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2 Abstract

Cold Spray is a solid-state additive manufacturing process that uses metallic feedstock powders
to create layers on a substrate through plastic deformation. This process can be used for the
repair of mechanical parts in the aerospace industry as well as for structural applications.
Aluminum alloy powders, including Al 6061, 7075, 2024, and 5056, are typically used in this
process as feedstock material. Since this process takes place all in the solid state, the
properties and microstructure of the initial feedstock powder directly influence the properties
of the final consolidated Cold Spray part. Given this, it is important to fully understand the
internal powder microstructure, specifically the secondary phases as a function of thermal
treatment. This work focuses on the understanding of the internal microstructure of Al 6061,
7075, 2024, and 5056 through the use of light microscopy, scanning electron microscopy,
transmission electron microscopy, energy dispersive x-ray spectroscopy, electron backscatter
diffraction, and differential scanning calorimetry. Thermodynamic models were used to predict
the phase stability in these powders and were calibrated using the experimental results to give
a more complete understanding of the phase transformations during thermal processing.

3 Introduction

This work is funded by the Army Research Lab and studies ways to improve the capabilities of
both the individual soldier and battle readiness as a whole. One way that improvements are
being made is through the use of additive manufacturing for repair or replacement of critical
mechanical components of army transportation vehicles. The use of additive manufacturing can
reduce the time for creation of new parts as the additive system could be used in the field. One
such additive manufacturing system is Cold Spray, a solid state additive manufacturing process
that uses metallic feedstock powder for repair and creation of vehicle parts. For example, this
process can be used to repair helicopter gear box housings, which would typically make months
to get repaired or replaced after being sent back from the field. With the use of an onsite cold
spray unit, this repair time can be decreased to a few days. This would ensure that the soldiers
can now use this downed helicopter much faster, and will ultimately save money and keep
everyone safe[1,2].

Cold spray takes the metallic feedstock and is fed into a powder feeder which sends it through
an inert heated gas stream that is below the melting temperature of the alloy [3]. This mixture
of gas and powder if few through a converging-diverging nozzle at supersonic velocities and
directed towards a substrate. At theses velocities, the powder hits the substrate and plastically
deforms, adhering to the substrate. As this process continues, a layer of deformed powder is
created, which can be used as either a coating at small thicknesses, or used as a bulk material
when many layers are allowed to build up on the surface [3].

In order for this process to be even quicker, metal alloys that are already approved by the US
Army are used to create the feedstock powder for these systems. This work focuses on the use
of aluminum alloy powders, specifically 6061, 2024, 7075 and 5056. Since cold spray is a solid
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state additive process, the feedstock powders are not melting upon consolidation. This is
unique when compared to other additive processes because the lack of melting means that the
mechanical properties of the feedstock powder will directly influence the mechanical
properties of the consolidated parts [3-6]. Literature has shown that parts that are deposited in
a solid state from these powders can also have higher strength than their bulk counterparts [7].
Given this, it is important to understand and control the properties and microstructure of these
powder in order to create the best possible cold spray layers.

Aluminum alloys are divided into two classifications, wrought and cast. The chemical
compositions of the powder used in this work fall under that wrought composition naming
scheme. These wrought alloys use a four digit naming system. This work focuses on alloys in
the 2xxx series, 5xxx series, 6xxx series, and 7xxx series [8]. These aluminum alloys have
traditionally been used for many aerospace applications due to the significant difference in
density when compared to that of steels [9].

For the 2xxx series alloys, copper is always the main alloying element, sometimes with
significant use of magnesium. The alloy in this study, aluminum 2024, is an age-hardenable
alloy that is widely used in the aircraft and aerospace industries for wrought components,
coatings, and repair applications [10]. Many secondary phases can be seen in wrought and cast
2024 including: Al;CuxFe, Al12(Fe,Mn)sSi, Al,CuMg, Al,Cu, Als(Fe,Cu), where the primary
strengthening phases of 2024 are the S (orthorhombic Al,CuMg) and 6 (tetragonal Al,Cu)
phases [11,12],

In the 6xxx series, magnesium and silicon are the most abundant alloying elements. The alloy in
this study is 6061, which is also an age-hardenable alloy. The observed constituent phases
include Mg.Si, Al12(Fe,Mn)sSi [11]. The primary strengthening sequence is "’ B’=>B (MgzSi),
moving from needles, to rods, to equilibrium plates or cubes during treatment, respectively,
where B” is the primary strengthening phase [13,14].

The 7xxx series, zinc is the primary alloying element. The composition 7075 is used

Phases Al;CuyFe, Al12(Fe,Mn)sSi, Alg(Fe,Mn), Mg2Si. MgZn; or n and its metastables are the
primary phase in this alloy, where the n’ phase contributes significantly to the strength of the
alloy [11].

The last alloy series used is the 5xxx series, with a main alloying element of magnesium. This
alloy is not age-hardenable due to the phase solubilities with the given composition. This work
studies 5056, where the 3 phase (AlsMg>) can be seen, but unlike the other heat treatable
alloys, this primary phase does not contribute to the strength of the alloy [11].

For use in solid state additive manufacturing, such as cold spray, feedstock powder of the
traditional alloying compositions mentioned above are created through gas atomization. During
this process, the molten alloy is atomized using a gas stream and the produced droplets
subsequently undergo rapid cooling, resulting in powder particles with an as-cast dendritic
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microstructure that inherently contain segregation of alloying elements. The processing
parameters also affect the morphology of the resulting particles, all of which are primarily
spherical, though the mixture contains a wide size distribution [15].

Since these powders are created using gas atomization, the metal undergoes very high cooling
rates, which are classified under rapid solidification. Given this, it is expected that there will be
non-equilibrium phases present in the as-atomized powders, which will differ from
conventional cast or wrought aluminum [16].

A deeper understanding of the potentially different phases present in these aluminum alloy
powders can be revealed using commercially available computation thermodynamic and kinetic
software, such as Thermo-Calc. This software was initially created in the 1970s by Professor
Mats Hillert and his graduate students; Bo Sundman, Bo Jansson, and John Agren in the Division
of Physical Metallurgy at the Royal Institute of Technology in Stockholm, Sweden. All three
students needed access to thermodynamic data for their research, and when that was not
available, they decided to create a software for thermodynamic calculations that could be used
for many different alloy systems. Others who made early contributions to this software
include: Lars Hoglund, Jan-Olof Andersson, Bjorn Jonsson and Anders Engstrom [17].

In 1985, Sundman et al. released a paper about the capabilities of this new Thermo-Calc software.
In the metallurgy industry, alloys with many different components are used, and it is important
to understand the equilibrium states of these alloys for various processing procedures.
Unfortunately, with a large number of components in the alloy, the experimental work to get this
information is very challenging. This software predicts equilibrium states using a databank of
binary or ternary data to allow for computer extrapolation in multi component systems [18].
Thermo-Calc was intended to be an all-encompassing software to calculate thermochemical
systems that was easy to use for engineers in many industries. Thermo-Calc uses the CALPHAD
method, or calculation of phase diagram, to extrapolate based upon the available
thermodynamic experimental data from literature to calculate thermodynamic properties with
limited data. This software is unique due to the rigorous data assessment and that is used to
create the databank that gives such accurate results. This data is collected as part of international
collaboration to ensure the best caliber data available through previous experiments.



System utilities

Alloy databank

POLY_1 Post-processor

GES model package

Message system Line editor
]

EQUILONE

F16. &. The modular structure of Thermo-Calc. The postprocessor and the lined
modules are local to the POLY_1 and MESSAGE module respectivly.

