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Executive Summary

The objective of the thesis is to understand the particle/substrate interaction of micron-sized
High Purity (HP) aluminum (Al) powder particles with varying surface oxide/hydroxide layers,
during single particle impact and determine the critical impact velocity (CIV). Advancements in
analytical techniques enable in-situ supersonic impact of individual metallic micro-particles on
substrates with micro-scale and nanosecond-level resolution. This novel capability allowed direct
observation and measurement of a material-dependent threshold velocity, above which the
particle underwent impact-induced material ejection and adhered to the substrate, (critical impact
velocity). The data was then compared to empirical, as well as predicted values of the CIV from
published data that were based upon theoretical iso-entropic fluid dynamics models. A major
empbhasis of this research was to perform, in-depth characterization of the Al powder in the as-
received, gas atomized state and subsequent to controlled temperature and humidity exposure
(designed to form a prescribed oxide and/or hydroxide surface layer) and finally after single
particle impact. Analytical techniques including XPS, ICP, IGF, TEM and SEM were performed
to determine the species of oxide and/or hydroxide, bulk chemical composition, oxygen content
and thickness of the surface oxide/hydroxide layer. Finally, bulk samples of material were
produced by the cold spray process, from powder representing select test groups and
subsequently characterized to determine tensile and hardness properties, chemistry,
microstructure and conductivity. A fundamental understanding of the role of surface oxidization
in relationship to particle deformation during impact and the bonding mechanism will be
applicable toward the development of optimized parameters for the cold spray (CS) process.
Results from this study will aid in the development of industrial practices for producing,

packaging and storing Al powders.
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Executive Summary

The objective of the thesis is to understand the particle/substrate interaction of micron-sized High
Purity (HP) aluminum (Al) powder particles with varying surface oxide/hydroxide layers, during
single particle impact and determine the critical impact velocity (CIV). Advancements in analytical
techniques enable in-situ supersonic impact of individual metallic micro-particles on substrates
with micro-scale and nanosecond-level resolution. This novel capability allowed direct
observation and measurement of a material-dependent threshold velocity, above which the particle
underwent impact-induced material ejection and adhered to the substrate, (critical impact velocity).
The data was then compared to empirical, as well as predicted values of the CIV from published
data that were based upon theoretical iso-entropic fluid dynamics models. A major emphasis of
this research was to perform, in-depth characterization of the Al powder in the as-received, gas
atomized state and subsequent to controlled temperature and humidity exposure (designed to form
a prescribed oxide and/or hydroxide surface layer) and finally after single particle impact.
Analytical techniques including XPS, ICP, IGF, TEM and SEM were performed to determine the
species of oxide and/or hydroxide, bulk chemical composition, oxygen content and thickness of
the surface oxide/hydroxide layer. Finally, bulk samples of material were produced by the cold
spray process, from powder representing select test groups and subsequently characterized to
determine tensile and hardness properties, chemistry, microstructure and conductivity. A
fundamental understanding of the role of surface oxidization in relationship to particle deformation
during impact and the bonding mechanism will be applicable toward the development of optimized
parameters for the cold spray (CS) process. Results from this study will aid in the development of
industrial practices for producing, packaging and storing Al powders.
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1.0 Introduction

A thorough understanding of the cold spray bonding mechanism is essential toward the
development of process parameters leading to advanced cold spray materials, coatings and
applications. Without such knowledge, the advancement of cold spray technology would consist
of a trial and error approach. This research was undertaken to study the interaction of aluminum
powder particles (consisting of various surface oxide/hydroxide layers) with the substrate, during
single particle impact and determine the critical impact velocity (CIV).

An advanced laser induced projectile impact test (a-LIPIT) [1] was incorporated to achieve a
highly-controlled microscopic single particle collision event to accelerate Al particles. Supersonic
velocities comparable to the cold spray process and impact of individual metallic micro-particles
on substrates with micro-scale and nanosecond-level resolution were employed. This apparatus
allows direct observation of the collision dynamics and nonlinear material characteristics [2].

High purity (HP) aluminum powder particles were chosen in this research, specifically to minimize
the variables associated with alloying elements, in terms of the formation and controlled growth
of multiple oxides and/or hydroxides and phases [3]. Since the objective of this research was to
study the effect of an oxide/hydroxide surface layer on the CIV, it was essential to control as many
variables as possible, and minimize extraneous microstructural variations from alloying elements.
This aided in the interpretation and prediction of microstructural phases and the processing
required to facilitate the formation of an oxide/hydroxide layer on the surface of micron sized
aluminum particles.

