the as-printed AA7050 in accordance with ASM Handbook for T74 temper:
solutionizing at 475 °C for 1 hour, quenched in water, followed by a two-stage aging treatment —
107 °C for 6 hours, and then 177 °C for 6 hours. For comparison, the same heat treatment procedure

was also applied to the feed material.

Tensile testing was conducted on an Instron 4468 machine at a strain rate of 107%/s; engineering
strain was measured using an extensometer. Vickers microhardness testing was conducted on a
Struers Duramin-40 (Cleveland, USA) automatic hardness tester with a 100-gram load and 10
second dwell time. Microstructural specimens, measuring 6.35 mm X 12.7 mm, were cut parallel
to the printing direction, followed by mechanical polishing using 1000 grit sandpaper.
Electropolishing was carried out with a liquid nitrogen-cooled electrolyte (70% methanol and 30%
nitric acid) at 30 V for ten-second intervals. Optical microscopy was conducted using a Keyence
VHX-7000 microscope (Osaka, Japan). Electron backscatter diffraction (EBSD) analysis was
performed using a Zeiss LEO 1550 field-emission SEM (Wetzlar, Germany) equipped with an
Oxford Nordlys detector. Transmission electron microscopy (TEM) characterization was
performed on a FEI Titan (Waltham, USA).

Results and Discussion
Figure 1 shows a schematic of AFSD with inverse pole figure (IPF) maps comparing the feed

material and the as-printed AA7050 wall (top layer). The rolled feed material consists of elongated
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grains. The effect of dynamic recrystallization during AFSD is apparent: a more equiaxed grain
structure with fine subgrain networks is seen in the as-printed AA7050. The area-averaged grain
size in the top layer is 12.2 pm; this larger than typical grain size is due to the use of a featureless
tool, which results in less severe plastic flow behavior than a tool with protrusions. Likewise, the

as-printed material shows incomplete dynamic recrystallization and a substantial presence of low

angle grain boundaries.

Print Head

AA 7050 Feed-rod

=--  As-Printed AA7050
- AA 7050 Substrate

Fixture Plate

Tensile Bar Fabrication

Manuscript 1 Figure 1. Schematic of the AFSD process showing elongated grain structure in
the feed-rod and equiaxed grains in the as-printed AA7050.

The grain structure in the as-printed AA7050 wall is non-uniform along the build direction;
finer grains are seen near the layer interfaces (denoted by arrows in Figure 2). Figure 2A illustrates
this phenomenon in the interfacial region between the second and third layer, where the average
grain size measures 4.2 um. This is significantly smaller than those found in the top of the as-
printed wall in Figure 1. The grain average misorientation (GAM) map in Figure 2B suggests more
complete dynamic recrystallization with less intragranular misorientation at the layer-to-layer

interface. This microstructure variation likely originates from the mixing and shear localization
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between the bottom of the newly deposited layer and the top of the previous layer, accumulating
more plastic strain at the interface. Finer grains at layer interfaces have also been observed in other

AFSD studies using flat tools [22].

Min Max

e 100 pm
EH o 5 degree 2

4t Layer

3 Layer

2 | ayer

1st Layer

Substrate

100 ym

Manuscript 1 Figure 2. Microstructure of the printed AA7050. (A) IPF and (B) GAM of the
21d_3rd interfacial region. (C) IPF and (D) GAM of the region after solution treatment. (E)
IPF and (F) GAM of the region after T74 temper. (G) Stitched optical image of the entire
build after heat treatment.

After solution treatment and quenching, a representative grain structure of these interfacial
regions is presented in Figure 2C, showing some retained fine grains between abnormally large
grains of several hundred microns in size. After aging, a similar grain structure is found in the
interfacial region but with less fine grains (Figure 2E). In contrast, the grain structure does not
change in the top layer during solution treatment or aging. Figure 2G shows a stitched optical
image illustrating a cross-section of a four-layer build wall after undergoing heat treatment, which
shows four bands with abnormally large grains: the bottom of 1% layer, 15-2"¢ layer interface, 2"-
3" Jayer interface, and 3"-4™ layer interface. This observation suggests that during heat treatment,

abnormal grain growth (AGG) occurs in the regions adjacent to the interfaces between layers. The
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GAM maps in Figures 2D and 2F show that the abnormally large grains are associated with low
intragranular misorientations. This is expected because of the migration of high-angle grain

boundaries.

Heat treatment-induced AGG has been reported in 7xxx Al alloys after friction stir welding or
processing as well as in AFSD-printed AA6061 [7], [23], [24]. As suggested by Charit and Mishra,
the AGG observed in friction stir-related processes is mostly likely due to deformation and
microstructural heterogeneity [25]. In this work, the shear localization in interfacial regions creates
finer grains via dynamic recrystallization, possibly impacting grain growth by size distribution and
reducing local pinning forces by promoting incoherent interfaces between dispersoid particles
(Al3Zr) and matrix. Since there is no strong texture in the as-printed AA7050, anisotropy of grain
boundary mobility is unlikely to be the main AGG factor. Unraveling the exact origins and

mechanisms of AGG, however, will require in-depth investigations in future work.

The tensile testing results are presented in Figure 3A for the printed AA7050 followed by T74
aging, the received rolled AA7050 plate followed by T74 aging (measured along the rolling
direction), and the as-printed AA7050. The printed/aged AA7050 and the received/aged AA7050
plate perform similarly with a YS of 430 MPa and 437 MPa, a UTS of 491 MPa and 496 MPa, and
an elongation of 11.2% and 11.7%, respectively. We note that these two samples consist of
drastically different grain structures: one results from dynamic recrystallization followed by AGG,
and the other is elongated along the rolling direction. The similar mechanical behavior suggests
that precipitate characteristics dominate the mechanical behavior of AA7050. AGG seems to have
minimal impact on the in-plane tension properties but may prove detrimental to out-of-plane
properties reliant on grain boundary area such as corrosion, crack initiation, and propagation. To
compare, the as-printed AA7050 shows substantially lower YS and UTS values (180 MPa and 330
MPa, respectively). Figure 3B illustrates the Vickers hardness trends with build wall height for as-
printed AA7050 and heat-treated samples. The as-printed material exhibits increasing hardness
due to thermal exposures in subsequent layer deposition. The two heat-treated samples show
consistent hardness values; the solution-treated material has only slightly lower hardness than the

T74 aged version, thanks to the natural aging effects in AA7050 [26].
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(C). Ashby-style plot of yield strength and elongation at failure, with top right shaded region
corresponding to the minimum forging standard according to AMS 4333.

Figure 3C displays an Ashby-style plot comparing the yield strength to elongation at failure for
AA7050 produced via additive manufacturing. This includes AA7050 manufactured using
selective laser melting with added nanoparticles (AA7050 RAM-2, [12]), as-printed AA7050
through AFSD reported by Mason et al [27], the as-printed AA7050 from our study, and AFSD-
printed AA7050 subjected to T74 aging in our study. An alternative aging procedure commonly
employed for sheets and plates (two-step aging: an initial 6-hour aging step at 107°C, followed by
a subsequent 24-hour aging step at 163°C) has been found to result in higher strength but lower
ductility — YS: 507 MPa; UTS: 544 MPa; elongation: 5.6%. We have included the corresponding
data point in Figure 3C for reference. The shaded box in the top-right corner corresponds to the
minimum forging standard set by AMS 4333 B-basis for die forgings [28]. To the best of our
knowledge, this work represents the first reported instance of additively manufactured AA7050

meeting these specifications.

The precipitate attributes are compared in Figure 4 between the as-printed AA7050 and the
printed AA7050 followed by T74 temper in this work. In the as-printed AA7050, there are clear
groups of overgrown strengthening precipitates (Figures 4A and 4B), evidently visible to be on the
order of 100 nm in size. This is an order of magnitude larger than the ~10 nm precipitates
commonly found in the T74 condition [6]. From the dark field image (Figure 4B), we conclude
that the precipitates are oriented along different planes, which is common for the n-phase in the
overaged condition [6]. In the printed AA7050 followed by aging, fine n precipitates are densely
dispersed within the grain interior, while there is also evidence of grain boundary precipitation
(Figures 4C and 4D). This precipitate characteristic is expected from a T74 temper and is the main
reason for the significantly enhanced YS value from the as-printed AA7050 (430 MPa vs. 180 MPa
in Figure 3A).

Interestingly, in the as-printed AA7050, complex dislocation networks are seen in the grain
interior with evidence of dislocation-precipitate interactions. This suggests a competition between
dynamic recovery and precipitation on dislocation walls. With rapid deformation during AFSD,
dislocations are created, accumulated, annihilated, and reorganized to form substructures. At the
same time, precipitates may form on the dislocation walls via heterogeneous nucleation. These

precipitates may grow above a critical size to effectively pin the dislocation wall; during cooling,
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they can further grow to the final size via diffusion in the absence of deformation. This could be

one origin of the dislocation-precipitate interactions seen in Figure 4A.

Manuscript 1 Figure 4. TEM micrographs for comparison. Low magnification bright-field
images of (A) as-printed AA7050 and (C) printed AA7050 followed by T74 temper. Higher
magnification images of (B) as-printed AA7050 in dark field and (D) printed AA7050
followed by T74 temper. Examples showing interactions between precipitates and dislocation
walls are highlighted by leftwards and rightwards filled arrows in (A). Grain boundary
precipitates are highlighted by open arrows in (C).

Conclusions
In summary, we report forging-like tensile properties (YS: 430 MPa; UTS: 491 MPa;

elongation: 11.2%) in AA7050 printed by AFSD. This marks the first demonstration for additively
manufactured AA7050. The printed AA7050, initially weak due to overgrown precipitates, gains
strength with T74 temper. Heat treatment also induces AGG near layer interfaces, which seems to
have minimal effect on the in-plane tensile properties. However, future work should strive to

understand its origin and mitigate its development.
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Abstract

The AA7050 with and without Zr dispersoid particles were processed via AFSD and the quench
sensitivity of the alloys was studied. It was found that the presence of Zr was detrimental to the
quench sensitivity of the alloy in post-deposition heat treatment. This was attributed to the loss
of coherency of the AlsZr dispersoid particles. It was found that the addition of Zr has little
effect on the processing of the alloy, texture suggests similar flow behaviors between the alloys.
It was found that abnormal grain growth (AGG) occurred in post-deposition solutionizing
treatments and for the Zr-free system this AGG was attributed to the lack of secondary pinning
particles. Conventional AA7050 processed with a protrusion tool underwent abnormal grain
growth which was attributed to high flow stresses leading to an unstable grain structure. Texture
analysis comparing featureless and protrusion prints in the as-printed state show significant
differences; protrusion tools more homogenously mix material and force lateral flow whereas the
featureless tool shows evidence of shear localization at the layer-to-layer interface demonstrated
by different directions of the shear plane. This work demonstrates that high-strength aluminums
utilizing the L12 Al3(Zr,Sc) dispersoid system are not compatible with AFSD; their loss of
coherency lends to heterogeneous precipitation and inability to be restored to full strength in
thicker sections.

Keywords: Quench Sensitivity, Dispersoid Particle, L1,, Abnormal Grain Growth, Material Flow

Introduction

The 7xxx series aluminum alloys are the most common material system utilized for
aerostructures [1], [2]. Given their low density and high strength, the high-strength 7xxx series
alloys provide the high strength to weight ratio necessary to facilitate flight. The aerospace
aluminum alloys utilize a complex combination of multiple second phase particles, deformation
induced texture, and optimized thermal treatments to facilitate appropriate properties [1], [3].
These microstructures are often referred to as “hierarchical” referring to multiple length scales
that are designed within the alloy for optimal performance. This work will focus on a specific
scale, the dispersoid particle. Dispersoid particles are of utmost performance to the high-strength
aluminums; the thermally stable dispersoid particles provide pinning for grain boundaries and
allow for anisotropy to be introduced into components via texture [1]-[4]. Early 7xxx series

24



aluminum alloys utilized chromium and manganese dispersoid particles that formed in the cast
billet upon solidification [1], [2], [5]. These incoherent dispersoid particles were discovered to
be responsible for reduced mechanical performance in thick sections. The reduced performance
is due to heterogeneous precipitation of strengthening phases on the particles which locally
depletes solute and weakens the material. After the incoherent boundaries were discovered to be
detrimental, zirconium rich dispersoid particles were implemented [1]. The zirconium forms a
metastable L1 particle with fully coherent interfaces with the aluminum matrix [4]—[7]. The
AlsZr particle has been widely used since the 1980s and significantly reduced the quench
sensitivity of the high-strength aluminum alloys [1]. The most significant high-strength
aluminum alloy to date is AA7050, it was introduced as a successor to AA7075 with improved
quench sensitivity allowing it to be formed into thicker sections [1], [3]. Further advances in
aluminum physical metallurgy have created further improvements on the alloy, notably AA7085,
AA7136, and AA7150 but AA7050 is typically regarded as the most widely used 7xxx series
alloy for aerostructures [1], [4], [8].

The 7xxx series aluminum alloys are based on the Zn-Mg system, but the highest strength alloys
utilize the addition of copper [2]. These Zn-Mg-Cu alloys use the MgZn; 1 or 1’ strengthening
precipitate [1], [9]-[11]. In depth explanations of the precipitation sequence and kinetics can be
found in [2], [3]. In short, the precipitation of the strengthening phase is reliant on the ability to
create a super saturated solid solution (S.S.S.S.), from this state, controlled thermal exposure can
be utilized to nucleate and grow the strengthening phases. The yield strength of the alloy in the
typical “overaged” condition is dependent on the size and volume fraction of the strengthening
precipitate. Strength increases with increasing volume fraction and decreases with increasing
precipitate size [1]. Typical hindrances to even dense dispersions of n-phase have been
mentioned above, specifically heterogeneous precipitation of the strengthening phase on
thermally stable second phase particles [1], [2], [5]. These particles are usually separated into
dispersoids (previously mentioned) or constituent particles. The constituent particles consist of
impurity elements, specifically Fe and Si, which form insoluble intermetallic phases [1], [2].
Heterogeneous precipitation can be avoided by utilizing coherent dispersoid particles and
reducing the impurity levels of the initial billet.

Conventional processing of the Al-Zn-Mg-Cu alloys are based on thermomechanical processing,
means of forming cast ingots via wrought means into a usable product form. The typical
processing of wrought alloys is shown in Manuscript 2. Figure 1. The high compressive
stresses and temperatures experienced during deformation processing typically assist in closing
pores that may form during solidification [1]. This is of particular concern in the Al-Zn-Mg-Cu
system, the addition of copper creates solute segregation at solidification fronts and leads to hot-
cracking in melt-based processes [2], [12]. For this reason, the high strength 7xxx series alloys
are considered “non-weldable”. This is particularly detrimental in the realm of additive
manufacturing where conventional metal additive manufacturing is based on melting and
solidification (i.e., Selective Laser Melting, Laser Powder Bed Fusion, Wire Arc Additive
Manufacturing). The pitfalls of additively manufacturing the high strength aluminums are well
documented [13]-[16]. Utilizing ceramic nanoparticles to provide heterogeneous nucleation
sites for the aluminum matrix was first developed by Martin et al. and was found to alleviate hot-
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cracking problems [17]. A secondary problem of processing 7xxx series aluminums via high
energy input processes is the vaporization of alloying elements, this problem is not well
controlled and still stands as a barrier to more extensive use [13], [16], [18], [19]. This work will
focus on solid-state additive manufacturing of AA7050, hoping to avoid the pitfalls of melt and
solidification-based processes.