Figure 1: Structure of Thermo-Calc Modules as shown in the first Thermo-Calc paper from 1985 [18]

The Thermo-Calc software is broken down into modules and accessed through a command line.
The different modules are found in Figure 1 above. The System utilities module is the first step
to running a simulation and allows the user to set many global variables for their particular
problem. The paper describes all the commands available from this starting module and beyond,
including how to get help inside the software. In the Alloy databank module, the user defines
the alloy system they are interested in including composition of the alloy and phases to be
integrated into the calculations. After the system is defined, the user tells the software to collect
the relevant thermodynamic data from the databank. The module for phase diagram
calculations, or Poly_1, is where the user sets the simulation conditions for calculating an
equilibrium diagram. The Post-processor module allows the use to plot and tabulate the
calculated data into a useful format. The thermodynamic module, or GES (Gibbs Energy System)
model, allows the user to amend the previously calculated data. The messages module allows
for the user to communicate with the software creation team about any problems you are having
with the software [18].
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Figure 2: Examples of Thermo-Calc Phase Diagram Outputs as shown in the first Thermo-Calc paper from 1985 [18]



Sundman et al. then described two examples of how a researcher could use the Thermo-Calc
software and the exact commands that are to be used to accomplish the task. The first example
uses a binary Fe-C system that would be useful for a steel researcher. The commands are
presented to create a phase diagram as well as an activity diagram for the Fe-C system and the
output is shown in Figure 2. The second example demonstrated how Thermo-Calc handles a
more complicated system, a steel containing C, Si, Mn, Cr, Mo, W and V.

The work of one of the original graduate students, John Agren, on diffusion controlled
transformations led to the creation of DICTRA, the diffusion module in the Thermo-Calc software
[17]. In 1982, Agren published work on a numerical treatment of diffusional reactions in alloy
systems [19]. This work first described the basic equations for the numerical methods he later
used in computer simulations to begin the creation of DICTRA. The base equations form a system
of equations that satisfy both conservation of mass and equilibrium. The following equation
represents the composition of phase a.:
zy;a =1 (1)
k

where, k is all components on s, the sublattice. Next the o/ interface equilibrium is described,
where B is the dissolving phase. If both o and B have a sublattice, it results in the following
equilibrium:
GF-G6E =6l -¢f] @

where js is the reference components in the sublattice. G{* is the partial Gibbs energy for
component i in the alpha phase. Equation (1) becomes:

aGE 3G aG-  aGck

dy; 9dyj, dyf 9y
When components i and j are in the same sublattice, and must be the case for all components.
Gy is the molar Gibbs energy of the phase a.. When [)’ is the reference phase:

Gg +ZZ(5US )a : _zasc;j‘j
- (@)

where a® is the number of atoms on the sublattice per formula unit of the phase a. A mass
balance at the o/ interface gives:

U(X

OB
_ E ase ylia -— E ath ylfﬁ — § ]ga _ § ]iﬁ (5)
Vin |4
s m t N t

where v is a growth rate of a phase, and J is a diffusional flux of a component. When each
component only dissolves in one sublattice Equation (5) becomes:

Iy P ¢ "

e ——gatyl =it - ) g
Vm

When molar volume Vn, is assumed constant:

Z Z Dkl v Vyl (7)

When combined, equations 6 and 7 become:

(3)

(8)
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where m is an integer that signifies the geometry of the phase: planar, cylindrical, or spherical.
Agren then applied a numerical method that followed these base calculations. These numerical
calculations follow the Galerkin method for finite element analysis, and were later used in the
computer program that would become DICTRA [19]. From Equation (8, several functions were

applied to arrive at:
n
a’ o ayy; [ " o
z : ykl.f X, Cpidjjdx — _{x;ln]’incpj(xn) —xi" ;147]-(361)}4-.[- xm]i:_v (9)
Vm - at % X1 ax
=

Equation (9 is the general case and becomes a system of ordinary differential equations. It can
then be applied to the diffusion problem to yield a final equation:

a At
(—A _ —B;) YS(t+ Af)

o2
L ne (10)
At - a’ At
=—(R(t+A) +R(®)) + Atzz CEYI®) +(—A +—B,§) Yy
2 t=11=1 Vm 2

where R is a vector encompassing the boundary conditions, and A, B, and Cf;i are matrices.
This equation coupled with Equations (1(6 can be solved simultaneously to yield the numerical
calculation of a diffusion problem [19].

Later in 1990, Andersson et al. released a paper with an initial introduction to the new software
DICTRA [20]. The paper described that DICTRA had been integrated into the Thermo-Calc system
and could solve systems of diffusion equations to investigate a moving interface. They stressed
the importance of the software’s use for practical engineering problems with many components,
rather than simple problems that cannot be used for scale up. The paper emphasized that the
work from Agren described above [19], was the first of its kind to combine numerical models for
diffusion with thermodynamic data calculations. This paper by Andersson et al., is the first to
demonstrate DICTRA’s usefulness to practical applications and agreement with models and
experimental results through several examples including dissolution of cementite in an Fe-Cr-C
system. The experiments and computation yielded results demonstrating that there was good
correlation between the two data sets [20]. The models described in this paper paved the way
for more advances in both the software and the capabilities for more practical problems through
additional developments in the thermodynamic and kinetic databases.

These models can be used in conjunction with experimental observations in order to gain a
more complete understanding of the internal microstructure of aluminum alloy powders.

This document contains seven chapters. Chapter 4 contains an investigation into the chemical
segregation suspected to be present at the grain boundaries of as-atomized aluminum alloy
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powder particles, which lead to the development of the four subsequent chapters. Chapter 5
includes analysis of aluminum alloy 2024 powder and the evolution of the internal
microstructure as a function of thermal treatment. Chapters 6 and 7 explore the identification
of secondary phases in aluminum 6061 powder for both the as-atomized and thermally treated
conditions. Chapter 6 focuses on the identification of Mg-rich phases, while Chapter 7 focuses
on the Fe-rich phases present in the microstructure. Chapter 8 includes an investigation of the
phase transformations of aluminum alloy 7075 powder while Chapter 9 includes a similar
investigation into the phase transformations in aluminum alloy 5056 powders. Chapters 5-9 all
use computational modeling to guide the experimental process. Chapter 10 explores the
dissolution and growth of secondary phases with the use of diffusional modeling to further
understand the phase transformations seen in these alloys through thermal treatments.
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4 Chemical Segregation in Aluminum Alloy Powders

4.1 Modeling Homogenization of Chemical Segregation

4.1.1 Thermo-Calc Models

Computational modeling can be used to guide experimental characterization of metallic alloy
systems. The Scheil solidification diagram created using Thermo-Calc, Figure 13, is
representative of rapid solidification processes, and is therefore applicable to the gas atomized
powders in this study. The as-atomized powders will follow the solidification path set forth by
the diagram and this has helped to guide phase identification in the powders. Figure 1b is an
example of an Equilibrium diagram that shows the amounts of each phase as a function of
increasing temperature. This was used to understand phase stability given each allow
composition as well as how to choose a solutionization temperature while still avoiding
incipient melting of the alloy. This process is further explained in Chapters 5-9. These figures
were calculated in Thermo-Calc using the composition for Al 6061, which will be used for the
example models in this section. The solutionization temperature chosen for this alloy was 530C,
to be held for 1 hour. These diagrams were used as the first step in understanding the internal
microstructure of the powers.

a) Scheil Solidification b)
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Figure 1: a) Scheil Solidification Diagram b) Equilibrium Diagram, both for Al 6061 created by
Thermo-Calc.

4.1.2 DICTRA: Homogenization Model

The diffusion module of Thermo-Calc, DICTRA, was used to model the homogenization of the
apparent solute segregation at the grain boundaries of a 6061 powder particle cross- section
seen in Figure 2a. Figures 2b,c show the elemental EDS maps for Mg and Si, demonstrating the

13



concentration of the alloying elements at the boundaries. The homogenization model in
DICTRA is completed in two steps; the Scheil calculation, and the homogenization model.