It was also important to control the growth of the layer to represent that which would be associated
with usage under three general scenarios; (1) as a result of variations in the passivation step during
gas-atomization, (2) while in storage and handling at manufacturing facilities, where powders may
be subjected to high humidity and (3) during the cold spray process, where aluminum powders are
exposed to temperatures in the range of 300°C-450°C. Such considerations make this research
practical and of interest, not only to the research community but also to companies where
aluminum powders are an integral part of a manufacturing process. Aluminum (Al) powders are
used extensively throughout the powder metallurgy industry, as well as the thermal and cold spray
industries and in numerous additive manufacturing (AM) processes to produce coatings, provide
dimensional restoration or to produce near net shaped parts [4]. Therefore, the results of this
research has significant impact throughout various sectors of industry.

An important aspect of this research was to fully characterize the starting HP aluminum powders
in their as-gas atomized state, and after being subjected to various heat treatments and high
humidity conditions at room temperature, which were designed to promote controlled
oxide/hydroxide growth. Precise measurements and characterization of the type of surface film
along each stage of the test plan allowed accurate interpretation of post particle impact results.
Extensive characterization was performed prior and subsequent to single particle impact
experimentation. Analytical techniques including X-ray photoelectron spectroscopy (XPS),
inductively coupled plasma mass spectrometry (ICP-MS), inductively coupled plasma optical
emission spectrometry (ICP-OES), inert gas fusion (IGF), direct current plasma emission
spectroscopy, transmission electron microscopy (TEM) and scanning electron microscopy (SEM)



were performed to determine the species of oxide and/or hydroxide, bulk chemical composition,
oxygen content and thickness of the surface oxide/hydroxide layer. Samples of impacted particles
bonded to a commercially pure (CP) Al substrate were also be studied and the deformation
characteristics recorded. Microprobe analysis was conducted at areas of interest along the
particle/substrate bond line to determine the chemical composition and contrasted against that of
the substrate and HP Al particle. Microstructural features influencing bonding were identified and
characterized.

Bulk samples of material were produced from each powder group by the cold spray process. The
main gas temperature used to cold spray Al, under standard industrial operating conditions, was in
the range of 300°C-450°C, and its influence on oxide formation was incorporated into the design
of experiment (DOE). The tensile properties from the bulk material were measured and used as an
indicator of the influence of the surface film on the mechanical properties, especially the ductility.
The bulk samples were produced from powder representing select test groups and also
characterized to determine hardness, chemistry, microstructure and conductivity.

In conclusion, the data generated provided insight and a fundamental understanding of the role of
surface oxide/hydroxide layers on particle deformation and bonding during supersonic impact,
which directly related to the cold spray critical impact velocity.

1.1 Project Need

The fundamental understanding of the behavior of aluminum particles with varying degrees of
surface oxide/hydroxide layers on the CIV is not fully developed. Researchers have predicted
through numerical simulations, that during cold spray deposition the activation of the
particle/substrate interface by the removal of surface oxides is a necessary prerequisite for bonding
[5,6] and that these oxides have a significant effect on the bonding behavior [7-11].

The powder metallurgy industry has expanded the use of aluminum in the form of powder
production by gas atomization and powder consolidation into billets to be used as forgings,
extrusions or rolled into plate or sheet stock [12,13]. Near net shaped components are produced
from aluminum powder for use in the automotive, aerospace, appliance, power tool and heavy
equipment industries. Aluminum powder is the most widely used metal fuel additive to propellants,
explosives, and rocket fuel and it is also used in paints and chemicals, printing inks, abrasives and
ceramics [14-19]. Al powders are used extensively in the thermal and cold spray industry and the
global aluminum powder market was approximately 602,800 Tons in 2017 and is expected to reach
a volume of around 670 Thousand Tons by 2022 [20].

One of the most important issues associated with the consolidation of aluminum powders, during
PM processing, is the inherent oxide layer that forms of the external surface of the powder
particles, as a result of air gas atomization [21]. The problem was addressed in the early to mid-
1980s, by incorporating the use of inert gas atomization which reduced the thickness of the oxide
layer [21]. However, the growth of oxide/hydroxides on Al powder can also be caused by the
adsorption of water, as a result of improper packaging, storage and handling of aluminum powders.
The natural oxide formed on the Al powder also contains adsorbed water [22,23]. When water
reacts with aluminum, in addition to the formation of aluminum oxides and hydroxides, there can



be a release of hydrogen which can form porosity at the grain boundaries leading to blistering
and/or cracking in consolidated material [24]. Blistering and cracking as a result of hydrogen has
been observed in consolidated Al powders produced from various PM techniques; including cold
spray, and the higher the oxide content, the greater the amount of hydrogen released [22,24].