Additive friction stir deposition (AFSD) is an emerging solid state manufacturing technique [20],
[21]. Solid bar feedstock is fed through a hollow channel within a spinning tool [22], the
frictional heat generated between the feedstock and substrate allows for yielding and severe
plastic flow. This process has proven successful in its ability to deposit the high-strength
aluminum alloys [23]-[26], and has even been proven as the first additive manufacturing
technique capable of restoring AA7075 to full strength after deposition [27], [28]. Further work
has been conducted to characterize the material flow behavior and interfacial morphology [29]-
[31]. This work will focus specifically on AA7050, previous studies have shown that post-
deposition heat-treatment in thin sections can restore forging standard properties. As previously
discussed, AA7050 is utilized in thick section wrought products for aerostructures; this work will
focus on the viability of producing larger components by understanding quench sensitivity.

Materials and Methods

Materials and Manufacturing

AFSD was carried out on a MELD R2 system (MELD Manufacturing, Christiansburg,
USA). 152.4 mm x 50.8 mm substrates were cut from 6.35 mm rolled AA7050-T7451 plate
(Tri-Tech Metals, Rancho Cucamonga, USA). As-received AA7050-T7541 feed stock was cut
from 9.53 mm thick plate along the rolling direction into 9.53 mm x 9.53 mm x 152.4 mm square
feed rods. AA7050 without zirconium was cast into 9.53 mm x 203.2 mm x 152.4 mm plates via
sand casting and then waterjet cut into 9.53 mm x 9.53 mm x 152.4 mm feed rods. Feed rods
were coated in a graphite lubricant to aid printing.
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Manuscript 2. Figure 1: (A) Temperature regions experienced by AA7050 during
traditional processing, traditionally processed material processed by AFSD, and the

proposed cast alloy used in these experiments. (B) The two tool types used in this
experiment, on the left a flat or “featureless tool” on the right a protrusion tool.

Build walls were made with two different tool types, a featureless tool, and a tool with 4-2.29mm
high tear drop shaped protrusions. The featureless and protrusion tool are shown in Manuscript
2. Figure 1B. Stirs were started by inserting a feed rod into the hollow channel of the AFSD
tool, then spinning the tool to 350 RPM and lowering to the layer height of 1 mm for the
featureless tool and 1.14 mm for the protrusion tool. Material was fed at 2.1 mm/second until the
material yielded and filled the region underneath the tool. After the region under the tool was
filled, the material feed rate and traverse rate was increased, and the tool was translated 114.3
mm. For the featureless tool, the material feed rate was 1.27 mm/second, and the tool traverse
rate was 1.69 mm/second. For the pinned tool, a slightly higher feed rate of 1.31 mm/second
was used with the same tool traverse rate of 1.69 mm/second. This process was repeated 9 times
to create 9-layer build walls with each layer traversing in the same direction. Four total build
walls were created: 1) As-Received AA7050 Featureless. 2) As-Received AA7050 Protrusion. 3)
AA7050 no Zr Featureless. 4) AA7050 no Zr Protrusions.

After printing, tensile coupons were cut out along the traversal direction of the build walls.
Tensile coupons followed ASTM E8 with a gauge width of 6 mm and thickness of 2 mm [32].
Multiple microscopy samples were cut from each build wall with the viewing direction
perpendicular to the traverse direction. Microscopy samples had an approximate thickness of 6
mm. Microscopy samples were mechanically polished with 1200 grit sandpaper then
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electropolished with a LN2-cooled 70 wt.% methanol-30 wt.% HNOj electrolyte at 30V for 30
seconds. Thermal treatments were conducted on microscopy samples as well as tensile coupons.
Control tensile specimens were cut out of AA7050-T7451 rolled plate along the rolling direction
as well as AA7075-T6 along the rolling direction and subjected to the heat treatments and tensile
testing.

The various samples described above were subjected to differing thermal treatments. It was
previously discovered that AA7050 is highly sensitive to the post-deposition heat treatment, in
this work heat treatment was kept consistent. Solutionization was conducted at 470 °C for 1 hr,
then either water quenched or allowed to air cool. The air cooling exaggerates the slow cooling
rate that would be experienced by AA7050 found in thick components. Afterward cooling via
water quench or air, samples were left to naturally age at room temperature for a week. Samples
were then subjected to a two-step aging treatment. The samples were first held at 120 °C for 24
hours followed by a 160 °C hold for 30 hours matching the T73 treatment from Ou et al. [5].
The two different heat treatments are shown described in Manuscript 2. Table 1 below.
Microscopy samples were held following each step, i.e., as-printed, as-solutionized and
quenched, and as-aged, to understand the microstructure evolution at each step. From these
microscopy samples TEM samples were taken by cutting 3mm diameter cylinders via electric
discharge machining (EDM), the cylinders were then sectioned and polished to 100 um thickness
and twin jet electropolished with a 80 wt.% methanal-20 wt.% HNOs electrolyte at -20°C.

Manuscript 2. Table 1: Thermal Treatments

Naming Convention Thermal Treatment
T73-WQ 470°C/1 h + W.Q. + N.A.V/1 wk +120°C/24 h + 160°C/30 h
T73-AC 470°C/1 h+A.C.9 + N.A./1 wk +120°C/24 h+ 160°C/30 h

(1) N.A.: Natural Aging at room temperature (21°C).

(2) A.C.: Air Cool (cooling under natural convective flow)

Characterization Methods
Microstructural Characterization

Alloy chemistry was checked via Bruker optical emission spectroscopy (OES) (Billerica, USA).
Scanning electron microscopy (SEM) was carried out on a JEOL IT-500HR (Tokyo, Japan) with
an Oxford Energy Dispersive Spectroscopy (EDS) (Abingdon, UK). Electron backscatter
diffraction was carried out on a Helios 5 SEM (Thermo Fisher, Waltham, USA) equipped with an
EDAX detector (Mahwah, USA). Scanning transmission electron microscopy (STEM) was
carried out via a Themis TEM (Thermo Fisher, Waltham, USA).

Mechanical Testing
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Tensile coupons were cut parallel to the printing direction from the middle of the build wall.
Coupons were machined following ASTM ES8 with a gauge thickness of 2mm and width of 6mm.
Control tensile specimens were retrieved from rolled AA7050-T7451 plate along the rolling
direction and AA7075-T6 along the rolling direction. Both sets of control tensile specimens
were heat treated with the coupons from the printed material. Tensile testing was conducted on
an Instron 4468 machine at room temperature with a strain rate of 10~/s. Engineering strain was
measured using an extensometer.

Results

Chemical Composition

The chemistry of the as-received AA7050 and the AA7050 without zirconium are shown in
Manuscript 2. Table 2 below. There are slight differences in the magnesium, copper, and zinc
alloying content between the as-received material and the zirconium free material. Both the as-
received and cast AA7050 fall within the bounds for the allowable major alloying elements from
the Aluminum Association [33].

Manuscript 2. Table 2: Chemistry of As-Received and Dispersoid free AA7050

Mg Cu Zn VA Fe Si Cr

wt.%) | (Wt.%) | (Wt.%) | (Wt.%) | (Wt.%) | (Wt.%) | (Wt.%)
AA7050 [33] 1.9-2.6 | 2.0-2.6 | 5.7-6.7 | 0.08-0.15 | <0.15 | <0.12 | <0.04
AA7050 as-received 1.96 2.0 6.10 0.14 0.12 0.06 <0.01

AA7050 Dispersoid Free | 2.21 2.19 6.50 <0.01 0.10 0.04 <0.01

Mechanical Testing

Uniaxial tension testing was performed to understand the effect of quench rate on the mechanical
performance of material before AFSD as well as material that was printed with a featureless and
protrusion tool. The purpose of this work is not to optimize a heat treatment for AA7050, instead
to understand the reduction in strength due to reduced cooling rates from the solutionizing
temperature. Yield strength will be used as a comparable metric between all the tensile samples.
The resulting yield strengths are shown in Manuscript 2. Figure 2 below. Manuscript 2. Figure
2A shows the yield strength for tensile samples retrieved from AA7050 and AA7075 rolled plate.
The difference in yield strength between the water quenched and air-cooled samples is much
more significant in the AA7075 compared to the AA7050. This yield strength drop off signifies
that AA7075 is a more quench sensitive alloy than AA7050. Manuscript 2. Figure 2B shows the
yield strengths for the as-received AA7050 and AA7050 without Zr subjected to printing with the
featureless tool. The as-received and then printed material has a more significant yield strength
drop off compared to the rolled plate material shown in Manuscript 2. Figure 2A. The AA7050
without Zr in Manuscript 2. Figure 2B shows almost no change in yield strength between the
water quenched and air-cooled sample. The prints conducted with the protrusion tool are
represented in Manuscript 2. Figure 2C. The as-received AA7050 that underwent the printing
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process with a protrusion tool has a comparable drop in yield strength to the featureless tool.

The cast alloy without Zr shows a drop in yield strength after being processed with the protrusion
tool.

A 600 B 600 c 600
T T T
a o
S4o0f S 400 S 4o
£ = =
[=] =) B
c c
g B 8
n 7] 17
o 200 200 200
2 2 2
> > >
0 0 - 0
Air Water | Air Water Air Water | Air Water Air Water [ Air Water
AA7050 | AATO7S AATOS0 AR | AA7050 AC no Zr AAT050 AR | Aa7050 AC no Zr

Manuscript 2. Figure 2: Comparison of yield strength for water quenched and air cooled
specimens (A) AA7050 and AA7075 retrieved from rolled plate. (B) Samples from AFSD
deposition conducted with featureless tool. (C) Sample from AFSD deposition with
protrusion tool.

Microstructural Characterization
SEM

Backscatter SEM imaging was used to understand the presence of any large intermetallic
particles within samples. For consistency, images and energy-dispersive x-ray spectroscopy was
conducted within the bottom deposition layer of the following samples: 1) As-printed. 2) Printed,
solutionized water quenched and aged. 3) Printed, solutionized air cooled and aged. This
grouping of samples was repeated for each of the print conditions, i.e., AA7050 as-received with
the featureless and protrusion tools and AA7050 without Zirconium with a featureless and
protrusion tool. Manuscript 2. Figure 3 shows the resulting images and line scans for the as-
received AA7050 subjected to printing with the featureless tool. The location of the number
denoting the line scan corresponds to the zero distance within the line scan plot. Manuscript 2.
Figure 3A-C correspond to the as-printed, solutionized-water quench-age, and solutionized-Air
cool-age samples respectively. Line scans of prominent particles were conducted denoted by
arrows and corresponding number. In the as-received material, the prominent particles
consistently show corresponding peaks with copper and iron, leading to the conclusion that the
particles are most likely Al;CuxFe constituent particles. Manuscript 2. Figure 3B demonstrates
that the solutionizing step was successful, the extensive grain boundary precipitates are no longer
present and prominent particles correspond to the Al;CuzFe particle. Allowing the sample to
cool from the solutionizing temperature in air provides a stark contrast (Manuscript 2. Figure
3C), grain boundary precipitation has occurred, and substantial overgrown precipitates are

present in the matrix. The largest particles are still corresponding to Cu and Fe constituent
particles.
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Manuscript 2. Figure 3: Backscatter SEM images and corresponding EDS scans of as-
received AA7050 printed with a featureless tool. (A) As-Printed. (B) Printed and T73-WQ.
(C) Printed and T73-AC.

Manuscript 2. Figure 4 shows backscatter images for the as-received AA7050 subjected to
printing with the protrusion tool. Manuscript 2. Figure 4A-C correspond to the as-printed,
solutionized-water quench-age, and solutionized-air cool-age samples respectively. Comparing
Manuscript 2. Figure 3A to Manuscript 2. Figure 4A, the extent of grain boundary precipitation
appears comparable, but the precipitation within the grain interior appears more extensive. In the
as-printed state shown in Manuscript 2. Figure 4A, there are similar large particles corresponding
to peaks in Fe and Cu attributable to Fe-rich constituent particles, however in line scan 2 there
are a group of particles captured that do not show the presence of Fe and Cu, but instead Mg and
Zn. Of particular interest is the first peak at approximately 2 um showing an increase of copper
without a second peak. This may suggest the presence of AloCu 6-phase, this is a high
temperature phase typically observed in the 2xxx series Al-Cu alloys; its presence within the
7xxx series would be detrimental as it does not dissolve in typical solutionizing treatments.
Manuscript 2. Figure 4B shows a drastic reduction in grain boundary precipitates as expected
after a solutionizing heat treatment, but line scan 1 shows a lone copper peak around 3 pm. This
again points to the presence of 0-phase and that the particle survives the solutionizing step meant
to dissolve secondary phases. Manuscript 2. Figure 4C shows the effect of improper cooling
rate; grain boundary precipitation is extensive and overgrown precipitates are visible within the
matrix. Line scan 1 and 2 show evidence of overgrown n-phase directly adjacent to constituent
particles. Line scan 3 shows several overgrown precipitates along the grain boundary
corresponding to Zn-Mg-Cu, most likely overgrown n.
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Manuscript 2. Figure 4: BSED images and EDS scans for as-received AA7050 printed with
protrusion tool. (A) As-Printed. (B) Printed and T73-WQ. (C) Printed and T73-AC.

The results of the cast AA7050 without Zr subjected to printing with the featureless tool is shown
in Manuscript 2. Figure 5. Manuscript 2. Figure 5A-C show the as-printed, solutionized-water
quench-age, and solutionized-air cool-age sample respectively. In the as-printed state
(Manuscript 2. Figure 5A) there is evidence of extensive grain boundary precipitation with
limited grain interior precipitation compared to Manuscript 2. Figure 3A and Manuscript 2.
Figure 4A. The resulting line scans of the as-printed material show evidence of a small Fe rich
particle in line scan 1 as well as several Zn-Mg-Cu rich particles. Line scan 2 shows evidence of
a Cu-Mg rich particle most likely Al,.CuMg S-phase. Line scan 3 shows a similar peak around 7
um. After solutionizing, there are grouping of several large particles. Line scan 1 shows a very
large ~7 pm wide Cu-Mg rich particle most likely S-phase. Line scan 2 shows two small Fe
peaks corresponding to ~1 um wide particles. Line scan 3 shows another Cu-Mg peak, pointing
again to the presence of S-phase after solutionizing. The presence of S-phase after heat
treatment is detrimental to the performance of the alloy, it provides a site for localized corrosion
as well as a site for fatigue crack initiation. Manuscript 2. Figure 5C shows a vast reduction in
grain interior precipitation compared to Manuscript 2. Figure 3C and Manuscript 2. Figure 4C,
the precipitation appears to have some orientation horizontally across the image; this may be due
to the direction of the shear during the printing process. Line scans 1 and 2 correspond to Fe-Cu
peaks attributed to constituent particles while line scan 3 shows another Cu-Mg rich particle.
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Manuscript 2. Figure S: BSED images and EDS scans of Zr-free AA7050 printed with
featureless tool. (A) As-Printed. (B) Printed and T73-WQ. (C) Printed and T73-AC

The backscatter SEM images of AA7050 printed with a tool with protrusions are shown in
Manuscript 2. Figure 6A-C. Manuscript 2. Figure 6 A-C correspond to the as-printed,
solutionized-water quench-aged, solutionized-air cool-aged samples respectively. Manuscript 2.
Figure 6A shows extensive grain boundary precipitation as well as large overgrown precipitates
within the grain interiors. Line scan 1 characterizes the second phase particles along a grain
boundary, peaks with Zn-Mg-Cu are most likely the presence of 1 while peaks of just Mg-Cu are
most likely S-phase. Line scan 2 captures two Fe-rich constituent particles as well as an
overgrown 1 particle along the grain boundary. Line scan 3 captures another Fe-rich constituent
particle. Manuscript 2. Figure 6B shows many dispersed round particles and little grain interior
precipitation. The spectra captured in line scan 1 shows two constituent particles, line scan 2
shows an S-phase particle and a Fe-rich constituent, and line scan 3 shows faint spectra of an S-
phase particle. The air cooled and aged sample shown in Manuscript 2. Figure 6 shows
extensive grain interior precipitation, more so than the as-printed condition. This level of
precipitation is detrimental to any mechanical performance of the alloy.
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Manuscript 2. Figure 6: BSED images and EDS scans of Zr-free AA7050 printed with
protrusion tool. (A) As-Printed. (B) Printed and T73-WQ. (C) Printed and T73-AC.