The Scheil calculation Estimates the solidification range of an alloy, assuming; the liquid is
always homogeneous, the diffusivity in solid is zero and can be disregard for selected
components. This model uses the thermodynamic database for aluminum (TCAL4) and includes
inputs of temperature, phases present, composition of the alloy. The homogenization model
simulates long-range diffusion of elements in a single region of a single phase (in the case the
FCC aluminum matrix) at a given temperature assuming; multiphase mixture, local equilibrium
holds at each node, and that no diffusion in Mg,Si phase (as there is no data available in Al
database). The homogenization model uses both the thermodynamic database (TCAL4) and the
mobility database (MOBAL3) for calculations with inputs of phases present, simulation time,
width of the region (grain size or SDAS), and temperature.

Figure 2. a. SEM BSE image of Al 6061 powder cross-section, b,c. EDS map of elemental Mg, Si
respectively in Al 6061 powder particle cross-section

An example of this simulation was done for an Al 6061 powder particle. To simplify the initial
calculations, the system was simplified to a ternary system, Al, Mg, Si. The initial Scheil output
for this system is shown in Figure 3.

TCAL4: AL, MG, SI
T=025.883, W(MC)=0 5E-3, W(SI)=4.9E-3, P=1E5, N=1
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Figure 3. Scheil solidification diagram from simplified Al-Mg-Si system from Thermo-Calc.
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Figures 4 and 5 show the output of the homogenization model, where the weight percent of
Mg and Si respectively are shown as a function of the distance from the middle of a grain
boundary (boundary shown as spike in solute concentration at 1um distance) for varying times.
The model was run for constant heating at 530°C as this was chosen for the solutionization
temperature for this alloy. Figure 4 shows that by 30 seconds, the solute segregation has
dissolved away. To find out exactly how long this segregation takes to dissolve, Figure 5
demonstrates a shorter timeline where the solute segregation has completely dissolved after 3
seconds.
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Figure 4. DICTRA Homogenization Model Output for Constant Heating at 530C for Mg and Si
elemental segregatoin at a grain boundary for time 0 seconds to 30 seconds.

Mg Si

12% 12%

10% 10%

8%

8% H

6%

4% | 4%

2% f 2%

0% - 0% = p———
0.0 0.2 0.4 0.6 0.8 1.0 12 0.0 0.2 0.4

0.6 08 1.0 12

Distance (um) Distance (um)

— Time= 0 sec Tin T T 15s Time= 2 sec Time= 2.5 se

Figure 5. DICTRA Homogenization Model Output for Constant Heating at 530C for Mg and Si
elemental segregatoin at a grain boundary for time 0 seconds to 3 seconds.
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A second iteration of this model was completed using a heating rate of 50°C/min up to 530°C
and held for 1 hour was used to mimic the heat treatment process of the experimental process,
instead of using constant heating where instantaneous heating was assumed at 530°C. These
results are found in Figures 6 and 7. Figure 6 shows the same weight percent of Mg and Si
shown as a function of the distance from the middle of a grain boundary for times between 0
and 10 minutes. The homogenization seemed to happen quickly between 9 and 10 minutes, so
Figure 7 demonstrates an increased number of time increments between those times. These
figures display that the homogenization of the solute segregation at the grain boundaries
should not dissolve until after 9-10 minutes has passed.
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Figure 6. DICTRA Homogenization Model Output for Heating Rate of 50C/min up to 530C help
for 1 hour, for Mg and Si elemental segregatoin at a grain boundary for time 0 to 10 minutes.
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Figure 7. DICTRA Homogenization Model Output for Heating Rate of 50C/min up to 530C help
for 1 hour, for Mg and Si elemental segregatoin at a grain boundary for time 9.5 to 10 minutes.

16



SEM EDS line scans at the boundaries of these powder particles were completed to
experimentally verify these models. Figure 8 demonstrates and overlay of the modeling and
experimental data. This graph shows a discrepancy between the modeling and experimental
values, where there is no drastic solute peak at the grain boundary. Upon further investigation,
this was attributed to the large interaction volume of the EDS scan in the SEM. Given this, more
accurate line scans were completed using TEM EDS, where there is a much smaller interaction
volume. Figure 9 depicts line scans across two different grain boundaries, which were assumed
to be the same with solute segregation at each. Figure 9a. shows the line scan with the distinct
solute peak at the grain boundary, where Figure 9b shows no peak in the solute concentration.
Upon closer exploration, one boundary has a very bright contrast along the boundary and the
other does not. This suggested that there is no solute segregation at these grain boundaries,
rather a phase with a discrete composition. The following section will further investigate this
theory.
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Figure 8. Overlay of Homogenization Model and Experimental SEM EDS line scans for grain
boundary solute segregation.
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Figure 9. TEM EDS line scans across a grain boundary in an Al 6061 powder particle.
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Metallic feedstock powder is used for many additive manufacturing (AM) processes, including
the solid state AM process, cold spray. In previous cold spray literature, characterization of the
internal microstructure of the metallic feedstock powder, primarily aluminum alloys, has been
performed. Said research suggested the presence of chemical solute segregation at the grain
boundaries of these aluminum alloy powders. The work presented here will argue that there is
not, in fact, chemical segregation within gas atomized Al powder particles. Instead, any initial
chemical segregation from the atomization process immediately forms network phases at the
grain boundaries and this is what is observed, despite having the appearance of chemical
segregation. Analysis was performed on Al 2024, Al 6061, and Al 7075 using scanning electron
microscope (SEM), transmission electron microscope (TEM), electron dispersive x-ray
spectroscopy (EDS), and x-ray diffraction (XRD). The use of computational thermodynamic and
diffusion models were employed. Based on these models and experimental results, the
presence of S-phase and Al,Cu in Al 2024, T-Phase and Al;CuzFe phases in 7075, and Mg.Si and
an AlFe intermetallic in Al 6061 were identified in the regions previously believed to be
chemical segregation along the particle grain boundaries.

Metallic powders have been formed using various approaches including physical milling,
chemical formation, and atomization. The most common technique is gas atomization; gas
atomization was created in the 1930s and produced metal powders for a variety of applications
with a size distribution of 1 to 200 um. A metallic liquid melt is exposed to high pressure gas
streams, forming discrete powder particles which rapidly solidify upon contact [1]. Rapid
solidification and high cooling rates can lead to: increased solid solubility in the matrix, increase
in non-equilibrium phases, decrease in grain size, and reduced chemical segregation [2-4]. The
microstructural features in gas atomized powders differ greatly from traditional cast
microstructures, which is expected due to the orders of magnitude difference in cooling rates,
less than 102 K/s and approximately 107 K/s for cast and powders, respectively [5].

In the 1980s, many researchers began looking more closely at rapid solidification of metallic
alloy systems. In 1984, research by Zindel et al. investigated the microstructure of rapidly
solidified aluminum alloys using laser surface melting and melt spinning [6]. This paper
evaluated secondary phases present in the rapidly solidified alloy. An article by Schaefer et al.
used TEM and XRD to identify phases in a melt spun material [7]. Additional work also
discussed the rapid solidification of metal powders using gas atomization techniques. These
papers observed the microstructure, size distribution, and morphology of the powders. The
characterization of the microstructure typically categorized the grain structure as cellular or
dendritic. In 1986, Gayle et al. investigated Al-Li-Zr powders to modify the Al3Li phase to
increase fracture toughness and ductility and allow for more commercial applications of the
alloy [8]. In general, minimal phase identification was done for powders due to the small size of
the phases. Some research chemically extracted the grain boundaries in order to perform XRD
for identification purposes [9].