The oxide that forms on the surface of the Al powder is not converted back to the metal state during
sintering and can adversely affect the properties of the PM product [22]. The bonding of Al powder
particles during the cold spray process is also influenced by the surface oxide/hydroxide layer. The
entrapped oxide film between the particle/particle and particle/substrate interfaces prohibits a
uniform metallurgical bond that requires a clean metal surface [25,26].

A fundamental comprehension of the role of surface oxides in relationship to particle deformation
during impact and the bonding mechanism is essential for all sectors of the powder metallurgy
(PM) industry and will be directly applicable toward the development of optimized parameters for
the cold spray (CS) process. The results from this study will also aid in the development of
industrial practices for producing, packaging and storing aluminum powders. In fact, the results of
this thesis have been transitioned toward the introduction of the first cold spray aluminum powders
that are specially prepared and packaged in an inert gas to prevent moisture uptake and the
formation of surface films with a company called Solvus Global, Worcester MA.

1.2 Project Goals

The objective of the thesis research “Investigation of the Effect of Surface Oxide on the Critical
Impact Velocity during the Cold Spray Process of High Purity Aluminum Powder” was designed
to enable the analysis of the influence of surface oxide/hydroxide layers on micron-sized HP
aluminum particles on the critical impact velocity. This study is relevant to the scientific
community by advancing the state-of-the-art of cold spray technology and to industry, by
providing valuable insight regarding the adsorption of water by Al powders and the deleterious
effects on the consolidation of powders during AM processes. The adverse effects are more
pronounced for the cold spray process because powder consolidation takes place without melting,
in the solid state. It was the intent that the results and recommendations of this study, will form the
basis of a practical solution to the production, packaging, storage and handling of Al powders
which are extremely important for the AM industry [27]. Solvus Global is the first company to
commercialize the results of this thesis, on a long term basis.

Specifically, this research will incorporate a unique and innovative approach for the determination
of extreme single particle impact behavior using the advanced laser induced projectile impact test
(a-LIPIT). For the first time, the actual critical impact velocity were measured with unprecedented
precision to enable in-depth analysis of the particle/substrate bond interface and particle
deformation characteristics. The data generated from this study was compared to published values
of the CIV from literature that were either (1) based upon theoretical iso-entropic fluid dynamics
models [28,29], or (2) derived from rudimentary cold spray experiments [30], where accurate
tracking of specific single particles was not accomplished.

Additionally, this study provided the means to establish cold spray process parameters through
direct correlation of the CIV to particle deformation behavior and particle/substrate bonding. This
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proved to save time in the development of optimal cold spray processing parameters, by
eliminating trial and error. Table 1 summarizes the general project goals that include scientific
contributions to the advancement of cold spray technology, as well as practical insight regarding
the importance of controlling aluminum feedstock powders for use in cold spray and other AM
processes.

Table 1. Summary of Project Goals

Project Goals
Fundamental Understanding Practical Insight
Oxide formation on HP-Al powder Adsorption of moisture by HP-Al powder
Influence of oxide/hydroxide on CIV | Development of cold spray process parameters
Bonding mechanism Production, packaging, storage & handling Al powders
High strain-rate particle deformation | Effects of oxides on HP-Al cold sprayed bulk material

1.3 Background

The additive manufacturing industry is expected to transform the way parts are produced and/or
repaired. Currently, there are various AM techniques commercially available including; the
powder-bed, powder-fed, and wire-fed processes incorporating laser, electron beam, accelerated
gas or plasma melting [31]. Powder, wire and sheet materials are forms of feedstock for metal AM
processes [32]. A technical challenge that exists today is the production of AM parts with uniform
and predictable properties [27]. In order to achieve consistent and repeatable properties in
materials produced by AM methods, there must be control of the quality of the raw feedstock [33].

The thesis research was of special significance because it involved topics (AM, feedstock powder
and cold spray) that have gained international attention from industry, academia and the military,
as evidenced by the large number of publications, funded programs and heavy commercial
investment [33]. This study investigated HP Al feedstock powder and the cold spray process,
which is an AM technique that makes use of an accelerating gas as the means to consolidate
powder by ballistic impact.

The properties of aluminum feedstock powder differ depending on the processing method, in terms
of particle size and distribution, morphology, chemical composition and the formation of surface
oxides/hydroxides [34]. The process most widely used for the production of cold spray aluminum
powders is gas atomization (GA). Initially, the feedstock is melted in a furnace before being
transferred to a tundish, which is a crucible that regulates the flow rate of the melt into the atomizer
[33]. An inert gas such as nitrogen or argon is piped into the atomization chamber and
symmetrically positioned around the stream of liquid metal, atomizing and solidifying the particles
from above, producing a relatively spherical shaped particle [33]. The use of an inert gas decreases
the formation of surface oxides but later air is introduced to passivate the powder to make it safe
for handling, since aluminum metal can be highly reactive when exposed to oxygen. The solidified
powder drops to the bottom of the chamber, where it is collected. GA aluminum powders generally
have good flowability and a high packing ratio, which are important attributes for producing
materials of high density and low porosity, regardless of the PM process employed [34].