EBSD

Previous studies on post-deposition heat treatment of AA7050 pointed to the possibility of grain
instability leading to abnormal grain growth in specific regions. To study the grain
characteristics EBSD was conducted at the substrate-layer 1 interface, layer 4-layer 5 interface,
and layer 9-layer 8 interface. EBSD was conducted on the as-printed material as well as material
subjected to solutionizing and water quenching. If grain growth were to occur in the material, it
is expected to be observed during the high temperature solutioning stage.

Manuscript 2. Figure 7 shows the inverse pole figure (IPF) maps, grain average misorientation
(GAM) maps, as well as the corresponding pole figures (PF) of the featureless as-printed
material. The column on the left (A-C) shows the conventional AA7050 while the column on the
right shows AA7050 without Zr. The images are oriented with the direction of the build
vertically, Manuscript 2. Figure 7A and D correspond to the layer 9-layer 8 interface, Manuscript
2. Figure 7B and E correspond to the layer 5-layer 4 interface, and Manuscript 2. Figure 7C and
F correspond to the layer 1-substrate interface. This layout will be used in the following figures
as well. The as-printed featureless prints are very similar between the as-received AA7050 and
the dispersoid free AA7050. Area averaged grain sizes for the layer 8-layer 9 and layer 4-layer 5
interfaces for the as-received AA7050 are 8.7 and 8.0 um respectively compared to 7.4 and 9.3
um for the Zr-free AA7050. The grain size for the layer 1-substrate interface will not be reported
due to rolled substrate grains skewing the distribution. In the as-printed state, both samples have
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relatively low levels of misorientation within the grains except for the substrate of the Zr-free
alloy having relatively larger levels of stored misorientation. The layer-to-layer interfaces can be
distinguished in all images due to variations in preferred grain orientations as well as a band of
fine grains at the interface region. The pole figure images show consistent behavior between the
as-received and dispersoid free material. Comparing Manuscript 2. Figure 7A and B to
Manuscript 2. Figure 7D and E, the preferred orientations are very similar in orientation and
intensity. These profiles are found to be composites of simple shear textures, commonly
observed in high strain processes and AFSD [34]-[36]. The different shear textures and
orientations present across layer interfaces are discussed later in Section 4.
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Manuscript 2. Figure 7: IPF, KAM, and PF of selected interfaces from as-printed
featureless prints. (A)-(C) As-received AA7050 (A) Layer 9-layer 8. (B) Layer 5- layer 4. (C)
Layer 1-substrate. (D)-(E) Zr-free AA7050 (D) Layer 9-layer 8. (E) Layer S-layer 4. (F)
Layer 1-substrate.

Manuscript 2. Figure 8 shows the material deposited with the featureless tool after solutionizing
and water quenching. Like Manuscript 2. Figure 7, the left column is the as-received AA7050
and the right column is the Zr-free AA7050. There is a stark difference between Manuscript 2.
Figure 8A-C and Manuscript 2. Figure 8D-F, the dispersoid free material has undergone
significant grain growth during solutionizing. The area averaged grain size for Manuscript 2.
Figure 8A and B are 7.8 um and 7.7 pm respectively compared to 94 um and 150 pm in
Manuscript 2. Figure 8D and E respectively. The large grains don’t allow for accurate
measurement of the grain size because so few grains are represented within the image. The
layer-to-layer interfaces are still present within the as-received material as a region of fine grains
and there is a reduction in the grain average misorientation, most likely due to recovery during
the high temperature treatment. In the Zr-free material, the layer 9-layer 8 interface and the
substrate-layer 1 interface retain a region of fine grains while the layer 5-layer 4 interface is
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presented with a continuous grain boundary. The highly misoriented substrate material in
Manuscript 2. Figure 7F has undergone grain growth in the solutionizing treatment giving an
abnormally grown grain in Manuscript 2. Figure 8F. Due to the retention of the fine grains at
some interfaces, this grain growth event must be characterized as abnormal leading to a bimodal
distribution of grain sizes as opposed to a more gaussian expression for normal grain growth.
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Manuscript 2. Figure 8: IPF and KAM of selected interfaces from as-solutionized
featureless prints. (A)-(C) As-received AA7050 (A) Layer 9-layer 8. (B) Layer 5- layer 4. (C)
Layer 1-substrate. (D)-(E) Zr-free AA7050 (D) Layer 9-layer 8. (E) Layer 5-layer 4. (F)
Layer 1-substrate.

Manuscript 2. Figure 9 shows the as-printed material deposited with the protrusion tool. The left
column is the as-received and printed AA7050, and the right column is the Zr-free AA7050.
Comparing Manuscript 2. Figure 7 and Manuscript 2. Figure 9 shows a large difference in the
misorientation within the GAM mapping. This is most pronounced when comparing Manuscript
2. Figure 7A and D to Manuscript 2. Figure 9A and D. The increased misorientation within the
top layers of the print may be due to the more severe stirring action of the tool protrusions. The
misorientation decreases progressing from the layer 9-layer 8 interface to the layer 5-layer 4
interface, this may be due to a more complete recrystallization and further thermal exposures.
The top layer of the protrusion print would experience one more stirring event and numerous
heating events if further layers were deposited. The area averaged grain size for Manuscript 2.
Figure 9A-C are 5.0 um, 10.7 um, and 8.8 um respectively. Comparing to the dispersoid free
material (Manuscript 2. Figure 9D-F) the area averages are 8.7 um, 6.4 um, and 6.6 pm
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respectively. The pole figures within Manuscript 2. Figure 8 reveal a number of features about
the deformation with a protrusion tool. All textures assess later are found to be simple shear
textures, similar to those in the featureless tool and other AFSD studies [26], [34]. Firstly, the
preferred orientations vary from region to region and sample to sample, showing a more random
mixing/deformation applied by the tool protrusions. Furthermore, the weakened intensity of the
pole figures as compared to the featureless tool indicates weaker textures, potentially due to
more random deformation or recrystallization effects that can reduce shear textures. Finally, the
presence of different preferred orientations across layer-to-layer interfaces is not observed,
indicating a breakdown of the interface due to feature induced deformation.
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Manuscript 2. Figure 9: IPF, KAM, and PF of selected interfaces from as-printed
protrusion prints. (A)-(C) As-received AA7050 (A) Layer 9-layer 8. (B) Layer 5- layer 4. (C)
Layer 1-substrate. (D)-(E) Zr-free AA7050 (D) Layer 9-layer 8. (E) Layer 5-layer 4. (F)
Layer 1-substrate.

The grain structure of the material printed with protrusions following solutionizing and water
quench is shown in Manuscript 2. Figure 10. Like Manuscript 2. Figure 8, the material free of
dispersoids has experienced significant grain growth. There is a lack of fine grains at potential
interfaces, this is due to the severe breakup of layer-to-layer interfaces caused by the disruptive
protrusion interactions. Interestingly, the conventional AA7050 shown in Manuscript 2. Figure
10A-C shows regions that have undergone significant grain growth as well. The layer 5-layer 4
interface shows an apparently stable microstructure, this is the region that had the largest grain
size shown in Manuscript 2. Figure 9 B at 10.7 pm, the grain size shown in Manuscript 2. Figure
10B is 7.2 um. The fine-grained region in Manuscript 2. Figure 9B still has a high grain average
misorientation compared to the other regions shown.
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Manuscript 2. Figure 10: IPF and KAM of selected interfaces from as-solutionized
protrusion prints. (A)-(C) As-received AA7050 (A) Layer 9-layer 8. (B) Layer 5- layer 4. (C)
Layer 1-substrate. (D)-(E) Zr-free AA7050 (D) Layer 9-layer 8. (E) Layer S-layer 4. (F)
Layer 1-substrate.

TEM
Featureless Prints

Scanning-Transmission Electron Microscopy (STEM) was conducted with High Angle Annular
Dark Field (HAADF) imaging to characterize the second phase particles of the as-printed, T73-
AC, and T73-WQ material. Overview HAADF images of the featureless prints are shown in
Manuscript 2. Figure 11. The left column (Manuscript 2. Figure 11A-C) corresponds to the as-
received AA7050 subjected to deposition with the featureless tool. The right column
corresponds to the dispersoid free AA7050. From top to bottom, the images show as-printed,
printed and subjected to T73-AC, and printed and subjected to T73-WQ. The as-printed material
shows very large precipitates, on the order of 100 nm and in the case of Manuscript 2. Figure
11D, evidence of dislocation walls within the grain. The variability of as-printed material due to
numerous thermal exposures during printing has been documented, and it has been shown that
full solutionizing and aging must be conducted to achieve full strength [23], [37]. The
precipitates in the as-printed state will not be further investigated. After solutionizing, air
cooling and aging (Manuscript 2. Figure 11B and E) the two samples show dramatically different
results. In the conventional AA7050, there are a large number of overgrown precipitates visible
within the matrix and precipitate free zones (PFZs) around the large particles. In the AA7050
without Zr there is a very large particle along the grain boundary, and a PFZ along the boundary,
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but within the grain interior there is very little evidence of overgrown precipitates. In the water

quenched material (Manuscript 2. Figure 11C and F), the grain interior shows homogenous and

dense precipitates. In Manuscript 2. Figure 11F, heavy grain boundary precipitation can be seen
along the triple junction.

Manuscript 2. Figure 11: HAADF overview images of featureless prints. (A) As-received
AA7050 in as-printed state. (B) As-received AA7050+AFSD-T73-AC. (C) As-Received
AAT050-AFSD-T73-WQ. (D) As-printed zirconium free AA7050. (E) AA7050n0Zr-AFSD-
T73-AC. (F) AA7050n0Zr-AFSD-T73-WQ.

Manuscript 2. Figure 12 shows further characterization of the as-received AA7050 after printing
with the featureless tool and subjected to T73-AC heat treatment. Manuscript 2. Figure 12A
shows a region with three particles larger than the surrounding matrix, utilizing EDX of the area,
Zr rich regions can be identified. The regions directly surrounding the particles are rich in Zn-
Mg-Cu and are denoted by 1 in the HAADF image. The AlzZr particle in the bottom of the
image corresponds to a region rich in Mg and Cu, but devoid of Zn indicating the presence of
Al,CuMg S-phase. The presence of 1 on AlsZr particles points to the dispersoid’s loss of
coherency within the matrix. The heterogeneous precipitation on the dispersoid particles is not
typical for this alloy system and can lead to decreased mechanical performance of components.
The large PFZs around the overgrown precipitates, ~75 nm for these samples, can lead to regions
that undergo strain localization and premature failure. Furthermore, large overgrown precipitates
accumulate the solute that should be left in solution to provide strengthening precipitates, this is
what causes the yield strength drop off shown in Manuscript 2. Figure 2B.
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Manuscript 2. Figure 12: HAADF of as-received AA7050 after featureless AFSD and T73-

AC thermal treatment. (A) Large precipitates with corresponding EDX spectra. (B) AlsZr

dispersoid serving as S-phase nucleation site. (C) AlzZr dispersoid serving as 1 nucleation
site.

Manuscript 2. Figure 13 shows a grain boundary region within the as-received AA7050 printed
with the featureless tool and subjected to the T73-WQ aging treatment. Within the grain
interiors, small densely precipitated n-phase is present. The EDX spectra of Manuscript 2.
Figure 13A is shown for the zirconium and zinc spectra. There are three regions of zirconium of
interest, the particle along the interface is shown in Manuscript 2. Figure 13B where the viewing
axis is aligned along the (110) of the bottom grain. The Al3Zr particle appears to maintain
orientation with the bottom grain and possibly suggests the presence of a coherent boundary.
This is possible if the recrystallization front interacting with the particle maintains the original
orientation of the grain in which the L2 type precipitate was formed in. In the case of
Manuscript 2. Figure 13C, the Al3Zr particle shown in the bottom of Manuscript 2. Figure 13A 1s
shown with possible dislocation interactions and n-phase precipitated along its face. This
suggests this dispersoid particle lost its orientation within the original grain.
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Manuscript 2. Figure 13: HAADF of as-received AA7050 subjected to featureless AFSD and
T73-WQ. (A) Grain boundary showing particle-boundary interaction and corresponding
EDX spectra. (B) High magnification micrograph of grain boundary AlzZr particle. (C)
Al:Zr particle with dislocation interactions serving as n-phase precipitate nucleation site.

In the AA7050 without the addition of Zr, there aren’t dispersoid particles to serve as nucleation
sites for n-phase. HAADF was utilized the characterize what sites were serving as the potential
nucleation sites. Manuscript 2. Figure 14 shows a resulting HAADF image for the Zr-free
AA7050 printed with the featureless tool and subjected to T73-AC heat treatment. At relatively
low magnification there are large-scale n-phase precipitates present. EDX spectra show that the
large-scale precipitates correspond to regions rich in iron and copper corresponding to the
Al;CuzFe constituent particle. This is phase is known to act as a heterogenous nucleation site
during slow cooling from solutionizing. The constituent particles have been marked by red
arrows in Manuscript 2. Figure 14A. Interestingly, there is a region marked by an open arrow
that shows evidence of high concentrations of copper but is devoid of other alloying elements.
This most likely corresponds to the Al,Cu 0-phase. This phase is not anticipated to dissolve
during the 470 °C solutionizing sequence exposed to this alloy.
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Manuscript 2. Figure 14: Large scale n-phase precipitates formed in Zr-free AA7050
subjected to featureless AFSD and T73-AC thermal treatment. Solid red Arrows
correspond to Fe-Cu rich constituent particle providing nucleation site. Open arrow
corresponds to likely 0-phase precipitate.