19



At this time, very little attention was paid to the internal microstructure of the powder; in most
applications the powders were melted, leading to a new and different microstructure. In recent
years, new attention has been given to solid state additive manufacturing processes such as
cold spray and additive friction stir, where the internal microstructure of the powder is critical
as it directly impacts the consolidated material properties. Initially, powder characteristics of
interest to these processes were chemical composition, particle diameter, and morphology
[10]. Recently, more attention is being given to the internal microstructure of the powders
again, as it can influence the behavior of the powder in the AM processes. In the cold spray
consolidation process, phases are retained and grain morphology is uniformly changed upon
impact, contributing to the significance of full understanding the initial powder microstructure
[12]. Most cold spray research with aluminum alloy feedstock powder refers to solute chemical
segregation at the grain boundaries within these rapidly solidified powder particles [12-18].

Recent work by Rokni et al. on the properties of cold sprayed materials used SEM to describe
the internal microstructure of as-atomized aluminum alloy powder particles for Al 7075 [12-14,
17]. These works used backscatter SEM imagine to conclude that there was solute segregation
at the grain boundaries within the powder particles [12-14]. Similar work by Rokni et al. was
conducted on Al 6061 gas atomized powder concluding using SEM EDS that the difference in
chemical composition between the grain boundaries and the matrix was evidence to prove that
this was chemical segregation at the boundaries [17]. No additional work was conducted by the
authors to further analyze these boundaries.

Ajdelsztajn et al. studied aluminum alloy 2618 powder suggesting the presences of phases
along the grain boundaries using SEM EDS [15]. Sebard et al. also suggested the presence of
solute atoms at eh grain boundaries in Al 7075 powder particles [16]. EMPMA-WDS was used
to show the solute segregation within the boundaries for this alloy.

Further research presented here suggests that this is indeed not chemical segregation as some
others has suggested, rather multiple discrete phases in these aluminum alloy powders. This
idea is explored below using electron microscopy and x-ray diffraction in combination with
computational thermodynamic and diffusion modeling tools to guide in the process.

The powder under consideration is gas-atomized Aluminum 2024, 7075, 6061 Aluminum
powder from Valimet Inc. which was atomized in a nitrogen gas environment. The powder was
mechanically sieved to size ranges of 28-33 um, and 34-45 um. The powder compositions of
each alloy were determined using direct current plasma emission spectroscopy (ASTM E 1097-
12) [19]. Compositions for each alloy powder are found in Table 1.
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Table 1. Compositions of Al 2024, 7075, and 6061 Powder. All compositions in weight%.
Alloy 2024 7075 6061
Al 93.904 | 89.625 | 97.86
Mg 1.51 2.5 0.95

Si 0.13 0.15 0.49
Fe 0.065 0.17 0.27
Cu 3.83 1.59 0.25

Cr 0.0051 0.2 0.087
Zn 0.013 5.71 0.035
Mn 0.54 0.026 0.034
Ti 0.0029 | 0.029 0.024

The microstructure of the as atomized powders were characterized using scanning and
transmission electron microscopy (SEM and TEM), as well as energy dispersive x-ray
spectroscopy (EDS) and x-ray diffraction (XRD). For SEM the powder samples were mounted in
2-part epoxy, Buehler EpoxiCure 2, and mechanically polished using a Struers Tegramin-20
Automatic polisher down to % um using colloidal silica. SEM was done using a tungsten SEM,
Zeiss EVO MA 10, at 10 kv using secondary electron (SE) and back scatter electron (BSE) modes.
A silicon drift Xflash Detector 630M, Bruker, (Billerica, MA) EDS detector was used for chemical
analysis of the microstructure.

For TEM, samples were prepared using a gallium focus ion beam (FIB) (FEI Helios Nanolab 660
dual beam FIB) to a thickness of about 300nm. The powder was sectioned by milling a powder
particle perpendicular to the top surface to obtain a slice of the middle of the powder particle
[20]. This slice was attached to a Mo-omni-grid and thinned to the final thickness of 300nm.
TEM/STEM images were taken using a Probe-corrected FEI Titan Themis 300 S/TEM with
ChemiSTEM technology using an accelerating voltage of 300kV. EDS was done using a Super-X
EDS system at 300kV.

XRD was conducted using a Panalytical Empyrean using monochromatic Cu-Ko. radiation over a
20 range of 20-100 degrees at 40kV and 40mA.

Gas atomization is a rapid solidification technique; Scheil solidification theory can be utilized to
predict the microstructure of rapidly solidified materials, making it an ideal tool for phase
prediction in gas atomized powders. Thermo-Calc Software 2018a, TCAL5 Aluminum Database
(Solna, Sweden) was used to calculate both Scheil solidification and equilibrium diagrams for
each powder composition for comparison to demonstrate the possible phases present in all
three alloys. These calculations were used to guide in the identification of the phases present in
the alloy powders.
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In order to the Identify phases present in the aluminum alloy powders, used Thermo-Calc
Equilibrium Diagram and Scheil Solidification Diagram were calculated to understand the
potential phases that could be present in the alloys. The most abundant phases found in both
diagrams were extracted and listed in Table 2.

Table 2: Most abundant phases present in Al 2024, Al 6061, and Al 7075 in both equilibrium and
non-equilibrium conditions from Thermo-Calc data.

Alloy | Equilibrium Phases Scheil Phases
2024 | 1. S-Phase (Al,Mg,Cu) 1. S-Phase (Al,Mg,Cu)
2. AléMn 2. AlbCu
3. A|2CU 3. A|5|V|n
4. Mngi 4. A|155i2|\/|n4
5. Allen 5. Mngi
6061 | 1. Mg.Si 1. Mg,Si
2. AlgFe;Sis 2. AlisFeq
3. T-Phase (Al,Mg,Cu,Zn) | 3. AlgFe:Si
4. AlgsCry 4, AlgFe3Sis
5. AI13Fe4 5. Q-AICuMgSi
7075 | 1. Cl14-Laves (Mg, Zn, Cu) | 1. T-Phase (Al, Mg, Cu, Zn)
2. T-Phase (Al, Mg, Cu, Zn) | 2. S-Phase (Al,Mg,Cu)
3. AlssCry 3. V-Phase (Al, Cu, Si, Mg)
4. AI9Fe2$i2 4. A|13F€4
5. Mg.Si 5. Al;CuyFe

SEM micrographs were used to understand the internal microstructure of the as-atomized
powders. Figure 1 reveals what appears to be chemical solute segregation at the grain
boundaries in all three alloys using both SE and BSE modes. This is representative of what has
been seen in literature for other aluminum alloy powders [12-18]. Elemental EDS in SEM was
used to confirm the solute elements present at the grain boundaries (Figure 2). Figures 2a and b
show the segregation of the Zn, Cu and Mg in Al 2024 and Al 7075, whereas Figure 2C shows
elemental segregation of Si and Mg.