The Cold Spray (CS) process was proposed in this study because it is an emerging AM technology
of high interest internationally, with many technology gaps that are not fully developed nor
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understood; including the CIV and bonding mechanism. Cold spray also has significant potential
as an ‘enabling technology’ because it is a solid state consolidation process with unique
characteristics and is the focus of research and development for the US Department of Defense
and many large manufacturers across the globe. It also spans across numerous industries including;
aerospace, automotive, petrochemical, nuclear, ship building and even the medical field to produce
anti-microbial coatings [35].

The gas atomization processing conditions directly contributes to the formation of surface
oxide/hydroxide layers, which influence the resultant powders response to PM consolidation [21].
As part of the GA process, cooling air is introduced into the spray chamber, from ambient
atmospheric conditions in order to passivate the surface of the powder [21,36]. This practice is
performed as a safety precaution due to the explosive nature of aluminum. Al powders are high
explosive (HE) materials, which are characterized by the release of intense heat and gaseous
decomposition products by violent exothermic chemical reactions [37]. These types of reactions
can occur when the powder forms a cloud or comes into contact with an electrical discharge, high
impact or high temperatures [21,24,37]. When Al powder is exposed to water at room temperature,
highly flammable hydrogen can also form [24,38].

Al powders can form additional hydroxides/oxides after gas atomization during packaging,
storage, handling and while in use, when the powders are exposed to humid air. Flumerfelt [21]
has shown that the rate of oxidation of GA pure aluminum powders is directly proportional to
relative humidity of the handling and storage atmospheres, which accentuates one of the main
tenants of this research topic. Exposure temperatures, as well as alloying elements contribute to
the continued growth of the oxide film after gas atomization [24]. High temperature exposure of
powder that has adsorbed moisture after gas atomization, is a real concern for the cold spray
industry and is an important aspect of this study.

1.4 Powder Selection

The choice of HP Al gas atomized powder for this study was driven by several important factors:
(1) chemistry, (2) particle size and morphology, and (3) representative of industry practice.

1.4.1 Chemistry

The control of chemical composition assists in the unambiguous interpretation of the test results
without consideration of the effects of alloying elements. This aided in the characterization of the
oxide/hydroxide surface layers, [21] at each stage of the study. One of the important aspects of
this research was to provide a fundamental understanding of the effects of these surface layers on
the CIV. Therefore, the study of pure metals, for which the formation of the surface oxide layers
is less complex, allows a basis for comparison upon which to build. Future research efforts could
concentrate on generating data obtained from aluminum alloys and other materials. Table 2.
Chemical Composition of High Purity Al Powder-Valimet (9-40 um dia.) [39] lists the chemical
composition of HP-Al obtained from Valimet Corporation, CA [39] while Table 3. Chemical
Composition of High Purity Al Powder- FLPG12 (5-25 um dia.) [40] lists the chemical
composition of HP-Al from Henan Yuanyang Aluminum Industry Company [40]. Table 2.


http://en.hnyyly.com/new/new3.html

Chemical Composition of High Purity Al Powder-Valimet (9-40 um dia.) [39] contains the weight
percentage of water, which can be the result of atomization.

Table 2. Chemical Composition of High Purity Al Powder-Valimet (9-40 um dia.) [39]

CHEMICAL COMPOSITION WT.%
Al Cu Fe Si Mg <0.01 Mn Zn
Balance <0.01 0.01 0.01 <0.01 <0.01 <0.01

Table 3. Chemical Composition of High Purity Al Powder- FLPG12 (5-25 um dia.) [40]

CHEMICAL COMPOSITION WT.%
Al Cu Fe Si H,0

99.9 min 0.005 0.015 0.015 0.02

1.4.2 Particle Size and Morphology

The size and particle morphology of the HP aluminum powder are important considerations for
the single particle impact experiment and for purposes of impact modeling.

Aluminum is now produced by atomization techniques and in some instances, ball milling to form
powder of different sizes and morphologies, some of which are not conducive for the cold spray
process, as shown in Figure 1. The most predominate methods are: (1) Gas-atomization, (2) Water-
atomization, (3) Plasma-atomization and (4) Ball milling [33,41,42]. The morphology of
aluminum powders produced by these methods can differ considerably as shown in Figure 1.
gl 5 AT TR : - -

1-5 um Pure Al ju '

Agglomerated

-325 mesh Pure Al

-325 mesh 5056 Al
Flake by milling

Gas Atomized
=

10



Figure 1. The morphology of aluminum powders produced by different processes.