The Zr-free AA7050 after printing with the featureless tool and T73-WQ is shown in Manuscript
2. Figure 15. In the lower magnification image (Manuscript 2. Figure 15A) there are very few
regions showing abnormally large precipitates, but there is a large linear section of the grain
boundary. This is an uncommon feature of grain boundaries, and under further magnification
(Manuscript 2. Figure 15B) it appears to be a continuous particle. EDX spectra show that the
particle is rich in iron and copper, once again pointing to the Al;CuzFe constituent particle phase.
The constituent particle is riddled with Mg-Zn rich n-phase precipitates that have formed along
it. Following the gain boundary up, it appears that substantial Mg-Zn rich grain boundary
precipitates are present. Grain boundary precipitation is common in AA7050, especially when
utilizing a T7 temper, but the aspect ratio of the constituent particle is very uncommon.
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Manuscript 2. Figure 15: HAADF of Zr-free AA7050 after AFSD with featureless tool and
T73-WQ thermal treatment. (A) Overview of grain boundary region showing large linear
region. (B) high magnification micrograph of region with corresponding EDX

Figure 16 shows overview HAADF images of the deposits conducted with a protrusion tool.
Like Manuscript 2. Figure 11, the left column represents the as-received material, and the right
column shows the AA7050 without Zr. From top to bottom the figures represent 1. As-printed, 2.
Printed then subjected to T73-AC treatment, 3. Printed then subjected to T73-WQ treatment. In
the as-printed state both the as-received AA7050 and Zr-free AA7050 show signs of overgrown
precipitates. In Manuscript 2. Figure 16A, there appears to be extensive subgrain boundaries
with solute accumulating on these boundaries. Both as-printed microstructures show signs of
poor mechanical performance and would necessitate post-deposition heat treatment. In the air-
cooled samples, there are large precipitates with vast precipitate free zones in both samples. The
grain boundary represented in Manuscript 2. Figure 16E has a PFZ of nearly 200 nm and
precipitates on the scale of ~300-700 nm in length. This is highly contrasted to Manuscript 2.
Figure 11E where there was very little evidence of overgrown precipitates. In the conventional
AA7050, there is evidence of PFZs up to 100 nm surround the largest particles and there is
evidence of particles being etched during the twinjet electrothinning process. With water
quenching and subsequent aging, there is a fine precipitate structure within the matrix and
substantial grain boundary precipitation. Manuscript 2. Figure 16C shows triple junctions in
proximity with very small PFZs surrounding the grain boundaries despite heavy grain boundary
precipitation. Manuscript 2. Figure 16F shows evidence of a subgrain structure with a multitude
of overgrown precipitates along the structure, there appears to be relatively homogenous and
dense precipitation within the grain interiors.

Protrusion Prints
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Manuscript 2. Figure 16: HAADF overview of protrusion prints. (A) As-received AA7050 in
as-printed state. (B) As-received AA7050-AFSD-T73-AC. (C) As-received AA7050-AFSD-
T73-WQ. (D) AA7050 without Zr in the as-printed state. (E) AA7050n0Zr-AFSD-T73-AC.

(F) AA7050n0Zr-AFSD-T73-WQ

Manuscript 2. Figure 17 shows further HAADF characterization of material deposited with a
protrusion tool and subjected to T73-AC thermal treatment. Manuscript 2. Figure 17A shows an
overview of a grain boundary leading into a triple junction, the corresponding EDX spectra of
zirconium and zinc are shown. The grain boundary shows extensive n-phase precipitates, the
grain boundary is not edge on so PFZ lengths are difficult to measure. In the zirconium spectra,
two main regions of interest can be observed both corresponding to particles on the grain
boundary. The highlighted region is shown in higher magnification in Manuscript 2. Figure 17B
where the left side of the AlzZr particle shares some orientation to the matrix. On the right side,
a different grain is present sharing no orientation with the particle and a brighter n particle is
beginning to grow on this region. Manuscript 2. Figure 17C shows a HAADF micrograph of the
grain interior, a larger second phase particle is highlighted and shown in higher magnification in
Manuscript 2. Figure 17D. An EDX line scan was taken through the two particles and is shown
in Manuscript 2. Figure 17E. The larger particle is the Al3Zr dispersoid particle and the brighter
particle is n-phase precipitating on it.
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Manuscript 2. Figure 17: HAADF micrographs of as-received AA7050 after deposition with
protrusion tool and T73-AC thermal treatment. (A) Grain boundary region with
corresponding EDX spectra of zirconium and zinc. (B) High magnification micrograph of
highlighted region in A (Closed red arrow denotes Al3Zr, open black arrow denotes n
growth). (C) Grain interior region with region of interest highlighted. (D) Heterogenous
particle growth and corresponding EDX line scan. (E) EDX line scan results

Manuscript 2. Figure 18A shows a HAADF micrograph of the as-received AA7050 after
deposition with a protrusion tool and T73-WQ thermal treatment. The grain interior shows dense
precipitation, the only dramatic outliers correspond with the zirconium spectra shown in the
EDX mapping. The three identified Al3Zr dispersoid particles are denoted 1-3 in Manuscript 2.
Figure 18A and correspond to Manuscript 2. Figure 18B-C respectively. The higher
magnification images of the particles show similar trends. A round AlsZr dispersoid particle
approximately 15-20 nm in diameter has a precipitate 1-2x its size directly adjacent to it. The
larger precipitate is nearly an order of magnitude difference in size compared to the precipitates
around it. This furthers the finding that the dispersoid particles are losing coherency with the
matrix during the severe plastic deformation process.
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Manuscript 2. Figure 18: HAADF micrographs of as-received AA7050 after deposition with
protrusion tool and T73-WQ thermal treatment. (A) Overview of grain interior with Zr
EDX spectra overlay and Zr particles denoted. (B) Higher magnification micrograph of Zr
particle 1. (C) Micrograph of Zr particle 2. (D) Micrograph of Zr particle 3.

In the Zr-free AA7050 processed with a protrusion tool and subjected to a T73-AC there are
numerous overgrown precipitates throughout the microstructure. This is highlighted in
Manuscript 2. Figure 19, where multiple precipitates reach nearly the mm scale. EDX area scans
are shown for relevant elements, the large precipitates are rich in magnesium, zinc, and copper
suggesting they are n-phase that has grown substantially. Investigation of the iron and silicon
EDX show multiple peaks corresponding to regions within the overgrown n-phase. This
suggests that the 1 is heterogeneously precipitating on the Fe-rich and Si-rich constituent
particles (a known heterogeneous nucleation site). There also appears to be further evidence of a
copper rich species present in the bottom of the image, the lack of other alloying elements
present suggests a binary aluminum-copper intermetallic most likely being 6.
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Manuscript 2. Figure 19: HAADF of dispersoid free AA7050 after deposition with a
protrusion tool and T73-AC treatment. Fe-rich constituent particles are denoted with solid
red arrows, Si-rich particles are shown with solid blue arrows, and open arrow shows
possible 0-phase.

Manuscript 2. Figure 20 shows the zirconium free AA7050 after processing with the protrusion
tool and subjected to a T73-WQ thermal treatment. In Manuscript 2. Figure 20A, there are
regions of dense strengthening precipitates with very few abnormalities, but in the center of the
image there are a series of large precipitates. These precipitates appear to be a few hundred
nanometers in size. EDX scans were conducted of the region in the red boxed region and are
shown to the right of Manuscript 2. Figure 20A. The large particles correspond to higher levels
of iron and copper suggesting the Al;CuzFe constituent phase. The Fe-rich particles are denoted
by the solid red arrows in the micrograph. Further investigation into the particle within the top
right of Manuscript 2. Figure 20A (shown in the blue box) is shown in Manuscript 2. Figure
20B. The particle shows the iron and copper peaks as shown previously, but there is a Mg-Zn
rich particle growing along the bottom of the particle. The Fe-rich constituent particles provide a
potent heterogeneous nucleation site.
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Manuscript 2. Figure 20: HAADF of dispersoid free AA7050 after deposition with a
protrusion tool and T73-WQ. (A) Overview of precipitation within a grain interior showing
region of EDX scan. (B) High magnification region shown in A with accompanying EDX
spectra. (Note: Red solid arrows denote Fe-rich particles.)

Fractography

The fracture surfaces of all the failed tensile specimens were investigated via SEM, back-scatter
imaging was used to identify any second phase particles present on the fracture surface. The as-
received AA7050 processed by AFSD and heat-treated tensile specimen fracture surfaces are
shown in Manuscript 2. Figure 21. The tensile specimens extracted from the featureless tool
print are shown in Manuscript 2. Figure 21A and B with A showing the fracture surface of the
T73-WQ sample and B showing the T73-AC treated sample. Manuscript 2. Figure 21A shows
evidence of microvoid coalescence with many single micron particles present along the fracture
surface. There are clearly two morphologies of particles present on the surface, one appearing
spherical and several with larger aspect ratios. Manuscript 2. Figure 21B also shows microvoid
coalescence as the main mode of fracture, but the exposed surface is littered with small second
phase particles. The precipitates present are far too large to provide strengthening to the matrix
and based on Manuscript 2. Figure 12, these may be the sites in which dispersoid particles have
provided heterogeneous nucleation sites. Manuscript 2. Figure 21C and D correspond to the
protrusion-T73-WQ and protrusion-T73-AC as-received samples respectively. Manuscript 2.
Figure 21C shows a mixed mode fracture surface, there is evidence of microvoid coalescence as
well as some smoother faceted surfaces that appear more intergranular in nature. Along the
smooth fracture surface there are small particles present, this may be representing the grain
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boundary precipitation observed in Manuscript 2. Figure 16C. Manuscript 2. Figure 21D shows
a similar widely dispersed abundance of second phase particles seen in Manuscript 2. Figure
21B. The fracture surface has similar evidence of some intergranular nature and multiple length
scales of particles present on the surface.

Manuscript 2. Figure 21: As-received AA7050 Post-Deposition and age fracture surfaces.
(A) Featureless print +T73-WQ. (B) Featureless print + T73-AC. (C) Protrusion print +
T73-WQ. (D) Protrusion print + T73-AC.

The fracture surfaces of the Zr-free AA7050 tensile coupons are shown in Manuscript 2. Figure
22. Manuscript 2. Figure 22A and B show the AA7050 after printing with a featureless tool and
subjected to the T73-WQ and T73-AC respectively. The water quenched and aged sample
shown in A shows evidence of typical microvoid coalescence. The origination of the microvoids
appears to correlate well with the smaller second phase particles present on the fracture surface.
These particles most likely caused the strain localization necessary to initiate fracture.
Manuscript 2. Figure 22B shows evidence of intergranular fracture, almost the entirety of the
image is consumed by a single facet of a grain. There appears to be some small second phase
particles like those observed in A, but there also appears to be finer more needle like particles on
the surface. These particles most likely correspond to the extensive grain boundary n-phase that
was observed in Manuscript 2. Figure 11E. Manuscript 2. Figure 22C shows the AA7050
without Zr subjected to printing with a protrusion tool, then the T73-WQ thermal treatment. The
fracture surface shows microvoid coalescence with finely dispersed second phase particles.
Similar to Manuscript 2. Figure 22A, it appears that many of the particles are initiating the
microvoids and correspond to some of the larger microvoids present on the fracture surface.
Manuscript 2. Figure 22D shows the Zr-free AA7050 printed with a protrusion tool subjected to
the T73-AC thermal treatment. This fracture surface shows a mixed mode crack mechanism,
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there are regions of fine microvoid coalescence as well as clear signs of intergranular cracking.
The surface is littered with very fine particles, these most likely correspond to the ~500 nm sized
particles that were observed in Manuscript 2. Figure 19.

Manuscript 2. Figure 22: Dispersoid Free AA7050 Post-Deposition and age fracture
surfaces. (A) Featureless print + T73-WQ. (B) Featureless print + T73-AC. (C) Protrusion
print + T73-WQ. (D) Protrusion print + T73-AC.

Discussion

Texture Analysis

During characterization, it was found that the protrusion and featureless tools had significant
differences in the orientation and magnitude of textures that formed in the as-printed material.
To further understand this, pole figures and orientation density function maps were compared for
the middle interface of the conventional AA7050 printed with the protrusion and featureless
tools. In Manuscript 2. Figure 23, the viewing orientation of the EBSD scans has been rotated to
align with the standard representation for shear textures, the shear plane normal and shear
direction aligning vertically and horizontally respectively. In the protrusion tool, Manuscript 2.
Figure 23A-C, the texture is identified as the C-type simple shear texture, which is consistent
across the entire scan region. In the featureless tool, the initial EBSD scan is split into two
regions as two separate textures are present at different orientations. The small interfacial region
with fine grains is not included in the texture analysis. In the upper layer, which constitutes the
lowest portion of Layer 5 within the build, there is a C-type simple shear texture, with the shear
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plane normal and shear direction roughly 90 degrees out of phase with that observed in the
protrusion tool. In the lower layer, which constitutes the top area of layer 4 within the build, the
texture consists of the A-type simple shear, with a shear orientation like that shown in the
protrusion tool. The difference in C and A shear components can often be attributed to different
cumulative shear strain, or possibly strain rate sensitivity during shear texture formation. This
variability across layers and potentially within the thickness of a deposited layer indicates a high
degree of variability in flow path or flow intensity during deposition using a featureless tool.
Contrary to this, the protrusion tool shows less localized variation in preferred orientations, as
well as a weaker overall intensity of said textures. Though the protrusion tool did show location
by location variation in orientation, Manuscript 2. Figure 9, the wider spread in these locations
and reduced intensity indicates a much more homogeneous overall deformation across a build
using a protrusion tool, whereas the featureless tool demonstrates potential heterogeneity within
just a single layer.

A

Protrusion Tool

Featureless Tool

Manuscript 2. Figure 23: As-Printed texture of middle interface for conventional AA7050.
(A)-(C) Protrusion tool. (D)-(E) Featureless tool.

Effect of Zirconium on Mechanical Performance

The addition of zirconium to the AA7050 system is primarily to stabilize the grain structure
during thermomechanical forming and introduce anisotropy along loaded directions. Within
traditional processing, great care is taken to process at adequately low enough flow stresses to
prevent recrystallization during subsequent heat treatments [1]. The AFSD process is inherently
different than traditional thermomechanical forming processes, the high shear and strain rate
force that material to undergo dynamic recrystallization during the process. This study inspected
the effect that this nonconventional processing method has on the ability for AA7050 to retain its
renowned low quench sensitivity. Prior to AFSD, AA7050 has a very low quench sensitivity
allowing it to be formed into thick product and still retain its mechanical performance, this is
demonstrated in Manuscript 2. Figure 2A, where going from the water quenched the air cooled
AA7050 materials experience a yield strength drop of 45 MPa. After printing with a featureless
AFSD tool and subjected to the same thermal treatment, conventional AA7050 experiences a
yield strength drop of 123 MPa, nearly 3x the conventionally processed material. Removing the
zirconium from the AA7050 and subjecting it to identical processing and heat treatment
coincides with only a 6 MPa drop between the air-cooled and water quenched samples. Using
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STEM, the reason for this stark difference is clear; Manuscript 2. Figure 11 shows a vast
difference between the air cooled traditional AA7050 and the Zr-free AA7050, within the grain
interiors there is very little heterogeneous precipitation after the removal of Zr. This is further
exemplified in comparing Manuscript 2. Figure 12 and Manuscript 2. Figure 14, in the
conventional AA7050 the incoherent AlzZr dispersoids are serving as heterogeneous nucleation
sites for the n-phase. Removing the dispersoids does not altogether stop heterogeneous
precipitation in Manuscript 2. Figure 14, it instead pushes the nucleation to constituent particles,
a known potent site for heterogeneous precipitation.