While the SEM EDS gives insight into the elements present at the grain boundaries of these
powder particles, the SEM interaction volume is too large (about 1 um?) in comparison to the
width of grain boundary (about 200nm). Therefore, SEM EDS cannot be used to accurately
determine the chemical mapping of the internal microstructural for these powder particles.
TEM must be used to more accurately gather information about the internal chemical
microstructure.
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Figure 1. Microstructure of as atomized Al alloys a,b) 2024, c,d) 7075 and e,f) 6061 in SEM at
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Figure 2. SEM EDS for a) 2024, b) 7075, and c) 6061 shwing “elemental segregation” of major
alloying elements.
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4.24.3 TEM

4.2.4.3.1 Al7075 Powder

The internal microstructure of the Al 7075 powder in TEM is found in Figure 3. While more
detail can be seen than in the SEM, a connected network along the grain boundaries is still
present. The appearance of chemical segregation is still observed, though parts of the
micrograph resemble a network of solid phase instead. To obtain greater insight into the
composition at these grain boundaries, TEM EDS line scans were conducted. Figure 4 displays
STEM EDS line scans at the grain boundaries in the Al 7075 sample. Figure 4a,b. shows a line
scan along a grain boundary, while Figure 4c.d. shows a line scan across a grain. Figure 4a.
depicts major peak changes along the grain boundary, suggesting the presence of multiple
different phases along a single boundary despite no visible phases discerned. Based on the line
scan, the presence of T-phase and an AlFeCuSi phase are suspected, which is consistent with
the phases predicted by the Scheil solidification Thermo-Calc models. Figure 4c shows distinct
peaks at both grain boundaries, with no solute segregation across the center of the grain,
further verifying the presence of discrete phases at the boundaries.

Figure 3. Overview STEM photo of 7075 powder microstructure.
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Figure 4. TEM EDS line scan in Al 7075 powder particle (A) Along a grain boundary, (B) across a
grain.

4.2.4.3.2 Al 2024 Powder

Figure 5 demonstrates the microstructure in the Al 2024 powder in the as atomized condition.
Figure 5a shows an overview of the microstructure. Figure 5b displays the location of a line scan
across a grain boundary where Figure 5c contains the corresponding EDS data. The chemical
composition at the grain boundary suggests the AICuMg S-phase is present. This is consistent
with Scheil solidification model predictions for Al 2024.
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Figure 5. a) Overview STEM image of 2024 microstructure, b) magnified area for STEM EDS line
scan, ¢) STEM EDS line scan data across a grain boundary.

4.2.4.3.3 Al6061 Powder

The typical microstructure of an Al 6061 powder particle in the as-atomized condition is found
in Figure 6. This shows distinct light and dark contrasting alternating layers at the grain
boundaries, suggesting the presence of phases rather than segregation.

Figure 7 displays two line scans across grain boundaries in Al 6061 powder. Figure 7a shows the
scan where the boundary is light in color, while Figure 7b shows a darker boundary. Figure 7a
shows a spike in solute elements at the grain boundary, (Al, Fe, Cu, Si), consistent with the AlFe
phases predicted by the Scheil solidification diagram. Figure 7b shows no spike in solute
elements, demonstrating no chemical segregation at the grain boundary.

Figure 8 reveals two different orientations of the phases found at the grain boundaries in Al
6061 powder. Figure 8a illustrates what appears to be separate discrete phases along a thin
boundary. The elemental EDS maps suggest that these phases are a MgSi phase (likely Mg2Si)
and an AlFe phase (Ali3Fes, AlgFe3Si, or AloFesSiz) alternating. Figure 8b shows a dendritic-like
structure of the same phases along a different grain boundary. The structure found in Figure 8b
has been revealed as a different orientation perpendicular to the structure revealed in Figure
8a. The red line in Figure 8b demonstrates where a cross section could have been taken to see
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the structure found in 8a in the perpendicular direction. The elemental EDS maps are consistent
with those found in Figure 8a, further proving that they are indeed the same phase of different

orientations.

As a result of this work, the secondary phases present in this as-atomized alloy have been
further investigated and concretely identified with additional TEM investigation by
Tsaknopoulos et al. [21].
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Figure 7. a. line scan across bright colored grain boundary. b. line scan across darker colored
grain boundary.
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Figure 8. Two different view of the Al 6061 microstructure. Figure a. is a cross-section of figure
b.

4.2.4.3.4 XRD

X-Ray diffraction was conducted on loose as-atomized aluminum alloy powders to identify the
secondary phases present and support the TEM analysis. Figure 9a displays the initial XRD
results revealing aluminum matrix peaks. Figure 9b shows a magnified view of Figure 9a to
highlight the presence of low intensity peaks corresponding to some secondary phases in the
alloys. The phase in Table 2 were used as a guide to identify the lower intensity peaks in the
XRD patterns. In Al 7075, the Al;CuzFe phase was identified. In Al 2024, Al,Cu was identified,
and in Al 6061, Mg,Si was identified. Some additional phases predicted by the Thermo-Calc
models had overlapping peaks with the high intensity aluminum peaks, and were therefore
unable to be uniquely identified.
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Figure 9. a) XRD of Al 7075, 2024, and 6061, b) increased magnification of a).

4.2.5 Conclusions

For Al alloys 2024, 6061, and 7075 in the as-atomized condition, the grain boundaries, which
were previously believed to be chemical solute segregation, proved instead to consist of
discrete secondary phases. SEM analysis has been misleading when making conclusions about
the internal microstructure of the aluminum alloy powder particles. TEM analysis alone also did
not reveal discrete secondary phases. Instead, TEM coupled with EDS and XRD analysis
provided evidence to the support the presence of the secondary phases, which were also
predicted by the Thermo-Calc models. The preliminary identification suggests that the Scheil
solidification model more accurately predicts the phase present in these as-atomized aluminum
alloy powders than the equilibrium model results. Based on the current evidence, phases
expected to be present in these alloys include:

o Al 7075: T-Phase, Al;CuzFe
o Al 2024: S-Phase, Al>Cu
. Al 6061: B (Mg2Si), AlFe phase (Al13Fes, AlgFesSi, or AlgFe;Si)

More in-depth phase analysis will be conducted on these and other Al alloy powders in future
work.
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Gas-atomized metallic powders are commonly used in solid state deposition processes, such as
Cold Spray and Additive Friction Stir. While their post-process consolidated properties are
widely studied, there is little research on the properties of the powders before processing.
Understanding the powder characteristics before use in additive manufacturing could lead to
fine-tuning properties of additively manufactured materials. This research studied the effect of
various thermal treatment processes on the characteristics and microstructural evolution of
powder aluminum alloy 2024. Treatment times and temperatures were guided by
thermodynamic modeling. Light microscopy, scanning electron microscopy, transmission
electron microscopy, energy dispersive x-ray spectroscopy, electron backscatter diffraction, and
differential scanning calorimetry were used to evaluate each condition. Thermodynamic
models were used to predict the phase stability in these powders, and were calibrated using
the experimental results to give a more complete understanding of the phase transformations
during thermal processing.

Aluminum 2024, the alloy used in this study, is an age-hardenable alloy that is widely used in
the aircraft and aerospace industries for wrought components, coatings, and repair applications
[1]. For the coating and repair applications, powder is the most common feedstock, which is
typically generated using the process of gas atomization [2]. During this process, the molten
alloy is atomized using a gas stream and the produced droplets subsequently undergo rapid
cooling, resulting in powder particles with an as-cast dendritic microstructure that inherently
contain segregation of alloying elements [3]. The processing parameters also affect the
morphology of the resulting particles, all of which are primarily spherical, though the mixture
contains a wide size distribution. Powders tend to have higher strength and hardness than their
bulk counterparts due to their small grain size and rapidly-solidified metastable state [4-7].
Initial results show that parts that are deposited using cold spray in a solid state from these
powders can also have higher strength than their bulk counterparts but often have lower
ductility [8].

Coatings and repair applications often utilize solid state deposition processes, with gas-
atomized powder for feedstock. In these solid-state processes, such as cold spray and additive
friction stir, the feedstock powder is not melted [9,10], thus preserving the chemistry, initial
phase composition, and crystal structure. Additionally, these lower temperature processes
potentially avoid unwanted grain growth that can occur with high temperatures [11].