The cold spray process utilizes particles typically ranging in diameter from about 5 to 100 um, and
are accelerated at velocities from 300 to 1,500 m/sec by injection into a high-velocity stream of
gas (typically nitrogen or helium) [35]. Particles that are <5 pm do not have enough momentum
to leave the gas stream and impact the substrate. Hence, submicron and nanoparticles cannot be
deposited using high pressure cold spray under standard operating conditions and feedstock.

In this work, the advanced laser induced projectile impact test (a-LIPIT) [1] was used as a highly
controlled means to accelerate a single particle against an aluminum substrate to study its impact
behavior and was designed to simulate the cold spray process. The a-LIPIT has limitations on the
size and density of the particle it can accommodate for this type of experiment. The approximate
particle size range that can be accelerated to the required velocities (~ 700-900 m/sec) is 10-40
um. Additionally, the geometry of the particle is important for aerodynamic considerations. To
minimize the complexity of particle flow modeling and favorable gas-particle dynamics, a
spherical shaped particle is desirable, as shown in Figure 2.

Figure 2. Cross-section of gas atomized aluminum powder showing spheroidal shape.

Figure 3 illustrates the deformation characteristics of a spherical shaped (Figure 3a) powder
particle as compared to a particle having an acicular shape (Figure 3b) during cold spray. The
spheroidal particle offers a more favorable geometry to allow plastic deformation and bonding to
occur.

To determine a minimum particle size for this study, the particle velocity and subsequent impact
has been modeled through the application of conventional rocket nozzle flow equations and by an
empirical materials driven impact relationship [43]. Particle velocities and temperatures can be
predicted at the nozzle exit, downstream of the bow shock and at the substrate surface [44]. These
conditions were subsequently used to predict the deposition efficiency (DE). In other words, the
prediction that a particle having certain characteristics will bond upon impact.
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Figure 3. Deformation characteristics of a spheroidal shaped particle (a) as compared to an acicular
shaped particle (b).

Previously, it was thought that because the smallest particles attain the highest velocities during
the cold spray process they would bond together and consolidate. While it is true that small
particles exit the nozzle at high velocity, their velocity at impact can be significantly lower.
Modeling efforts revealed that the low gas velocity following the bow shock wave decreases
particle velocities, especially for the smallest particles [45]. It was shown that impact velocity
increases as the particle diameter decreases until a diameter of 4 to 8 um is reached [45]. Therefore,
particles having a diameter less than 8§ um were not used in this study. Deng et al., has shown that
particle size of aluminum powder also affects the rate of the aluminum water reaction and is related
to surface area [46].

2.0 Literature Review

2.1 Summary

An extensive literature review was conducted on the main topic of the thesis research topic, as well
as the technical areas that supported the study. Specifically, the current state of the art was
summarized for the following: (1) the industrial process to produce HP Al powder, (2) the cold
spray process, (3) the formation of oxide/hydroxide on HP Al powder, (4) the cold spray bonding
mechanism, (5) the critical impact velocity and (6) the advanced laser induced projectile impact
test (a-LIPIT). These topics have been reviewed and relevant information summarized to provide
the basis for conducting the study, performing the necessary characterization and analyzing the
results. The information consists of published research and industrial practices, as well as hands
on experience by the author, obtained over a thirty-four year time period, of which approximately
eighteen were devoted towards cold spray research and development.
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Published literature investigating the effect of oxides on the critical impact velocity of high purity
aluminum powder, as presented in this study, was lacking. There has been published research
concerning the influence of surface oxidation of cold spray powders in regards to deposit efficiency
and bonding but many of these studies used a theoretical approach, incorporating finite elemental
analysis (FEA). From these studies, researchers have made predictions based upon numerical
simulations about the effect of surface oxides on the critical impact velocity but controlled single
particle impact experiments that isolate specific aluminum particles that have been hydrolyzed,
have not been conducted to date.