Processing conventional AA7050 with a 4-protrusion tool has a similar outcome to the
featureless tool, there is a 107 MPa drop between the water quenched and air-cooled specimens.
The Zr-free AA7050, contrary to the featureless tool, undergoes a similar drop in yield strength
like the conventional AA7050 (101 MPa). Under STEM, the conventional AA7050 shows
similar characteristics between the featureless and protrusion prints, there is evidence of Al3Zr
dispersoids losing coherency and providing sites for heterogeneous nucleation. The yield
strength drop of the Zr-free AA7050 is attributed to the large number of overgrown precipitates
present on Fe-rich and Si-rich constituent particles that were broken up and dispersed during the
AFSD process. These particles range from 50-500 nm as opposed to the typical micron scale in
conventionally processed material. In other words, going from a small number of large
constituent particles to many small particles distributed across the material leads to a much
higher number density of heterogenous nucleation sites. This may have a similar effect as the
large number fraction of dispersoid particles.

The results of the mechanical performance of the deposited material in this study call into
question the viability of processing conventional AA7050 via AFSD. After processing the
detrimental effect on quench sensitivity of AA7050 cannot be dismissed. AA7050 is used in
applications where large structures are required to have the full expected strength of the alloy,
and increasing the quench sensitivity through processing is unavoidable for this process. This
has wide reaching implications, most advanced 7xxx series aluminum alloys utilize the
Al3(Zr,Sc) L1, dispersoid structure that forms coherent interfaces with the matrix. It is expected
that the same loss of coherency via AFSD will plague all these alloys and significantly reduce the
capability to restore the materials to full strength.

Effect of Zirconium on Grain Stability
The occurrence of abnormal grain growth in the post-deposition heat treatment of AA7050 has
been previously reported and discussed. In this work, abnormal grain growth was found to occur
in all samples that were devoid of Zr, as well as the conventional AA7050 samples that were
processed with the protrusion tool. Using the grain growth model from Humphreys 1997 [38] to
gain understanding of the fundamentals of grain stability, Equation 1 shows the growth rate of an
assembly of grains with a low number of subgrains.

dR My

e (1)
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Where R is the mean radius of equiaxed grains or subgrains, M is the mean grain boundary
mobility, and y is the mean grain boundary energy. The growth rate of a specific grain or
subgrain is given by Equation 2.

dR __ Y _Y

w=MGE-5) @
Where R is the radius of a given grain, M is the mobility of a given grain boundary, and y grain
boundary energy of a given grain. When the system is in the presence of spherical incoherent
particles, a Zener pinning pressure P, of the particles can be applied, given by Equation 3 [38],
[39].

3EYi
p, =21 (3)

In which F, is the volume fraction of that particles, y; is the grain boundary energy of an
individual grain, and d is the diameter of the particle. From this equation, a few basic

conclusions can be drawn. First P, « F,, meaning that pinning pressure can be directly increased
by increasing the volume fraction of the pinning particles. Secondly, P, « y;, meaning pinning

. . . 1 . .
pressure increases as grain boundary energy increases. Lastly, P, &« =, so as particle diameter
d

increases, pinning pressure decreases. To increase the effectiveness of the Zener pinning
parameter, a high volume fraction of very small particles needs to be dispersed along grains with
a high boundary energy. Finally, the effect of particle coherency must be considered. It has been
derived that a coherent particle has twice the pinning pressure as an incoherent particle [39],
[40].

The growth rate of an assembly of grains in the presence of spherical coherent particles is given
as Equation 4 [38].
AR _ My _ 15 — gy (L 5%
= ek MP =My (m d ) )
Following the derivation from Humphreys et al. [38], the growth rate of a given grain or subgrain
is given by Equation 5.
d_R _ My My

=y ME =M (f - L2 5)

As mentioned previously, in both Equation 4 and Equation 5, the influence of pinning particle
coherency is 2x on the P, function. The function for determining if grain instability is present
and abnormal grain growth can occur is given by Equation 6.

=dR dR
RE-RZ>0 (6)

Ifit is held that M = M, and ¥y = 7, a limiting grain size for abnormal grain growth can be
determined as shown in [38]. In the case of this system, with the textured nature of deposited
material and broad size and misorientation distributions present that limiting grain size can not
be utilized. Instead, understanding a few key metallurgical principles can help devolve the
complex grain growth phenomena occurring. First, the dynamic recrystallization event occurring
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during the printing process is causing a loss of coherency between the AlsZr dispersoids particles
and the aluminum matrix. The loss of coherency is causing the Zener pinning pressure applied

by the particles to be halved, this along with the reduced grain size is driving Z—Iz and Z—f to

increase. With such a small grain size and decreased pinning pressure, normal grain growth is to
be expected but there is apparent abnormal growth occurring. It is believed that the abnormal
grain growth may be driven via differences in grain boundary mobility; this reduced mobility is
found at the layer-to-layer interfaces and may be caused by several factors; 1. graphite lubricant
contamination, 2. Dispersed oxides, 3. Shear induced second phase particles. There is existing
evidence that excess shear during AFSD can introduce shear induced segregation of alloying
elements to grain boundaries, if localized shear occurs and causes solute segregation, high-
temperature stable phases could form and stabilize grain structures. The reduced grain boundary
mobility theory is supported by the lack of interlayer fine grains in the protrusion print, the
protrusions are disrupting the interfacial region and dispersing any mobility impeding impurities.
It appears that in the protrusion case grain boundary pinning is due to thermally stable second
phase particles. The region of the as-received AA7050 printed with the protrusion tool that
retained fine equiaxed grains after heat treatment is also supporting evidence of the dynamic
recrystallization creating an unstably fine grain size. The larger grain size was sufficient to be
stable during post-deposition heat treatment. These different theories beg the question of how
can we utilize processing to stabilize a grain structure?

In the case of AA7050 devoid of Zr, it will be nearly impossible to stabilize the grain structure.
The lack of dispersoid particles shows grain growth after printing for two different alloy systems
[37]. Without a secondary pinning particle, the grain structure will be inherently unstable after
processing via AFSD. With appropriate tooling and processing, it may be possible to avoid the
localized interfacial grains that avoided grain growth and have the entire system undergo normal
grain growth. The grain growth that may occur after depositing dispersoid free AA7050 may not
be detrimental to the performance of the alloy. Aluminum has weak relationships with Hall-
Petch strengthening, and grain boundaries are typical regions for precipitates to accumulate. The
grain growth may be detrimental if the grain size grows to the scale of the component in which
corrosion properties could be negatively affected [1], [41].

For the conventional AA7050 with Zr dispersoid particles, there exists the risk of undergoing
abnormal grain growth due to an unstable grain size. The obvious answer to this dilemma would
be to add more Zr to enable further grain stabilization, but as was previously shown this is
deleterious to mechanical performance. Any second phase pinning particle added to a
solutionized and aged aluminum system processed by AFSD would further manifest the quench
sensitivity problems discussed above. A second solution would be leveraging process control.
Flow stress can be related to mean subgrain diameter via the Derby relationship (Equation 7)
[40].
KGb

o= (7
Where o is the flow stress, K is a constant of ~10 for FCC crystals, b is the burgers vector, and D
is the mean subgrain diameter. From this relationship, we can see that manipulating the flow
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stress experienced by the material will change the subgrain diameter. Through process parameter
manipulation (i.e., temperature control, RPM variation, traverse rate), the flow stress and
temperature can be manipulated to achieve a larger subgrain size. This larger subgrain size will
decrease the driving force for normal grain growth shown in Equation 4. While it is outside the
scope of work for this study, there may be processing conditions that avoid abnormal grain
growth for the conventional AA7050.

Secondary Phase Formation

Throughout this study there were a multitude of regions studied with both EDS and EDX that
had chemical compositions outside the anticipated phases present in AA7050. Manuscript 2.
Figure 4 shows the possible presence of 0 after deposition and post-deposition heat treatment.
Manuscript 2. Figure 14 and Manuscript 2. Figure 19 show possible evidence of 6 observed in
EDX scans. It was outside the scope of work of this experiment to understand the possibility of
inducing secondary phases via AFSD, but the topic deserves further experimentation. Shear
segregation of solute elements during the severe plastic deformation may create localized regions
in which Cu and Al are able to react and form the binary 6-phase. This type of reaction would
require extensive characterization to understand its mechanism, but the formation of a high
temperature phase would be detrimental to the ability to undergo proper solutionizing and aging.
Furthermore, the Cu within the Al matrix plays a critical role in precipitation kinetics and
corrosion characteristics in the T7 temper this alloy is typically found in. The formation of binary
Al-Cu phases that would use up available solute may change the way the alloy performs after
deposition and heat treatment.

Conclusions and Future Work

Additive Friction Stir Deposition was utilized to deposit AA7050 with and without Zr dispersoid
particles with featureless and protrusion tools. Mechanical performance and quench sensitivity
were evaluated by intentionally causing heterogeneous precipitation and evaluating the loss of
yield strength between water quenched and air-cooled specimens. Advanced characterization
was conducted via SEM, EBSD, and HAADF to evaluate the resulting microstructure, texture,
and precipitate structure in the as-printed, AFSD-T73-AC, and AFSD-T73-WQ conditions. The
following points highlight the results.

e AFSD significantly increased the quench sensitivity of AA7050 in post-deposition
thermal treatment. This was attributed to the loss of coherency of the AlsZr dispersoid
particle contributing to heterogeneous precipitation.

e The removal of Zr from the alloy chemistry significantly reduced the quench sensitivity
for the case of the featureless tool.

e The as-printed microstructure between conventional AA7050 and Zr-free AA7050 show
similarities for both the featureless and protrusion tool.

e The featureless prints were more textured and more consistent throughout the build and
showed more shear vertically through the layer height than the protrusion tool. The
protrusion tool showed evidence of more lateral shear.
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o The featureless prints show evidence of shear heterogeneities at the layer-to-layer
interfaces.

e After post-deposition heat treatment all Zr-free samples show signs of significant
abnormal grain growth. In the as-received AA7050 processed with protrusions, abnormal
grain growth occurs in regions with small grain sizes. Further process development may
be able to stabilize the grain structure of the conventional AA7050 via managing the flow
stress.

This work was successful in identifying a potential pitfall of utilizing AFSD for producing large-
scale components out of AA7050. While it appears that AFSD of conventional AA7050 is not
viable, switching the alloy chemistry to avoid the increased quench sensitivity may be useful in
applications where the enlarged grain structure is acceptable. Future work must be conducted to
further understand the mechanism for retaining small grains at the layer-to-layer interface in the
featureless prints.
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Abstract

Additive Friction Stir Deposition was utilized to carry repairs of simulated corroded AA7050-
T7451 through holes. Repaired coupons outperformed baseline material in fatigue for both
R=0.1 and R=-1 loading conditions, with R=0.1 loading outperforming pristine material.
Advanced characterization was conducted into the microstructure and crack initiation
mechanisms, and it was found that the high shear nature of AFSD reduced the size of Fe-rich
constituent particles that provided crack initiation sites in the base material. After AFSD, the
smaller spherodized particles did not cause crack initiation, which was instead caused by
overgrown MgZn> n-phase precipitates. Different regions of the repair were identified and
characterized, and it was found that regions that experienced intense thermomechanical mixing
had preferential n-phase precipitates form on AlsZr dispersoid particles. This leaves potential
further room for fatigue performance improvement and opens the door for improving component
lifetime via AFSD.

Keywords: Fatigue, Structural Repair, Constituent Particle, Coherency, Dispersoid Particle
Introduction

High strength aluminum alloys, primarily the 2xxx and 7xxx series alloys are the
common materials used for structural components in modern aircraft. This work focuses on
AA7050, renowned for its strength, fatigue life, and lower quench sensitivity compared to its
predecessor A17075 [1], [2]. The lower quench sensitivity of AA7050 allows for more complex
and thicker wrought products to be produced with the anticipated strength observed in thinner
sections. This improvement to the 7xxx series aluminum system is achieved by changing the
dispersoid particle composition. Al17075 utilizes a chromium rich dispersoid particle that forms
with incoherent interfaces with the Al matrix; AA7050 on the other hand utilizes a zirconium
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rich dispersoid particle that forms in an L1> structure lending coherent interfaces [1], [2]. These
coherent interfaces don’t as readily serve as heterogeneous nucleation sites when quenching and
allow for thicker sections to achieve full strength. The alloys utilize the same MgZn, n-phase
precipitate structure to impede dislocations and provide strength to the matrix.

With the increased complexity of components used in the aerospace and defense
industries, there is a growing need for repairing existing components as opposed to replacing
them. The aerospace forging market is a $28B/year market plagued by long lead times [3], [4].
It has been reported that lead times for new forgings can be up to 39 weeks, and up to 15 weeks
for replacement components [4]. This problem is exacerbated by the prolific corrosion that can
plague forgings exposed to corrosive environments; in the case of the United States Navy, this
can cost up to $6B/year [5]. This work will focus on a specific application in need of a repair,
corroded aerostructure fastener holes. In the case of large airframes, corroded fastener holes can
lead to a part failing inspection; in some cases, dramatically reducing the lifetime of the aircraft.
Traditional repair of a corroded fastener hole involves drilling the hole out to a larger size and
inserting a metallic bushing to bring the hole back to size. Bushing repairs are effective, but the
lack of metallic bonding between the bushing and parent hole material reduces the strength of the
component. In this work, we propose the use of a solid-state repair that allows for redrilling the
original hole size.

Additive Friction Stir Deposition (AFSD) is an emerging solid-state additive
manufacturing technique that leverages plastic flow and shear to deform and deposit metals [6],
[7]. The solid-state nature of AFSD is paramount for the high strength 7xxx series Al alloys
which are plagued by hot-cracking during melt based processes [8]-[11]. Previous work has
shown that AFSD is capable of filling holes in A17075 and separately has been shown to restore
Al7075 to full strength after printing [12]-[14]. Further work has been conducted in
understanding the viability of repairing A17075 components via AFSD [15], [16]. It has also
been shown that AFSD can repair corroded hole walls applying both a geometric and structural
repair [Joey paper]. This work expands on these results, exploring the mechanism responsible
for the improved fatigue life.

Materials and Methods

Materials and Manufacturing

The feed material and substrate were both aluminum 7050-T7451 plate that was obtained
from Tri-Tech Metals (Rancho Cucamonga, CA, USA). The substrates were machined from 76.2
mm X 152.4 mm x 6.35 mm rolled plate with the long direction corresponding to the rolling
direction. The center of the substrate was machined to a thickness of 4.0 mm and a 7.9375 mm
hole was drilled in the center. A technical drawing for the substrate configuration is shown in
Manuscript 3. Appendix A. Feed rods were 152.4 mm x 9.525 mm x 9.525 square rods cut
parallel to the rolling direction of 9.525 mm thick plate.

Additive Friction Stir Deposition was carried out on a MELD R2 system (MELD
Manufacturing, Christiansburg VA, USA). The substrates were clamped onto a fixture plate with
a 1.27mm x 25.4mm x 76.2 mm shim underneath the gauge region centered on the hole with the
long direction of the shim perpendicular to the long direction of the coupon. The sides of the
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feed rods were sprayed with a graphite lubricant before being inserted into the hollow tool of the
MELD system. For all prints, a tool with four 2.29mm high teardrop features in the face was
used. A CAD rendering of the teardrop featured tool is shown in Manuscript 3. Figure 24A.
Manuscript 3. Figure 24B shows the scale of an AFSD tool compared to the 6.35 and 7.9375
holes in the substrate and test coupon. To conduct the repairs a proprietary repair process was
utilized which promotes material mixing between the hole and the material being deposited.

A B

[ = | 76.2 mm Wide
| I I | Repair Coupon

I:g: 25.4 mm Wide Test Coupon

Deposited Material

O

Manuscript 3. Figure 24: (A) Rendering of teardrop protrusion tool face (B) To-scale
schematic of tool and coupon configurations.