Heat treatments are often applied to certain aluminum alloys to intentionally manipulate their
microstructure and, subsequently, their mechanical properties. One of the main steps of a heat
treatment process is a solution treatment, in which a sample is heated to a given temperature,
held for a specified amount of time, then followed by a quench. This process is intended to re-
dissolve solidified phases and segregated elements into a super-saturated solid solution, and
the quench enables retention of this metastable structure at lower temperature. The next step
in a heat treatment is the aging treatment, which is intended to nucleate and grow specific
phases that enhance the strength. The primary strengthening phases of 2024 are the S
(orthorhombic Al,CuMg) and 0 (tetragonal Al,Cu) phases [12], both of which can be dissolved

33



during the solution treatment step and then precipitated through their sequences to obtain
optimal dispersion and therefore optimal strength. This study evaluated treatment times in
order to optimize the solid solution to enable maximum precipitation of these beneficial phases
during a subsequent aging step.

Currently, optimization of these parameters is often accomplished by an Edisonian approach of
trial and error. To decrease process development time, models can be used to predict
microstructural evolution during heat treatment in order to engineer materials with desirable
properties. Models have been developed using commercially available thermodynamic and
kinetic software (e.g. Thermo-Calc, JMatPro, and Pandat); however, before the data from these
models can be fully utilized, they must first be validated. This paper addresses experimental
validation of the control of the powder microstructure through solution treatment and
guenching steps in order to improve the properties of solid state deposition processes.

The powder used for this study was Al 2024, gas atomized in nitrogen (Valimet, Stockton, CA).
The received powders were mechanically sieved using sieves compliant with ASTM E 11 into
seven classifications to aid in the repeatability of selecting similarly sized particles for analysis
[13]. The size classifications were <25 um, 25-32 um, 32-28 um, 38-45 um, 45-53um, 53-63 um,
and >63 um. The 45-53 um category was chosen for this analysis, as it was the most abundant.
This category had a dio, dso, and dgo of 18 um, 34 um, and 60 um respectively. The chemical
composition of the studied powder was 3.93 wt% Cu, 1.51 wt% Mg, 0.54 wt% Mn, 0.262 wt% O,
0.13 wt% Si, 0.065 wt% Fe, 0.029 wt% Ti, 0.013 wt% Zn, 0.0051 wt% Cr, with the balance Al, as
measured by direct current plasma emission spectroscopy [14]. When compared to the ASTM
standard, this is within the acceptable composition ranges [15].

A solution treatment is intended to re-dissolve secondary phases and segregated elements
formed during solidification into a super-saturated solid solution to obtain a more homogenous
microstructure. Previous work using JMatPro software models determined that chemical
segregation is redistributed much faster than the secondary phases are dissolved, due to the
fast diffusion rates at the small scale lengths seen in powders [2]. Therefore, only the
dissolution of secondary phases was considered when determining thermal treatment time and
temperatures needed for homogenization.

The thermal treatment parameters to dissolve secondary phases were selected using Thermo-
Calc software (Stockholm, Sweden); the goal was to maximize the degree of intermetallic
dissolution while avoiding melting. Figure 1a shows the equilibrium secondary phases present
in Al 2024 as a function of temperature. Though gas atomized powder particles are not in a
state of equilibrium due to their rapid solidification, this data was useful in determining the
treatment temperature by revealing melting temperatures of secondary phases.

The dark blue line in Figure 1a indicates the presence of liquid (melting) increases above
temperatures of 530 °C; hence, the treatment temperature must be below 530 °C. Additionally,
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Figure 1a was inspected for a minimum of phases present, which occurs around 500 °C. Upon
further consideration of wrought 2024 treatments and potential incipient melting, 490 °C was
chosen [16].
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Figure 1. Phase diagrams predicted using Thermo-Calc for a) non-equilibrium conditions (Scheil
Solidification) and b) equilibrium conditions.

The thermal treatment time required to dissolve the secondary phases at the pre-determined
temperature was simulated using a diffusion-based module in the Thermo-Calc software,
DICTRA, and will be further discussed in future publications. Here, experimental work was
performed to determine the ideal thermal treatment time and validate the diffusion-based
model.

The Thermo-Calc software was also used to help identify the secondary phases present in the
powder microstructures through the use of the equilibrium diagram in Figure 1a, and the non-
equilibrium Scheil solidification diagram in Figure 1b for both the thermally treated and as-
received conditions, respectively.

5.3.3 Treatment

Al Powder samples were sealed in crucibles for treatment in a differential scanning calorimeter
(DSC) (TA Instruments Discovery DSC with LN2P cooler). They were heated at 50°C/min to 490
°C (as determined by Thermo-Calc models), and held for times between 0-2 hours in increments
of 20 minutes, then quenched at approximately 120°C/min. All experiments were performed in
an inert nitrogen environment. One sample was left untreated in the as-received condition.

5.3.4 Characterization

Characterization of the powders was performed using differential scanning calorimetry (DSC),
light microscopy, scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS),
transmission electron microscopy (TEM, STEM) and electron backscatter (EBSD) to evaluate the
evolution of the secondary phases.
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DSC was performed using a TA Instruments Discovery DSC. Scans were run with a Nitrogen
purge gas at 50 mL/min, and at a scanning rate of 10 °C/min from ambient to 500 °C.

After treatment, samples were mounted in a two part epoxy resin (EpoxiCure 2, Buehler, Lake
Bluff, IL), and then were ground and polished using an automatic polisher (Tegramin-20,
Struers, Cleveland, OH) with a final 0.25um colloidal silica suspension for metallographic
examination.

While grain recrystallization was not the goal of the treatments, it may still occur. For grain size
analysis, the polished samples were etched using Keller’s reagent for 5 seconds each to reveal
the microstructure then measured via light microscopy. Light microscopy micrographs were
taken using an Olympus GX71 stereoscope.

SEM micrographs were taken using a Zeiss EVO-MA10. EDS was performed using a silicon drift
detector Xflash Detector 630M, Bruker, Billerica, MA). EDS analysis was performed in SEM,
however little can be gleaned from the results. The secondary phases present in these rapidly-
solidified powders are smaller than the interaction volume of the electron beam, so it is not
possible to differentiate between the different phases. EDS using transmission electron
microscopy (TEM) was additionally performed to accurately identify each phase. The reduced
interaction volume of the TEM beam increases the resolution available for phase analysis.

A gallium focused ion beam (FIB) (FEI Helios 660 Nanolab and FEI Scios Dual Beam FIBs) was
used to prepare samples for TEM. In order to section the powder in the FIB, powder was
adhered to an SEM stub using carbon tape [17]. A powder particle was chosen and then a
protective Pt layer was deposited on the top of the particle (45 um X 1 um X 1 um). The FIB
was used to mill perpendicularly to the surface to take away the material on either side of the
Pt layer. This slice of the powder particle was then lifted out and attached to a Mo omni-grid.
The sample was thinned to a thickness of about 100nm. Smaller samples were then extracted
from the larger slice for further EDS analysis and where thinned to 50nm to minimize signal
interaction from the matrix behind the chosen phase being analyzed.

A Probe-corrected FEI Titan Themis 300 S/TEM with ChemiSTEM technology was used to take
TEM and STEM images at an accelerating voltage of 300kV. A Bruker Super-X EDS system was
used for EDS analysis at 300kV.

Additionally, the as-received and 60 min heat treated conditions were evaluated utilizing
electron backscatter diffraction (EBSD) to evaluate the orientation structure of the rapidly
solidified powder. The EBSD samples were prepared by milling in the FIB. EBSD was performed
using an EDAX EDS detector at an accelerating voltage of 20 kV with a step size of 0.3 um.
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Light microscopy micrographs were taken to measure the effect of thermal treatment on the
grain size of the powder. While unintended, grain growth or recrystallization may occur during
these thermal treatments; thus, it is important to understand the effect of the thermal
treatments on all aspects of the microstructure of the powder. The initial grain size of the
powder was 1.5 um, which is consistent with what is reported in literature. It was seen that
after an initial growth from heating of about 0.5 um, there was no appreciable grain growth
with increasing treatment time.