R.C. Dykhuizen et al., [30] were some of the first important researchers who studied particle
impact of copper particles onto stainless steel, during the cold spray process, using both numerical
and experimental methods. The authors used the Steinberg-Guinan-Lund viscoplastic model [47]
and a computer code generated by The Sandia National Laboratories CTH [48] that was developed
to model a wide range of solid dynamics problems involving shock wave propagation and material
motion in one, two, or three dimensions [30]. The focus of their research involved the examination
of individual particle impacts or ‘splats’ at various velocities to determine the extent of particle
and substrate deformation and to study the bonding mechanism. The resultant craters were of
interest to Dykhuizen et al., and they concluded that higher velocities formed deeper craters but
the radius of the resultant splats was insensitive to the impact velocity, except for particles with
very low velocities, which did not adequately deposit. The authors observed material jetting at the
impact interface, which they concluded promoted bonding, similar to that of explosive welding.
They hypothesized that plastic deformation resulted in material jetting, which acted to break apart
surface films. This provided clean metal surfaces between particles and/or the substrate that are in
intimate contact, under high local pressure, providing the conditions conducive to bonding.
Dykhuizen et al., also determined that the numerical simulation of copper over predicted
penetration of the splat and attributed this to possible improper modeling of the large strain rates
or incorrect material properties, which substantiates the concern over the limitations of these types
of theoretical models [30].

Grujicic et al. in their research, use a dynamic finite element analysis and ABAQUS/Explicit,
Version 6.3, a commercially available finite element program, to study the interaction of a single
particle impacting a surface [49]. The critical velocity for Al particles generated by numerical
simulation by researchers, Schmidt et al. [S0] and Grujicic et al. [49] reported the results of the
critical impact velocity of Al particles on Al substrates as approximately 760 m/s but the effect of
surface oxides was not considered. W.-Y. Li, et al., determined that such simulation results were
very dependent on the meshing sizes replicated with the Lagrangian algorithm. This was an
indication that the critical impact velocity was dependent on the mesh size and the accuracy of the
FEA simulation was significantly compromised [51,52]. The concern originated from the fact that
certain features depicted in these simulations of numerically-generated behavior may be a
numerical artifact, rather than a physical fact due to limitations of a Lagrangian finite element
simulation. Gangaraj has further explained that when the frame of reference for the simulation is
changed from Lagrangian to Eulerian (to avoid distortion) the material behavior changes, [53] as
determined from calculating the stress distribution at critical velocity in the jet region and in the
particle.
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Assadi et al., provided a hypothesis for the bonding observed in the cold spray process, by
numerical modeling of the deformation during particle impact. The authors demonstrated that
bonding can be attributed to adiabatic shear instabilities, which occurred at the particle surface at
or beyond the critical velocity [54]. Assadi et al., predicted the critical velocity to be 660 m/s for
inert-gas-atomized 99.93% aluminum powder with particle size below 45 pm, when deposited
onto an Al substrate. Depending on the researcher and the simulation used, the values of the CIV
for an Al-particle/Al-substrate combination are as much as 100 m/s apart, [55,56].

The Grujicic [49] study extended the work of both Dykhuizen [30] and Assadi et al., and in
addition to the critique of the computational aspect already provided, there are other considerations
which are of significant importance, that relate to the lack of characterization of feedstock powder,
as well as a lack of empirical data associated with microstructural analysis of the interfacial bond
region between particles and of the particle/substrate. Finally, there is an inadequate determination
of the criteria constituting a cold spray bond. This has led to inaccurate assumptions on the part of
researchers, who have set out to determine the CIV either through empirical means or by
mathematical models. There are serious shortcomings associated with the various models,
including the J-C as previously discussed and even Asaadi et al., admit that “... this experimental
method could not give an unambiguous correlation between particle sizes and velocities...” in
regards to the use of the J-C model [54]. In these studies the effects of surface oxidation were not
taken into consideration.

Wen-Ya Li et al., have used an Arbitrary Lagrangian Eulerian (ALE) method to investigate the
deformation characteristics of Al powder and the effect of surface oxide films during cold spray
[52]. The authors modeled the impact behavior of an Al particle impact on an Al substrate using
LS-DYNA and concluded that with increasing oxide thickness, the particle deformation was
restrained and that oxide fragments could become entrapped at the interfaces and adversely affect
the bond strength of the deposition [52]. Wen-Ya Li et al., [52] also pointed out in their study that
the particle conditions, such as oxide film, prior to impact, have significant effect on the critical
velocity, but was not considered in the previous studies [30, 49,50,51,54,57,58].