After deposition, samples were machined into their final configuration with a 6.35 mm
hole drilled in the center. A technical drawing of the final testing configuration for the 6.35mm
hole is shown in Manuscript 3. Appendix B. Three different mechanical testing coupons were
studied; a 5/16” (7.9375 mm) hole baseline from pristine AA7050-T7451 plate, a 1/4" (6.35 mm)
hole baseline from pristine AA7050-T7451 plate, and finally an AFSD repaired 5/16” hole that
has been drilled back to a 1/4" hole. All holes produced and tested in fatigue were reamed to
their final geometry with a nominal reamer. These samples will be referred to as 5/16” Baseline,
1/4" Baseline, and 1/4” Repair respectively.

Characterization Methods
Microstructural Characterization

A microstructural cross section was cut perpendicular to the loading direction from a
repaired and machined coupon before the hole drilling operation. The cross section was
mechanically polished with 1000 grit sandpaper then electropolished. The electropolishing was
performed with a liquid nitrogen cooled electrolyte (70% methanol and 30% nitric acid) at 30V
in ten second intervals. Optical microscopy was carried out on a Keyence VHX-7000 (Osaka,
Japan) digital microscope. Electron backscatter diffraction was carried using a Zeiss LEO 1550
(Wetzlar, Germany) field-emission scanning electron microscope (SEM) with an Oxford Nordlys
(Abingdon, England) detector. Regions of interest were then determined, and transmission
electron microscopy (TEM) foils were prepared via focused ion beam using a Helios UC G4
Dual Beam FIB-SEM (Sarasota FL, USA). TEM characterization was carried out via a Themis
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60-300kV Transmission Electron Microscope (Thermo Fisher, Waltham MA, USA). Fracture
surfaces were inspected using a JEOL IT-500HR (Tokyo, Japan) SEM.
Mechanical Testing

Fatigue specimens were polished parallel to the loading direction with SiC polishing
stones and a 4:1 mixture of WD-40® and Marvel Mystery Oil®. All surfaces were first polished
with a 220-grit stone, then the gauge section was polished with a 400-grit stone. Care was given
not to disturb the edge of the hole in the gauge section.

Force controlled fatigue testing was conducted on an MTS 810 with a S0kN load cell
(Eden Prairie, MN, USA) at two different loading conditions. A full tension-compression
loading condition was studied at an R=-1 loading condition, while a tension-tension condition
was studied at R=0.1. Loading conditions were established by testing 5/16” Baseline coupons
with the goal of failing at approximately 10,000 cycles. To maintain consistency with the applied
stress level, the coupons were measured in thickness and width and load was varied to maintain
the same nominal cross-sectional stress on the gauge area. After an appropriate load was
determined, 1/4” Baseline and 1/4” Repair samples were tested to the same loading condition.
All fatigue tests were conducted at 5 Hz and force and crosshead displacement data were
collected at 101 Hz.
Finite Element Analysis

Four finite element analyses were carried out using geometries with both 5/16” and 1/4”
holes loaded in R=-1 and R=0.1 to understand the stress state on the hole wall. These simulations
were loaded in tension with the same force as applied by the fatigue frame for both the R=-1 and
R=0.1 loading conditions. This resulted in a 12.99kN load for the two R=-1 coupons and a
20.14kN load for the R=0.1 coupons. These analyses were meant to emulate the first fatigue
stroke of the baseline condition samples rather than repairs, so an elastic-plastic material model
was used with data coming from a tensile test of the plate the coupons were cut from. These
simulations were carried out in Abaqus (Dassault Systemes, France) using ~120k C3D8R brick
elements. Both the von-mises stress and plastic equivalent strain are reported.

Results

Fatigue Results

To consistently fail the 5/16” Baseline coupon at approximately 10,000 cycles, the peak
load had to be determined for both loading conditions. The peak load established for the R=-1
loading case was 12.99 kN, while the R=0.1 loading case was 20.14 kN. Fatigue testing of the
1/4” Baseline and 1/4” Repair were conducted at the same loading conditions. The results were
plotted in a Weibull distribution by assigning a statistical lifetime. The lifetimes of each
geometry were sorted from lowest to highest and assigned a position(i), the total number of tests
conducted for the geometry was assigned n. The statistical lifetime (L;) was assigned by solving

L; = ﬁ The cycles to failure versus statistical lifetime is plotted in Manuscript 3. Figure 25.

Using this approach, the (std or variance) is equivalent to the slope of the data and deviations
from linear indicate a non-gaussian distribution. Using a linear least-squares fit, the 60%
lifetime for each geometry at each loading condition can be determined. For the R=-1 loading
condition the 1/4” Repair samples fall between the 5/16” Baseline and 1/4” Baseline. This
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demonstrates that the 1/4” Repair is improving the fatigue performance as compared to the 5/16”
Baseline but is not outperforming the pristine coupon geometry. For the R=0.1 loading
condition, the 1/4” Repair outperforms both the 5/16” and 1/4” Baseline geometries. The slope
of the 1/4” Repair linear fit is also more positive than that of the 5/16” and 1/4” Baseline
respectively, indicating the 1/4” Repair has more variance in the fatigue life. The maximum and
minimum loading as well as the 60% lifetimes both the loading conditions and all the geometries
are shown in Manuscript 3. Table 3.
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Manuscript 3. Figure 25: Fatigue Test Results for 1/4" Baseline, 5/16” Baseline, and 1/4"
Repair. (A) For R=-1 loading condition. (B) For R=0.1 loading condition.

Manuscript 3. Table 3: Fatigue Testing Results

R Max Min 5/16” Baseline 1/4” Baseline 1/4” Repair 60%
Ratio Load Load 60% Lifetime 60% Lifetime Lifetime
(kN) (kN)
=-1 12.99 -12.99 9,409 14,141 11,307
R=0.1 20.14 2.01 12,049 15,836 20,786
FEA Analysis

To understand the stress state surrounding the hole in the baseline geometries finite
element analysis was performed. The Von Mises stress for the 5/16” Baseline geometry is shown
for the R=-1 max loading condition (12.99 kN) in Manuscript 3. Figure 26A. The R=0.1 max
loading condition of 20.1 kN is shown in Manuscript 3. Figure 26B. The maximum stress for
R=-1 is 403 MPa, while in the R=0.1 case the stress reaches 480 MPa. This induces localized
yielding on the inside of the 5/16” hole and is shown with equivalent strain in Manuscript 3.
Figure 26C. The maximum equivalent strain is 0.0007 for the 5/16” Baseline at the 20.1 kN
load.
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Manuscript 3. Figure 26: FEA analysis of 5/16” Baseline coupon. (A) With maximum
tensile load of R=-1 loading. (B) With maximum tensile load of R=0.1 loading. (C) Showing
equivalent plastic strain in the R=0.1 loading condition.

A similar FEA study was conducted for the 1/4” Baseline coupon. The resulting Von
Misses stress distributions are shown in Manuscript 3. Figure 27. The R=-1 loading condition
has a maximum stress of 391 MPa while the R=0.1 condition has a stress of 478 MPa. The
higher stress in the R=0.1 loading condition again induces plasticity in the inside of the 1/4” hole
wall. The plasticity is highly localized to the inside of the hole wall and is shown in Manuscript
3. Figure 27C, with a maximum equivalent strain of 0.005.
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Manuscript 3. Figure 27: FEA analysis of 1/4" Baseline coupon. (A) With maximum tensile
load of R=-1 loading. With maximum tensile load of R=0.1 loading. (C) Showing
equivalent plastic strain in the R=0.1 loading condition.

Microstructural Characterization

To understand the microstructural effects of the thermomechanical process, a cross
section from a repaired coupon was taken perpendicular to the intended loading direction. An
optical stitched image of the cross section can be seen in Manuscript 3. Figure 28. The prior
5/16” hole wall and intended 1/4” hole wall are overlaid. The cross section shows some distinct
features, firstly is the wide, shallow bowl shape. This style of bowl corresponds to the
recrystallized region and has been documented in FSW literature [17]-[20]. The recrystallized
bowl fully penetrates through the thickness of the coupon indicating proper mixing through
thickness. There are also regions of mixture between the recrystallized region and the thermo-
mechanically affected zone (TMAZ). In this repair scenario these regions will become the new
hole wall region, so proper bonding between deposited and substrate material is paramount. In
the top right corner of the cross section there is another recrystallized zone, corresponding to the
region that undergoes a pin interaction during the repair process.
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<+— 5/16” Hole Wall —>

Manuscript 3. Figure 28: Stitched optical image of repaired cross section with overlaid hole
wall locations and denoted regions of interest with corresponding IPF maps.

There are five main regions of focus for the microscopy to understand the different
microstructures throughout the cross section. The first region is the “Deposit Zone”, this region
exited the feed channel of the tool and plastically flowed into the middle of the hole. This
material may or may not have experienced a pin interaction, depending on the time it exited the
tool. The second region is the “Bottom Hole Wall”, this region lies between the previous 5/16”
hole and where the new 1/4” hole will be drilled. From the stitched image, it appears that this
region is a mixture of substrate and deposited material that has undergone dynamic
recrystallization. The third region is the “Top Hole Wall”, this region lies between the 5/16” and
1/4 hole, but exists at the top of the sample, meaning it experienced multiple high strain rate
events from the protrusions on the face of the tool. The fourth region is the “Pin Affected Zone”,
this region is distinctly different from the stirred region within the repair bowl. This material
experienced dynamic recrystallization from a severe high shear protrusion interaction. Lastly, is
the “TMAZ”, this material has undergone a thermomechanical event, but is not fully
recrystallized.

Deposit Zone

The Deposit Zone is characterized by sitting centrally within the repair bowl, within the
region that will be removed in post-repair machining. This region will not be involved in the
fatigue characteristics of a repair, but its microstructure lends insight into the thermomechanical
history it experienced. An Inverse Pole Figure (IPF) image of the deposit region is shown in
Manuscript 3. Figure 29A. It shows a recrystallized, equiaxed microstructure with an average
grain size of 13 um. Manuscript 3. Figure 29B shows a Kernel Average Misorientation (KAM)
plot, showing evidence of subgrain structures within the recrystallized microstructure. This
subgrain structure skews the misorientation distribution away from a Mackenzian distribution,
indicating incomplete dynamic recrystallization.
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Manuscript 3. Figure 29: Deposit Zone microstructural characterization. (A) IPF. (B)
KAM. (C) Low-magnification HAADF. (D) HAADF micrograph of grain boundary
precipitation. (E) HAADF micrograph of precipitate free zones around large precipitates.
(F) HAADF of subgrain boundary with overgrown precipitate and EDX line scan denoted.
(G) Corresponding line scan shown in F.

Manuscript 3. Figure 29C shows a low magnification High Angle Annular Dark Field
(HAADF) TEM image of the deposit region. It shows evidence of grain boundary precipitation
as well as overgrown precipitates within the grain interior. The extent of the grain boundary
precipitation is shown in Manuscript 3. Figure 29D, where a near continuous region of grain
boundary precipitation is shown. This microstructure and large Precipitate Free Zones (PFZs)
around the grain boundary correspond to lower overall strength due to inadequate solute within
the matrix. There are also large precipitates evident within the grain interior in Manuscript 3.
Figure 29D, these precipitates are possible sites of heterogeneous nucleation during cooling from
printing. The large precipitates are shown in further detail in Manuscript 3. Figure 29F, where an
Energy Dispersive X-Ray Spectroscopy (EDX) line scan was taken across the particle. The
results of the line scan are shown in Manuscript 3. Figure 29G, the large second phase particle is
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rich in magnesium and zinc, with an increased amount of copper compared to the matrix. There
is also an increase in the amount of zirconium towards the end of the substantial peak. The large
particle most likely corresponds to the MgZn> n-phase with dissolved copper. The zirconium is
most likely the AlsZr dispersoid particle, it appears that the dispersoid particle is providing a
heterogeneous nucleation site during cooling. Manuscript 3. Figure 29E shows the length scale
of the PFZs around a heterogeneous nucleation site ~50 nm, and the precipitation within the bulk
of the matrix. Within the matrix there appears to be a fine dispersion of small MgZn,
strengthening precipitates.

Bottom Hole Wall

The Bottom Hole Wall is characterized by sitting in the region that will become the 1/4”
hole wall after post deposition machining. This region is near the “repair bowl” and shows signs
of mixing between deposited material and substrate material. Due to the vertical depth of this
region, it does not experience a pin interaction during printing. Manuscript 3. Figure 30A shows
an IPF map of the Bottom Hole Wall region, it shows an equiaxed microstructure with an
average grain size of 14 um. The KAM in Manuscript 3. Figure 30B shows grains mostly clear
of subgrains, however large grains show signs of subgrain structures. This suggests dynamic
recrystallization as the main recrystallization mechanism. The larger grains contain most of the
dislocation substructures while the smaller grains correspond to lower strain energy.
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Manuscript 3. Figure 30: Bottom Hole Wall microstructural characterization. (A) IPF. (B)
KAM. (C) Low-magnification HAADF. (D) Overgrown precipitates with matrix
precipitates. (E) Overgrown precipitate on Zr dispersoid with EDX line scan. (F) Evidence
of carbon contamination with EDX line scan. (G) Results of line scan shown in E. (H)
Results of line scan shown in F.

Manuscript 3. Figure 30C shows a lower magnification HAADF image of the Bottom
Hole Wall region, there is clear evidence of heterogeneous nucleation and grain boundary
precipitation within this region. Compared to Manuscript 3. Figure 29C, this region has more
instances of large second phase particles throughout the grain interior. Manuscript 3. Figure 30D
shows regions of heterogeneous nucleation within the grain interior. These large second phase
particles have PFZs directly adjacent to them, indicating a solute depleted region. Manuscript 3.
Figure 30E shows an image of an overgrown MgZn» precipitate on a second phase particle with
the line scan shown in Manuscript 3. Figure 30G. Like the Deposit Zone, there is evidence that
the AlzZr dispersoid particles are providing a heterogeneous nucleation site for the n phase
precipitates. Manuscript 3. Figure 30F shows evidence of carbon contamination within the
Bottom Hole Wall Region. A line scan of this area is shown in Manuscript 3. Figure 30H,
showing that the large black particle in Manuscript 3. Figure 30F is carbon, and it is providing a
site for heterogeneous nucleation. This carbon most likely came from the graphite lubricant on
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the feed material, and its presence in the Bottom Hole Wall corresponds to the high degree of
mixing between the feed material and substrate in this region.

Top Hole Wall

The Top Hole Wall is located directly above the Bottom Hole Wall but sits near the top
surface of the print. This region will become the corner of the hole wall after machining into the
final test geometry. This region is clearly within the “repair bowl” of recrystallized material, and
due to its proximity to the surface most likely saw a pin interaction during the printing process.
An IPF map of this region is shown in Manuscript 3. Figure 31A, it shows a recrystallized
microstructure with an average grain size of 10 um. From the KAM plot in Manuscript 3. Figure
31B, there is still evidence of subgrain structures within the region.
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Manuscript 3. Figure 31: Top Hole Wall microstructural characterization. (A) IPF. (B)
KAM. (C) Low-magnification HAADF. (D) HAADF micrograph with extensive overgrown
precipitates. (E) Line scan region with grain boundary precipitation and large second
phase particles in matrix. (F) Results of line scan shown in E.