SEM micrographs were taken to evaluate the evolution of the secondary phases as a function of
treatment time. Samples of micrographs used are shown in Figure 2 a-h, with Figure 2 e-f
having a higher magnification than Figure 2 a-d. Area fraction of the secondary phases were
measured using image thresholding. Some precipitates were too small to be seen in the SEM);
these were investigated through the use of TEM. Figure 2 i-l shows the image thresholding
process, where the green areas represent the areas of the secondary phases that were used in
the analysis. Multiple micrographs were taken for each condition and then results were
averaged. This is one advantage of SEM over TEM — the ability to quickly gather data from many
powder particles, resulting in a broader understanding of the microstructure of each treatment
condition.
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Figure 2. 2a. Low mag SEM micrograph of powder in as-received condition, 2b. Low mag SEM
micrograph of powder with 0 min treatment time, 2c. Low mag SEM micrograph of powder with
20 min treatment time, 2d. Low mag SEM micrograph of powder with 60 min treatment time,
2e. High mag SEM micrograph of powder in as-received condition, 2f. High mag SEM
micrograph of powder with 0 min treatment time, 2g. High mag SEM micrograph of powder
with 20 min treatment time, 2h. High mag SEM micrograph of powder with 120 min treatment
time.

Figure 3 shows the secondary phase area fraction as a function of treatment time. The trend
suggests the general dissolution of the segregation and secondary phases within the first hour,
but growth between one and two hours. It is hypothesized that this is a result of competing
growth and dissolution of different phases, which will be further addressed with the TEM
results.
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Figure 3. Secondary phase area fraction vs. treatment time. Blue line represents the fraction
calculated from SEM images, while bars represent the fraction calculated from TEM images.

EBSD was used secondarily to evaluate the granular structure of the rapidly solidified powders.
A preliminary evaluation was only performed on the as-received and 60 minute thermally
treated conditions. Figure 4 shows EBSD micrographs and corresponding electron backscatter
micrographs of both conditions. The grain size measured via this method was found to be 3-4
um in both the as-received and thermally treated conditions. When the grain size from both of
these EBSD micrographs are compared to the cell sizes seen in the corresponding SEM
micrographs, there is a discrepancy. The sizes of the granular features measured from SEM are
of comparable size to the feature size measured via light microscopy after etching, while the
size of the features from EBSD are considerably larger than both of those. This implies that
there are both granular and sub-granular structures in these rapidly solidified powders. This is
consistent with results seen for as-received 6061 powder, showing a granular and sub-granular
structure[6]. However, in the 6061, the authors saw a reorientation of the grains after thermal
treatment for 60 minutes, which is not the case in the 2024 powder seen here. The alloying
content of the studied 6061 was much lower than that of the 2024 studied here; 2 wt% in the
6061, compared to the 6 wt% in the 2024 here. Given the difference in the composition, there
is a greater driving force for the precipitation of secondary phases in the 2024, leading to more
phases per area. Increased amounts of phases are more effective at pinning the grain
boundaries, thus delaying the reorientation in these 2024 powders.
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Figure 4. 4a. SEM micrograph of a powder particle in as-received condition, 4b. EBSD
micrograph of a powder particle in as-received condition, 4c. SEM micrograph of a powder
particle in 60 minute thermally treated condition, 4d. EBSD micrograph of a powder particle in
60 minute thermally treated condition.

5413 TEM

TEM was used to evaluate the internal microstructure of the powder. Figure 5 shows low
magnification micrographs of the lamella from a powder particle for a) as-received and b)
thermally treated for 1 hour at 490 °C. It shows similar features as those seen in the SEM
micrographs (Figure 2), however, finer precipitates in the thermally treated sample are now
resolvable. Image thresholding was also performed on these micrographs, and the results are

displayed as bars on Figure 3. Note the agreement between the values calculated by different
the different electron microscopy techniques.
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Figure 5. Low magnification HAADF images of powder Al 2024 a) in the as-received condition
and b) after a 60 minute thermal treatment.

Figure 6 shows high magnification representative microstructures of the as-received condition
with elemental EDS maps. In the SEM micrographs, the secondary phases at the boundaries
appear to be a single continuous phase, however, in the HAADF images in Figure 6, it can be
seen that two phases exist at the boundary. The elemental maps in Figure 6 show that one
phase consists of Cu, Mg, and Si, and the second, a discrete phase, consists of Cu, Fe, and Mn.
Further investigation using EDS point quantification analysis revealed these phases to be S-
phase with trace amounts of Si and Al,Cu with trace amounts of Fe and Mn, respectively.
During rapid solidification there is solute microsegration of the alloying elements at the
boundaries. This segregation is highly unstable with a high propensity for the formation of
secondary phases. Thus, the S-phase and Al,Cu form rapidly while the Fe and Mn have no time
to diffuse. Based on literature data compiled in the Thermo-Calc databases, it is known that Fe
and Mn are soluble in Al>Cu.
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Figure 6a,b. TEM HAADF images of the as-atomized powder grain boundary phass for two
different cross-sections demonstrating the network of S-Phase and the dispersed Al>Cu within
the phase.

The two phases have an intertwined morphology. S-phase forms a network-structure at the
sub-grain boundaries, while Al,Cu forms as discs in or on the network. Little to no precipitation
is seen in the bulk of the sub-grains, though considering the small size of the sub-grains and
subsequent short diffusion distance to a boundary, this is an expected observation.

Given the rapidly solidified nature of the powders and the non-equilibrium conditions, it is
expected that the as-received microstructure would follow Scheil solidification. Based on the
Scheil solidification model in Thermo-Calc (Figure 1b), the two most abundant phases
predicated are S-phase and Al,Cu. As this is consistent with the results from the experimental, it
validates the applicability of the Scheil solidification model this rapidly solidified powder.

Figure 7 shows high magnification of representative microstructures of the 60 minute thermally
treated condition with elemental EDS maps. In SEM micrographs, both large and small discrete
secondary phases can be seen at the boundaries. This is similar to what is seen in the TEM in
the HAADF images in Figure 7, however in the TEM it is possible to resolve even smaller phases.
Based on the size distributions of these phases, it is hypothesized that there are two different
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phases. The elemental maps in Figure 7 show that two phases do exist, one consisting of Al and
Cu, and the other consisting of Al, Cu, Fe, and Mn. Further investigation using EDS point
guantification analysis revealed these phases to be Al,Cu and AlsMn with trace amounts of Cu
and Fe; additionally, small amounts of Al,sCusMnz were identified. The Al,Cu has a plate-like
morphology, the AlsMn a short rod morphology, and the Al,sCusMn7 a small plate morphology.
While Al;Cu is present in both the as-received and thermally treated conditions, there are
differences in both the composition and morphology.

Figure 7a,b,c. TEM HAADF of internal microstructure of 60 minute treated condition powder
demonstrating Al;Cu and AlsMn secondary phases.