Other researchers have taken an empirical approach and have performed actual cold spray trials
using powders of varying oxide thickness and measured deposit efficiency. C.-J. Li et al., studied
the effects of varying oxide thickness of copper, 316L stainless steel, and a Monel alloy on the
critical impact velocity by conducting spray trials and measuring the weight gain of each specimen
after deposition [59]. The powders used in this study were received at the lowest oxygen content
level and then oxidized under ambient conditions at high temperatures to produce powders with
varying oxygen content. An inert gas fusion (IGF) techniques was used to measure oxygen by
exposing the samples to elevated temperatures and measuring the oxygen gas release. The results
indicated that the CIV was significantly higher for those powders that were severely oxidized. For
example, C.-J. Li et al., reported that the critical velocity of copper powder changed from about
310 m/s at an oxygen content of 0.02 wt.% to 610 m/s at an oxygen content of 0.38 wt.%. Figure
4 shows the linear relationship of oxygen content and CIV for 316 stainless steel [59]. This data
corresponded well with those reported by previous researchers, who also showed a similar trend
in the CIV [60-62].
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The effects of an oxide coating on the deposit characteristic and bond strength have been
investigated by several other researchers. W-A Li et al [63] revealed the manner in which particle
impact causes the surface oxide layer to break up along the contact area, leaving behind a clean
metal surface, which promotes bonding but also random patches of oxide (Figure 5) which inhibit
bonding. The authors further explain that the presence of this captured oxide at the interface causes
reduced adhesion to the mating surface and to previously deposited material. W-A Li et al.,
reported the adhesion strengths of cold sprayed copper powder with different levels of initial
oxidation and found that the adhesive strength of the coating was significantly decreased when
increasing the oxygen content in the feedstock.
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Figure 4. Effect of oxygen content on CIV of 316L stainless steel powder [59].

Figure 5 shows the manner in which the surface oxide film on particles are disrupted and can
become trapped at the interface of the impact regions. The surface oxides can inhibit the jet
formation and decrease the adhesive strength of the deposit. The authors revealed that the cold

spray bond strength decreases, as the oxygen content in the feedstock increases [63].
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Figure 5. Schematic of the cold spray bonding process showing the break-up and entrapment of
surface oxides and the formation of jetting [63].

Yin et al., [64] model the break-up of the oxide layer as depicted in Figure 6 using a Johnson—
Holmquist plasticity damage model. Figure 6 shows the time (nanoseconds) sequence of particle
deformation and break-up and ejection of the surface oxide layer of an Al 6061-T6 particle
impacting on an Al 6061-T6 substrate, at an impact velocity of 700 m/s [64]. The authors explain
that the oxide is crushed immediately upon impact (a) and the central portion begins to flatten. In
(b) the particle base material, at the outermost edges of the impact interface begins to flow and
form a jet which extends further in (c-f) pushing the fractured oxides out into space leaving behind
a clean metal surface that promotes bonding. However, cracked oxides at the center can become
trapped interfering with metallic bonding. The same phenomenon is also reported by others
through experimental observations including the following particle/substrate combinations: Al-Al
[59,65], Ti—Al[66], Cu—Cu [67,68] and Cu—Q235 mild steel [63].
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Figure 6. Simulation of the break-up of the surface oxide layer during cold spray, of an Al 6061-
T6 particle, at an impact velocity of 700 m/s.

The work of Kang et al. [69] combined with that of Yin et al., [64] serve as a basis of close
comparison to this thesis study because both researchers set out to determine the effect of the
surface oxide layer on the CIV of commercially pure (CP) aluminum. Yin et al., uses an FEA
approach while Kang et al., attempt to study individual impact behavior and examine the
microstructure at the impact interface. In the work performed by Kang et al., the oxygen content
of CP aluminum was varied by chemical etching and temperature exposure, to produce four
different groups of powder, which were then used in the cold spray process to produce samples for
examination. High raster rates in combination with low powder feed rates were incorporated into
the DOE, in an attempt to isolate individual particles whose in-flight velocities were measured
with a SprayWatch system that includes a high power pulsed laser diode (Hiwatch) to illuminate
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the in-flight particles and a high speed camera (SprayWatch camera unit) to monitor in-flight
particles.

Kang et al., made some important observations and deductions associated with particle
deformation characteristics and bonding. Specifically, more impact energy is expended to remove
the oxide from the surface leaving less available energy for particle deformation, adversely
affecting bonding [69]. The authors found a slight decrease in the flattening ratio with an increase
in oxygen content (Figure 7). Oxides were broken up and pushed out from the interface and ejected
by the action of shear stress but some oxides are trapped and remain, especially at the center and
prohibit metallic bonding

2.5 1 T T T T T T ' T
: : ] ; /A Measured value
A Mean value N
Linear fit of mean value

@ a0 A .
e Y s
[1] ]
=t yay ‘@s
c : :
$ 1.5
b =1
o)
(T8

1.0

0.5 1 i 1 i 1 i 1 i 1

0.00 0.01 0.02 0.03 0.04
Oxygen content of Al feedstock (wt.%)

Figure 7. Flattening ratio of deposited aluminum particles with different oxygen content for the
same process condition [69].