The low magnification TEM image in Manuscript 3. Figure 31C shows a similar
dispersion of large second phase particles. There is clear evidence of grain boundary
precipitation shown in Manuscript 3. Figure 31D, with further evidence of heterogeneous
nucleation within the grain interior. The grain boundaries within this region show nearly
continuous precipitation. A grain boundary with a large second phase particle is shown in
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Manuscript 3. Figure 31E, a line scan is overlaid capturing heterogeneous nucleation regions
within the grain interior. The resulting line scan is shown in Manuscript 3. Figure 31F. The
brighter regions of the HAADF image in Manuscript 3. Figure 31E correspond to copper
segregation. This is observed in the large second phase particle in the bottom left of the image
and the large second phase particle on the grain boundary. This is captured in the line scan data,
with the large copper peak corresponding to the grain boundary area. The presence of copper on
the grain boundary without a corresponding increase in magnesium suggests the presence of the
high temperature 0-phase (Al2Cu) as opposed to S-phase (Al.CuMg). There is also a smaller
second phase particle captured in the middle of the scan, corresponding to a zirconium peak.
This again provides evidence that the Al;Zr dispersoid particles are providing heterogeneous
nucleation sites.

Pin Affected Zone

The Pin Affected Zone describes the region of material that experiences the intense
thermomechanical pin event during printing. This region is distinguishable from optical
microscopy in the top right corner of Manuscript 3. Figure 28. The two distinct zones present in
Manuscript 3. Figure 28 correspond to the two radii of the two sets of pins. The region
investigated during EBSD is the innermost of the two regions. An inverse pole figure map on the
PAZ is shown in Manuscript 3. Figure 32A, it shows a fine equiaxed microstructure with an area
averaged grain size of 7.6 um. A kernel average misorientation plot is shown in Manuscript 3.
Figure 32B showing some regions of subgrain networks within the region.

Distance (nm)

Manuscript 3. Figure 32: Pin Affected Zone microstructural characterization. (A) IPF (note
scale bar is 100 pm). (B) KAM. (C) Low-magnification HAADF micrograph. (D) Large
heterogeneous precipitates. (E) n-precipitate growing on Zr rich dispersoid particle. (F)

Line scan results shown in E.
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Manuscript 3. Figure 32C shows a low magnification TEM image of the Pin Affected
Zone. There is evidence of grain boundary precipitation and copper segregation to the grain
boundary in this region. The grain interior is scattered with overgrown precipitates. Manuscript
3. Figure 32D shows the extent of the heterogeneous nucleation more clearly, there is clear
evidence that the overgrown precipitates are forming on a second phase particle. The PFZs
around the precipitates are large in this region, on the order of 50 nm. A higher resolution
HAADEF of a precipitate is shown in Manuscript 3. Figure 32E. The precipitate is ~100 nm in
width, and there is a second phase particle present within the precipitate. A line scan was
conducted to determine the composition of the precipitate and the particle. This line scan is
shown in Manuscript 3. Figure 32F, the precipitate is rich in zinc and magnesium, most likely
MgZn;. The smaller particle is rich in zirconium, most likely the AlzZr dispersoid particle.

Thermo-Mechanical Affected Zone

The TMAZ is distinctly different from the other regions characterized thus far. The
TMAZ is not a fully recrystallized microstructure, it has not experienced the high strain events
that caused full dynamic recrystallization in the other regions. This is exemplified in Manuscript
3. Figure 33A, the original rolled grains of the substrate material are still present. There are
many smaller grains, possibly due to some degree of recrystallization from the thermo-
mechanical process. The rolled grains show signs of subgrain structures in Manuscript 3. Figure
33B, pointing towards some degree of mechanical work during the AFSD repair. The smaller
grains are free of subgrains, suggesting that the subgrains rotated into high angle grain
boundaries. The misorientation angle distribution in this region is bimodal due to the incomplete
recrystallization.
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Manuscript 3. Figure 33: Thermomechanical Affected Zone microstructural
characterization. (A) IPF. (B) KAM. (C) Low-magnification HAADF micrograph. (D)
HAADF showing dense precipitation within the matrix. (E) Dispersoid particles showing no
sign of heterogeneous precipitation. (F) Results of line scan shown in E.

Low magnification TEM images of the TMAZ region are distinctly different from the
other regions. Comparing Manuscript 3. Figure 33C to Manuscript 3. Figure 29C, 7C, 8C, and
9C; it is evident that the degree of heterogeneous nucleation within grain interiors is drastically
less in the TMAZ. There is some degree of grain boundary precipitation, but it is nowhere near
the continuous distribution in the other regions. A representative image of the grain interiors in
this region is shown in Manuscript 3. Figure 33D. There is a very fine, evenly dispersed
precipitate structure. This lack of oversized second phase particles is related to the degree of
recrystallization in this region. The grains that haven’t undergone recrystallization haven’t lost
the coherency of the Al;Zr dispersoid particles. Manuscript 3. Figure 33E shows an image with 5
AlsZr dispersoid particles visible, all of which have no evidence of heterogeneous nucleation. A
line scan of the region is shown in Manuscript 3. Figure 33F capturing 4 of the dispersoid
particles, showing the change in zirconium concentration has little effect on the other alloying
elements.
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Fracture Surface Characterization

Fracture surfaces of failed coupons were examined to understand the crack initiation
mechanisms for the different samples. For ease of examination, R=0.1 samples were heavily
investigated. The tension-compression nature of the R=-1 loading case disrupted the fracture
surfaces making them harder to examine. A low magnification back-scatter micrograph of a 1/4”
Baseline sample tested in the R=0.1 loading condition is shown in Manuscript 3. Figure 34A.
The white box outlined in Manuscript 3. Figure 34A shows a region of interest shown in Figure
11b. It shows multiple crack initiation sites along the inside of the hole wall. The crack
initiation sites correspond to bright clusters of particles, the outlined region in Manuscript 3.
Figure 34B is shown in Manuscript 3. Figure 34C. At higher magnifications, the crack initiations
are well correlated to the existence of these second phase particles. A cluster of second phase
particles was analyzed via Electron Dispersive Spectroscopy (EDS), this is shown in Manuscript
3. Figure 34E-G. The second phase particles are rich in iron and copper, most likely
corresponding to the Al;CuzFe constituent particle. The constituent clusters present on the
fracture surface range in size from approximately 5 um to 30 um. Manuscript 3. Figure 34D
shows a region of crack growth outline in black in Manuscript 3. Figure 34A. There are clear
crack growth striations and constituent particles present on the fracture surface.

Manuscript 3. Figure 34: Fracture surface of baseline sample. (A) Backscatter overview
micrograph showing regions of interest. (B) BSED micrograph of hole wall showing
multiple crack initiation sites. (C) Highlighted region from B showing particles present at
crack initiation sites. (D) BSED micrograph of drack growth region showing fatigue crack
growth marks. (E) Intermetallic particle within crack growth region. (F) Iron Kal spectra
of E. (G) Copper Kal spectra of E.
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A backscatter micrograph of a repaired fracture surface is shown in Manuscript 3. Figure
35A. 2 regions of interest were identified, a crack initiation site is outlined in white, and a region
of crack growth is outlined in black. The crack initiation site is shown in Manuscript 3. Figure
35B and is further magnified in Manuscript 3. Figure 35C. The crack initiation site of the
repaired sample appears to have an intergranular nature with few large constituent particles. The
size of the constituent particles on the repaired fracture face appears to be greatly reduced in size
compared to baseline samples. This is further exemplified in Manuscript 3. Figure 35D where
the constituent particles are approximately 5-10 um in diameter. There is an apparent difference
in the fracture surface between Manuscript 3. Figure 34D and Manuscript 3. Figure 35D, in the
crack growth region on the repaired surface the fracture type is mostly intergranular.

Manuscript 3. Figure 35: Fracture surface of repaired specimen. (A) BSED micrograph
overview with regions of interest highlighted. (B) Higher magnification BSED micrograph
of crack initiation site of A showing crack growth direction and region of interest. (C)
BSED micrograph of crack initiation site showing evidence of intergranular region. (D)
BSED micrograph of crack growth region highlighted in A.

Fatigue Frame Analysis

To analyze the fatigue displacement data, it was first fit with a cubic spline. After fitting
the spline was used to interpolate additional data points to better resolve the peaks of the sinusoid
using the Python library Scipy [21]. The peaks of the smoothed displacement data were found
using the wavelet transform algorithms described in Zhang et. al. [22] and then vertically shifted
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to make the minimum value equal to zero to allow for comparison between all datasets. The
shifted displacement peak data were then fit with a RANSAC linear fit from the Scikit-learn
library, which allows for fitting the linear region of the fatigue data robustly without the data
from after crack growth affecting the fit [23], [24]. The start of exponential crack growth was
designated as the abscissa where the RANSAC fit and the displacement data deviated by 0.002
mm in the ordinate; this deviation value was arbitrarily chosen but was held constant between all
fatigue datasets.

The displacement vs. cycle values discussed above were plotted to understand the
different regions of the load-controlled fatigue tests. The resulting plots are shown in Manuscript
3. Figure 36, in each plot the best, worst, and 50% fatigue life are plotted. Manuscript 3. Figure
36A-C show the R=-1 loading condition for the 1/4” Hole Repair, 5/16” Baseline, and 1/4”
Baseline respectively. Similarly, Manuscript 3. Figure 36D-F shows the R=0.1 loading condition
for the 1/4” Hole Repair, 5/16” Baseline, and 1/4” Baseline. Most of the displacement curves
show a similar series of trends; first a cyclic softening region that peaks into a cyclic hardening
regime, this is followed by a steady state regime, then exponential crack growth and final failure.
For the R=-1 loading case, the worst performing 1/4”” Hole Repair and 5/16” Baseline both show
a lack of cyclic softening behavior and enter directly into the steady state region. While both
samples failed earlier than their counterparts, the reason behind the lack of cyclic softening is not
understood. Outside of these anomalies, the overall behavior of all the fatigue samples appears
to be quite similar.
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Manuscript 3. Figure 36: Cycle-Displacement curves for best, middle, and worst
performing fatigue specimen. (A) 1/4” Repair in R=-1 loading. (B) 5/16” Baseline in R=-1
loading. (C) 1/4” Baseline in R=-1 loading. (D) 1/4” Repair in R=0.1 loading. (E) 5/16”
Baseline in R=0.1 loading. (F) 1/4” Baseline in R=0.1 loading.

Utilizing the start of the exponential crack growth discussed previously, further trends
can be understood about the effect of the repair on fatigue life. Manuscript 3. Table 4 shows the
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average pre-crack lifetime for the different coupon configurations and loading conditions. The
R=-1 loading condition has a lower pre-crack lifetime compared to the R=0.1 loading condition,
meaning the higher stress in the R=0.1 loading increased the crack growth rate. The largest
difference within a single loading condition is between the baseline material and the repaired
material. For the R=-1 loading case the baseline material spent approximately 84% of the total
fatigue life before the 0.002 mm displacement threshold was met. The repaired samples spent
90.6% of their life in this state. This trend holds in the R=0.1 loading condition where the
baseline material spent 91.5% and 90.5% for the 5/16” and 1/4” Baselines respectively, but the
1/4” Repair spends 96.4% of its lifetime in the pre-crack state. This data points to the repaired
material delaying the onset of exponential crack growth.

Manuscript 3. Table 4: Average pre-crack lifetime

R=-1 Average Pre-Crack Lifetime | R=0.1 Average Pre-Crack Lifetime
5/16” Baseline 84% 91.5%
1/4” Baseline 84.6% 90.5%
1/4” Repair 90.6% 96.4%

By counting the number of cycles after the crack initiation threshold, some trends can be
inferred about the fatigue crack growth rate of the different configurations. As expected, the
R=0.1 loading condition had fewer cycles to failure after crack initiation; this is due to the higher
loading stress and increased crack growth rate before gross overload failure. For both loading
conditions, the 1/4” Repair had fewer cycles to failure after crack initiation than the 5/16” and
1/4” Baseline configurations. This further exemplifies that the repair process is prolonging the
crack initiation phase of the fatigue life, but it appears that the repair is detrimental to the crack
growth rate phase.

Manuscript 3. Table 5: Average cycles to failure after crack initiation

R=-1 Average Cycles to | Standard | R=0.1 Average Cycles | Standard
Failure after Crack Deviation | to Failure after Crack Deviation
5/16” Baseline 1,452 182 983 103
1/4” Baseline 2,126 175 1,475 181
1/4” Repair 1,031 410 687 192
Discussion
Viability of Repair

It should be noted some of the short comings of this work. This work is not wide
reaching in its viability for repairs of different geometries. The repair strategy used to produce
these results is not all inclusive and there is room for further improvement. In the technology’s
current capacity, it has been proven that AFSD is a viable means for repairing legacy components
of AA7050 back to geometrical tolerances while simultaneously increasing the fatigue life of a
simplified component. Changing the geometry of the repaired feature via changing hole
diameter or hole depth without changing repair strategy may not provide the same simultaneous
geometrical and structural repair. The depth of hole that may be successfully repaired by this
process may be limited by the depth of mixing that can be generated, it is paramount to produce
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mixing between the existing hole wall and the deposited material. The diameter of the hole that
may be repaired will most likely be determined by the feed material cross section; if the hole
diameter is larger than the cross section of the feed material there may not be adequate force to
promote shear.

The general nature of fatigue must be understood as well, great care must be taken in
specimen preparation and consistency. Despite these efforts, fatigue has inherent variability in
its results. To conduct a study and attempt to relay results to true fatigue performance multiple
specimens must be created and tested.

Effect of Microstructure

The microstructure of the repaired material provides a unique insight into the different
thermo-mechanical regimes experienced during an AFSD print. In a typical deposition scenario,
the deposited material has a more homogeneous microstructure as it has experienced similar
shear events. The different regions of a repaired geometry are vastly different, there are key
differences between regions that are fully recrystallized as opposed to partially recrystallized;
furthermore, there are differences between regions that have experienced the high shear event of
a pin interaction as well.

Of the different regions of the repair discussed, the thermo-mechanical affected zone is
distinctly different, it shows the least recrystallized microstructure and consequentially shows the
lowest amount of heterogeneous precipitation on the AlzZr dispersoid particles. It has been
widely reported that a recrystallization event in the AA7050 microstructure creates an incoherent
interface and provides a heterogeneous nucleation site [1], [2], [25], [26]. This phenomenon is
creating a region within the TMAZ where the 1 precipitates of the AA7050-T7451 starting
microstructure are dissolving then naturally aging out in the matrix after printing. This is
creating a dense microstructure of small coherent particles which are providing strength to the
material.

All other regions of the repair are fully recrystallized, leading to a large degree of
heterogeneous precipitation during the relatively slow cooling period after printing. This slow
cooling is giving adequate time for solute to segregate to the incoherent interfaces of the AlzZr
particles. This heterogeneity is creating large PFZs throughout the matrix, both around the
dispersoid particles and around the grain boundaries. These PFZs allow for regions of strain
localization and may provide a site for crack initiation and growth.

The high shear strain nature of AFSD that caused recrystallization of the AA7050 matrix
also played a large role in modifying the constituent particles. Comparing the constituent
particle size in Manuscript 3. Figure 34 and 12 shows a stark difference. Manuscript 3. Figure
34 shows clusters of constituent particles around 15-20 pm, whereas Manuscript 3. Figure 35
shows particles that are more spherical on the order of 5 um. This particle breakup is attributed
to the high shear nature of the process and has been shown to occur in other material systems
[27].