As seen in Figure 1a, S-phase has a dissolution temperature above than the treatment
temperature, as does Al;Cu; this does not agree with what was seen experimentally.
Additionally, Figure 1a predicts the presence of the Al15Si2Mn4 phase, which again is in
disagreement with the experimental results. To further understand the phase transformation in
this system, the model was calibrated to the experimental results by suppressing the Al15SiMna
phase in the simulation. The resultant equilibrium diagram is shown in Figure 8a. Figure 8b
shows an increased magnification of Figure 8a and Figure 8c shows an increased magnification
of the original diagram (Figure 1a) for comparison. Figure 8b shows that when Al15Si2Mna is not
present, a change in the stability of the other phases occurs; S-phase will completely dissolve at
490 °C, Al;Cu remains stable until 502 °C, and Al,3CusMn7 will now begin to form at 480 °C.
Given these changes, the model now predicts the phases present in the powder. During
thermal treatment, the boundary network S-phase dissolves, leaving a concentration of Al, Cu,
Mg, and Si at the boundaries. Additionally, the Fe and Mn that was dissolved in the Al,Cu in the

43



as-received condition diffuses out of the Al,Cu into the matrix, adds additional Fe and Mn
concentrations at the boundary. This high concentration of Al, Cu, Fe, and Mn leads to the
formation of AlsMn, as this is the next thermodynamically stable phase. The added thermal
energy enables the growth of Al,Cu from 50-100 nm-sized discs to 400-800 nm-sized plates.
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Figure 8. Phase diagrams predicted using Thermo-Calc a) with Al155i2Mng4 suppressed, b)
increased magnification of (a), and c) increased magnification of Figure 1b.

5.4.2 Differential Scanning Calorimeter

TEM sample preparation can be time consuming and only yields insight into a small sample of
the powder, thus it is important to utilize other, faster and more representative, analysis
techniques to provide insight into a larger population of powder particles.

DSC was employed to evaluate the relative amount of secondary phases formed upon reheating
solutionized specimens for various times at 490 °C. Figure 9a shows these scans while Figure 9b
shows the enthalpy of the peak located around 300 °C. Note the difference in peak shape
between the as-received condition and the various treatments but lack of difference in peak
area as seen in the calculated enthalpies in Figure 9b.
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Figure 9. 9a. Normalized heat flow vs temperature (DSC) curves for each condition, 9b. Enthalpy
of peak at 300°C for each condition.

The difference in thermogram shape indicates a difference in precipitation kinetics; the as-
received condition has distinct peaks for what have been identified as the 8" and 0 peaks
whereas the solution treated conditions have a single peak in the same temperature range [12].
Despite the difference in peak shape, the enthalpy associated with the reaction in each
thermally treated condition is similar, implying a similar degree of solid solution in each
condition. However, this contradicts what was shown in the SEM micrographs and in Figure 3,
both of which indicated differences in the secondary phases, and subsequently the degree of
solid solution, of each condition.

The discrepancies between the two analysis techniques — DSC and electron microscopy — limits
the convenience of DSC as a faster method for evaluating various treatment conditions. While
the DSC thermograms show the changes in the Al,Cu precipitate, consistent with TEM, they do
not show the other intermetallics that are also present. Other research has shown that knowing
exactly which intermetallics have formed is important for predicting the mechanical behavior of
the final consolidated part.

5.5 Conclusion

A comparison of grain size measured via chemical etching and EBSD micrographs suggests that
both granular and sub-granular structures are present in these powders. It was seen that there
was no change in either the granular or sub-granular structure after thermal treatments due to
boundary pinning by the secondary phases.
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Electron microscopy revealed that the phases present in the as-received condition were found
to be S-phase and Al;Cu, which is consistent with non-equilibrium Scheil solidification
predictions. Additionally, it was shown that at 490°C the S-phase dissolves and the remaining
high elemental concentration forms AlsMn while the Al,Cu grows from discs to plates. DSC
results are consistent in showing the continued presence of Al,Cu for the different treatment
times.

The primary goal of a high temperature solutionization or homogenization treatment is to
dissolve the secondary phases. Due to unique powder precipitation kinetics, this was not
achieved in this study. SEM micrographs showed the thermal treatment to not have
homogenized the microstructure. Rather, the thermal treatment transformed some phases,
and TEM was necessary to identify the precipitation sequences with the aid of thermodynamic
modeling. Future work evaluating other treatment temperatures is needed. It was shown here
that, due to the higher percentage of grain boundary area acting as diffusion highways and the
small grain sized leading to small diffusion distances to those highways, much shorter
solutionization times will be needed for powders compared to their wrought counterparts.
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Metal additive manufacturing processes often use gas atomized powder as feedstock; these
processes use different methods for consolidation. Depending on the consolidation
temperature, secondary phases may be retained during processing, making it important to
understand powder microstructure prior to consolidation. Commercial alloy compositions are
typically used for these powders because they have been widely studied and qualified, however
the microstructure of the powder form of these compositions has not been studied. This paper
aims to understand the commercial Al 6061 powder: how the internal microstructure of the
powder differs from wrought both in the as-manufactured and thermally treated conditions. A
specific focus is put on the Mg-rich phases and their morphologies. This was accomplished
through transmission electron microscopy (TEM), scanning transmission electron microscopy
(STEM), and energy dispersive x-ray spectroscopy (EDS). Both size and morphology of the
phases in the powder differ greatly from those in wrought.

Commercial alloy compositions are often used to create powders that are used for feedstock
for many metal additive manufacturing processes. In doing so, additional material qualification
for a new alloy can be avoided, making qualification for use more feasible. While these
compositions have been widely studied in the wrought or cast form, limited work has been
performed to analyze the microstructure of the powder form or these alloys.

Some metal additive manufacturing techniques use gas atomized Al alloy powders as feedstock.
During the gas atomization process, liquid droplets undergo rapid solidification, experiencing
cooling rates on the order of 10*-10-> °C/s [1]. This cooling rate is radically different that those
experienced by similar alloys in a casting process, which are on the order of 101-102°C/s,
leading to different microstructures and resultant properties in powders as compared to their
cast or wrought counterparts [1].

With research on wrought parts, the structure has been widely studied before and after various
thermal treatments and mechanical processes [2]. However, at the advent of additive
manufacturing, the focus was first on creating the process, then on optimizing the processing
parameters for the consolidated part, and it is only in recent years that research has been
conducted analyzing the effects of the feedstock on the consolidated parts [3-10].

Many metal additive manufacturing techniques that utilize powder as its feedstock employ
melting as a means of consolidating the feedstock into a solid material. These processes use
different methods to melt the feedstock, for example electron beams or lasers, which affects
the melt pool temperature [11-12]. These differences in melt pool temperature can influence
the microstructure. Many secondary phases can have extremely high melting points, higher
than that of the matrix of the material, so even though the powder is melted, not all of the
secondary phases may melt [2]. With this in mind, the secondary phases could remain in the
melt pool, depending on the AM processing temperature (laser, e-beam, etc.), and thus be
retained in the solidified consolidated structure.
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Solid-state metal additive manufacturing (SS-MAM) techniques are gaining exposure because
they do not have the severe cooling gradients seen in liquid-state manufacturing techniques. In
these SS-MAM processes, the feedstock is not melted, and consequently the majority of
features of the feedstock powder are retained or even improved upon during consolidation [13.
With this in mind, it is important to understand the characteristics of the feedstock powder
prior to use in solid state metal additive manufacturing processes, given that the rapidly
solidified microstructure of the feedstock powders will carry over into the final consolidation.

To date, little research has been done to evaluate the properties and microstructure of rapidly
solidified powders. Rokni et al. have performed some in-depth analysis of as-atomized
aluminum powders. They analyze both the size distribution and shape, as well as the internal
microstructure utilizing SEM, TEM, and EBSD. They report that gas atomized aluminum particles
show surface grain features in the 1-4 um range, with a similar structure internally
accompanied by some solute segregation [3-6]. Additionally, they show that grains are typically
equiaxed with some residual stresses [3].

As Rokni et al. show, the structure present in the powders is also present in the consolidated
part. With this in mind, Sabard et al. apply a heat treatment to the as-atomized powders prior
to use in cold spray consolidation [7]. They found that with a heat treatment of 4 hours at
450°C, particle deformation was enhanced, leading to improved particle-substrate bonding and
thicker coatings. Additionally, they found that the thermally treated powders had a reduction in
solute segregation and a higher porosity than the as