The thermal effects of the AFSD process are pronounced on the microstructure, the high
heat experienced during printing fully dissolves the starting precipitates. After cooling from
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printing the precipitates are naturally aged out before testing. This leads to a logical step forward
to advance this process, the ability to actively cool the substrate material after printing to reduce
the amount of heterogeneous nucleation and reduce the width of PFZs. In a synergistic effect,
this increased cooling will also leave more solute in solution for precipitating into 1 that can
further improve strength.

Mechanisms of Fatigue
Crack Initiation

The influence of the deposition process is readily apparent when investigating the
fracture surfaces of the broken fatigue coupons. In the baseline material, the crack initiation is
clearly the Fe and Cu rich constituent particles. These large particles are bonded weakly with the
matrix and provide a region for strain localization and eventual crack initiation. The dispersion
and size of these constituent particles will directly influence the time to crack initiation, a
specimen with a larger distribution along the hole wall will undergo crack initiation in fewer
cycles.

The deposited material is distinctly different, the constituent particles are still clear on the
fracture surface; but they are not the site of crack initiation. Investigating crack initiation such as
Figure 12c, the initiation appears to coincide with a region of intergranular fracture. This is most
likely a region of heavy grain boundary precipitation that occurred during the slow cooling. The
AFSD repair process has changed the mechanism of crack initiation from constituent particles to
regions of heterogeneous precipitation and corresponding PFZs. This result agrees with the
trends observed during fatigue testing and displayed in Manuscript 3. Table 4, the average pre-
crack lifetime is greater for the repaired material compared to the baseline. The AFSD repair
process is pushing off crack initiation.

Crack Growth

There are significant differences in the mechanism of crack growth between the baseline
material and the repaired samples. In the baseline material, there is clear evidence of typical
fatigue striations on the fracture surface with regions of advanced propagation around the
constituent particles. This fatigue striation is typical of a ductile material undergoing fatigue
crack growth. In the repaired material, the fracture surface has more intergranular features. This
is typically a sign of embrittlement; in this case the fatigue crack is preferentially travelling along
the grain boundaries due to the near continuous grain boundary precipitates and corresponding
large PFZs. The transition from a more typical fracture mode to the intergranular fracture is
shown in Figure 12b, the small region around crack initiation fractures similarly to baseline
material, but as the crack grows the fracture mode changes. This change in crack growth
mechanism is detrimental to the fatigue crack growth rate of the repaired coupon, as shown in
Manuscript 3. Table 5. The number of cycles from crack observation to final gross overload
failure is reduced for the repaired material. In a real-world repair scenario, this would affect the
service and inspection timeline for a component after a repair; in order to catch a crack before it
becomes a catastrophic flaw the time period between inspections would be shortened.

Gross Overload failure
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The lack of recrystallization in the TMAZ is allowing for a similar effect in the final
gross overload failure of the sample during testing between all test configurations. In the
baseline material, the overgrown n precipitates of the overaged AA7050-T7451 condition are
providing significant strength in the region undergoing gross overload failure. In the repaired
material, the TMAZ is playing a similar role, the retention of the rolled microstructure and
coherency of the dispersoid particles is allowing for significant precipitation after the repair
process in the form of natural aging. These small precipitates shown in Figure 10d and e are
providing significant strength to the matrix.

Wide Reaching Implications

This work is wide reaching in its implications, to this point the authors are not aware of a
technique that can both geometrically and structurally repair a vertical hole wall above its
damaged configuration. This work was conducted on AA7050, the alloy comprising a vast
majority of structural components on aircraft. This work also addresses a rampant issue in the
aerospace industry i.e., corroded holes on legacy components in service. With the decline of
manufacturing and inability to source components, the lead times and exorbitant costs of
components can impede fleet readiness. For large components in service this repair process may
provide a cost-effective method for keeping incredibly costly components in service and
increasing the parts effective lifetime.

Conclusions and Future Work

Additive Friction Stir Deposition was successful in geometrically and structurally
repairing simulated corroded fastener holes in AA7050. The microstructure and mechanical
performance of the repaired material is distinctly different from the base material. The following
points highlight the results.

e The repaired 1/4” hole geometry outperformed the 5/16” Baseline configuration for both
R=-1 and R=0.1 loading conditions.

e The repaired 1/4” hole geometry outperformed the 1/4” Baseline configuration for the
R=0.1 loading condition.

e The repair applied sufficient heat to fully solutionize the precipitates of the deposited and
substrate material in the region directly surrounding the hole. Reprecipitation during
cooling from high temperatures as well as natural aging after printing created a bimodal
size distribution of n-phase precipitates.

e Regions that underwent recrystallization during the printing had significant
heterogeneous precipitation on the Al3Zr dispersoid particles; this is believed to be due to
the loss of coherency between the particle and the matrix after a recrystallization event.

e The high shear of AFSD broke apart the Fe-rich constituent particles that were the causes
of crack initiation in the baseline material; effectively pushing off crack initiation for the
repaired samples.

e The heterogeneous precipitation in the recrystallized region created large PFZs that
accelerated crack propagation in the repaired material.

e This result highlights the viability of AFSD for repairing legacy aircraft components.
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While this work was successful in improving the fatigue life on the component level there
may be unforeseen challenges when implementing on large scale components. The most
prominent issue will be thermal degradation of the surrounding material; future work should
focus on improving the capability to actively cool the repaired material and adjacent regions.
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Chapter 5: Conclusions and Future Work

5.1 Post-Deposition Heat Treatment of AA7050

Chapter two presents a manuscript demonstrating the viability of heat-treating AA7050 back to
full forging strength after deposition via AFSD. Within the scope of additive manufacturing and
specifically AFSD, this was the first reported result showing the capability for any 3D printing
process. More encouraging, AFSD was able to achieve these results without altering the alloy
chemistry. For many conventional AM processes, the ability to deposit fully dense AA7050 is a
challenge. This manuscript shows that to process alloys that require wrought processing, a solid-
state deformation additive manufacturing technique must be utilized.

It was previously shown that precipitation hardened aluminums deposited via AFSD necessitate
post-deposition heat treatment to have considerable strength and that was again demonstrated in
this work. The as-deposited material has insufficient yield and ultimate tensile strength for use
in a component; furthermore, the hardness trends show variability along the height of the build
meaning that the thermal exposures of subsequent layers are modifying the precipitate structure.
This variability through the height further exemplifies the need to conduct post deposition
solutionizing and aging. During the initial experimentation discussed in Manuscript 1, it was
discovered that the deposited material underwent abnormal grain growth in the post deposition
solutionizing treatment. AA7050 is an alloy that is known to undergo a secondary
recrystallization event after high strain processes, typically this is attributed to the high strain rate
causing an unstable grain structure.
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Comparing the deposited AA7050 that was subjected to T74 treatment and AA7050 from rolled
plate subjected to the same heat treatment the tensile responses were nearly identical. This was
due to adequate water quenching of the coupons and their limited thickness (2 mm). In industrial
cases, AA7050 is not used in such thin component sections, instead AA7075 is used. The real
use case of AA7050 is thicker sections where quenching in cold water can induce quench
cracking. AA7050 can be quenched more slowly because it utilizes the L1>-structure AlzZr
dispersoid particle. This particle forms in a solid-solid reaction with minimal lattice mismatch to
the aluminum matrix, lending fully coherent interfaces. Typical processing of AA7050 is
centered around maintaining the integrity of the coherent interfaces to reduce sites for
heterogeneous precipitation in quenching. Manuscript 2, within Chapter 3, focuses on the
quench sensitivity of AA7050 after processing with AFSD. AFSD is a severe plastic
deformation process, it relies on the ability for the material to create and annihilate dislocations
rapidly to undergo plastic flow. One of the most accessible regions for dislocation annihilation is
grain boundaries, and in the case of aluminum undergoing AFSD leads to a phenomenon referred
to as continuous dynamic recrystallization. During this recrystallization event, the prior grains of
the feed material are continuously rotated until they reach a small enough size to accommodate
all the dislocations necessary to facilitate plastic flow. This style of processing is not
conventional for the AA7050 alloy system, and a fundamental study was conducted to
understand the effect of severe plastic flow.

5.2 Quench Sensitivity

Manuscript 3 shows the effects of zirconium on the quench sensitivity of AA7050 after AFSD.
This was demonstrated by casting an AA7050 alloy without Zr, processing with AFSD and
exaggerating the slow cooling rates experienced in thick components. This modified AA7050
alloy was printed with identical processing parameters to conventional AA7050, using both a
featureless and protrusion tool. Tensile coupons were retrieved from the deposits and subjected
to identical thermal treatments except for a distinction after solutionizing AC, referring to air
cool; and WQ), referring to a water quench. The exaggerated slow cooling rate in the air cool
sample allows for heterogeneous precipitation to take place. This metric was quantified by using
the yield strength of resulting tensile tests, the water quench was used as a control of adequate
cooling and the air cool showed the specimens quench sensitivity. It was found that for as-
received rolled plate AA7050, a modest drop in yield strength was experienced between the
water quenched and air cooled. In the case of conventional AA7050 processed with a featureless
tool, the yield strength drops off between the water quenched and air-cooled specimens were
drastic. Comparing identically processed AA7050 without Zr, there was a minimal yield strength
drop between the water quenched and air-cooled samples empirically pointing to the Al Zr
dispersoid particles as the culprit for the increased quench sensitivity. This was later observed in
STEM to be true, the dynamic recrystallization process causes the dispersoid particles to act as
heterogeneous nucleation sites. The same style of experiments was conducted using a tool with
tear drop shaped protrusions on the face, in other work these protrusions have been shown to
dramatically increase total strain. Using the protrusion tool, the conventional AA7050 and Zr-
free AA7050 show similar responses in yield strength drop. The conventional AA7050
processed with the protrusion tool had the same quench sensitivity experienced by the featureless
tool due to the loss of coherency of the AlzZr dispersoid, while the Zr-free AA7050 showed signs
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of extensive heterogenous precipitation occurring on Fe-rich and Si-rich constituent particles.
The high shear process of AFSD broke the constituent particles up considerably between the
featureless and protrusion tools essentially increasing the number fraction of heterogeneous
precipitation sites between the two processing conditions.

5.3 Particle Coherency

The loss of coherency of the L1, dispersoid particle is a well-documented phenomenon in the
high-strength aluminum alloys. Conventional processing of thick components has been
optimized to lower flow stress and reduce the amount of recrystallization that occurs. The solid-
solid reaction that lends itself to providing coherent interfaces, as opposed to liquid-solid
formations that typically create incoherent interfaces, also means that it is difficult if not
impossible to regain coherency of the interface. The Al;Zr particles do not reorient themselves
within a matrix, instead the matrix would have to reorient itself to accommodate the particle
coherently. The loss of the particle coherency would provide the detrimental effects discussed
throughout the entirety of this work. The incoherent interfaces provide heterogeneous nucleation
sites for the strengthening n-phase precipitates, lowering the strength of the alloy especially in
thicker sections. The loss of interface coherency is also detrimental to the intended role of the
dispersoid particles, stabilizing the grain structure. The loss of coherency lowers the Zener
pinning pressure exerted by the dispersoid by a factor of two. This may lead to unstable
microstructures more likely to undergo a secondary recrystallization event. The severe plastic
deformation nature of AFSD does not allow for deposition without a dynamic recrystallization
event, there is no way to avoid dispersoid particles becoming incoherent during processing via
AFSD.

5.4 Solutions to Quench Sensitivity

In this work, a solution to the increased quench sensitivity is proposed and discussed. By
removing the minor alloying element of Zr, the formation of the dispersoid particle can be
avoided altogether. This was shown to be highly effective when utilizing a featureless tool. The
yield strength drop between the air cooled and water quenched samples was nearly negligible.
This is exciting for the viability of AFSD, alloys may need to be modified to undergo processing
with acceptable performance. The removal of Zr was not without pitfalls. The removal of the
primary grain stabilizing agent allows for significant grain growth during post deposition thermal
treatments. While this may be unacceptable for some applications where excessively large
grains may provide preferential sites for intergranular corrosion, there may be applications where
corrosion inhibiting surface coatings can be sufficient for use. Most of the grain growth is
expected to occur during the solutionizing treatment, grain boundary mobility follows and
Arrhenius equation with temperature, and typical service temperatures for 7xxx series alloys fall
below 100 °C.

5.5 Viability of AFSD for Creating AA7050 Components

This work shows that AFSD is viable for creating components in AA7050 that are sufficiently
thin. Creating thin components can avoid the detrimental effects of the increased quench
sensitivity introduced by AFSD by increasing the effective quench rate. As mentioned in
Manuscript 2, the typical use case of AA7050 is not thin components, this alloy is used for thick
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structural components. For this application AFSD will not be viable. To overcome the thicker
component section, faster quench rates would need to be introduced which would cause severe
quench cracking from the imparted thermal stress. This limitation has wide reaching
implications, most modern high strength aluminum alloys leverage the use of Zr or Sc dispersoid
particles. It is expected that the AlzSc dispersoid particle (which shares the same L1, structure)
will experience the same loss of coherency. The intended application of AFSD (replacing
complex aerostructure forgings) may not be feasible. Removing the dispersoid particles would
change the alloy chemistry which would be unacceptable for some designs and require
significant testing and material qualification.

5.6 Structural Repair

Chapter 3 demonstrates the success of an application driven repair in AA7050 for corroded
fastener holes. It was demonstrated that the significant shear event of AFSD broke up and
dispersed fatigue crack initiating Fe-rich constituent particles and drove off fatigue crack
initiation. This performance enhancing mechanism counteracted the loss of dispersoid
coherency and overgrown precipitates that created a weaker matrix. As shown in Chapter 1 and
2, the ability to repair a full-scale component and successfully heat treat it would not be feasible,
but with thermal solutions, an in-situ repair without further thermal treatment may be viable.
The complex thermal fields surrounding the repair region are not well understood, but based
purely upon the metric of fatigue life it appears that an AFSD enabled repair may be viable in
certain applications.

5.7 Future Work

Further experiments and advancements need to be undertaken to understand the further effects of
removing Zr from the high-strength aluminum alloys. Certain component level designs may
allow for the larger grain size of the Zr-free material and possible impact on properties. Further
studies need to be conducted to understand the extent of the increased quench sensitivity, if alloy
modifications are not feasible, a maximum thickness for AFSD components must be determined
based on the quench rate that would induce heterogeneous precipitation. There is a large demand
for the ability to create large scale forging replacement parts via AFSD, further alloy design may
allow this to be feasible.

Future alloy design for AFSD should be focused on temperature stable precipitates. The pitfalls
of AFSD and AA7050 are due to having both thermally stable and soluble precipitates present in
the same alloy. The thermally stable precipitates meant to stabilize the grain structure will
always provide a site for heterogeneous nucleation during the quenching process that is
necessitated by the thermally soluble precipitates. If an alloy is developed that leverages the
ability of AFSD to break down thermally stable precipitates and introduce a large enough volume
fraction with a small enough radius, there may be large strengths that can be achieved. A
representative alloy system of interest is the Al-Ce system, the cerium has almost zero solubility
in the solid aluminum, meaning that it forms intermetallics almost immediately during cooling.
After AFSD, these particles may be broken into small enough sizes to provide adequate strength
for the aluminum in the as-printed condition. The repeated thermal exposures of subsequent
layers may not alter the precipitates.
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