Therefore, it can be deduced that the amount of surface oxidation has a direct correlation to
deformation characteristics and the ratio of bonded surfaces. Kang et al., calculated the CIV from
the analysis of the deposition rates and particle velocity and concluded that as the oxygen content
of aluminum feedstock increased, critical velocity increased significantly [69].

The importance of all the cited research is that the CIV can be more significantly influenced by
surface oxidation than by the material properties.

2.2 The Cold Spray Process Literature Review

Cold Spray (CS) is a solid state AM process whereby micron sized particles of a metal, ceramic
and/or polymer are accelerated through a spray gun fitted with a De Laval rocket nozzle using a
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heated high-pressure gas such that the particles exit at supersonic velocities and consolidate upon
impacting a suitable surface, (Figure 8) to form a coating or a near-net shaped part, by means of
ballistic impingement [70-75]. There is a classification of cold spray that uses a sonic nozzle which
has a converging section followed by a section that maintains the flow at sonic conditions. Both
versions of the CS nozzle work on the main principle of expanding the gas to higher velocities by
controlling the cross-sectional area of the nozzle. The particles utilized are typically in the form of
commercially available powders, ranging in diameter from about 5 to 100 pm, and are accelerated
at velocities from 300 to 1,500 m/sec by injection into a high-velocity stream of gas (typically
nitrogen or helium). Particles that are <5 um do not have enough momentum to leave the gas
stream and impact the substrate.

The Cold Spray Process

Electnc Heater

Figure 8. Schematic of the cold spray process.

The cold spray process incorporates a high velocity gas stream that is generated via the expansion
of a pressurized, preheated, gas through a converging-diverging de Laval rocket nozzle. The
pressurized gas is expanded to supersonic velocities, with an accompanying decrease in pressure
and temperature [76-78]. The particles, which can be carried from the pressurized powder feeder
through a separate line or in the same line as the gas stream, are injected into the nozzle either
prior to the throat of the nozzle or downstream of the throat. The particles are subsequently
accelerated by the main nozzle gas flow and impact onto a substrate after exiting the nozzle. If the
critical impact velocity of the accelerating particles is attained upon impact, the solid particles
deform and create a bond with the substrate [79-81]. Adequate velocity is necessary for optimal
particle consolidation and coating density, and several important CS process parameters, including
gas conditions, particle characteristics, and nozzle geometry, affect the particle velocity. It has
been well established that impacting particles must exceed the critical velocity to deposit otherwise
they may rebound off of the substrate. The magnitude of the critical velocity can be estimated
through the use of empirical relationships, which generally depend on particle material
characteristics, such as density, ultimate strength, yield and melting point, as well as the particle
temperature [81].

As the process continues, particles collide with the substrate and form bonds with the underlying
consolidated material resulting in an adherent, uniform deposit with very little porosity and high
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adhesive and cohesive bond strength. The term cold spray has been used to describe this process
due to the fact that the temperatures are typically well below that of the melting temperature of the
feedstock powders. The heated gas stream cools significantly as it expands through the de Laval
rocket nozzle. This is illustrated in (Figure 9), which uses a cold spray model developed by
Helfritch et al. [82] to calculate the temperature of the gas as it expands from the nozzle as a
function of inlet temperature and pressure.
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Figure 9. Cold spray model developed by Helfritch et al. [59] to calculate the temperature of the
gas as it expands from the nozzle as a function of inlet temperature and pressure.

Since the temperature of the gas stream is always below the melting point of the particulate
material during cold spray, the resultant consolidated material is formed in the solid state. Since
the adhesion of the impacted particles to the substrate, as well as the cohesion of the subsequent
layers of CS deposit, is accomplished in the solid state, at low temperatures, the characteristics of
the cold spray material are quite unique in many regards. The low temperatures associated with
the cold spray process are desirable when attempting to maintain the microstructure, grain size and
elemental composition of the starting feedstock powder. Such is the case with nanostructured
powders because the risk of grain growth and phase transformation is minimal or nonexistent. In
addition, particle oxidation is avoided, as well as deleterious tensile stresses that occur during
solidification and the accompanying thermal contraction associated with conventional thermal
spray processes. The cold spray process has been developed as of late, to deposit a wide variety of
engineering materials, as shown in Figure 10, including; steels, titanium, aluminum, nickel, zinc,
tin, copper, brass, zirconium, silver, Inconel, Peek, cermets, polymers and/or combinations of these
materials and many more with near theoretical density. The strength and modulus values of the
cold spray material often exceed those of wrought materials and the hardness of Al and Al-alloy
cold spray is generally higher than for wrought alloys because of the extreme work hardening
induced by the spray process but the ductility can be lower.
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pure Tantalum 6061 Aluminum Copper — SiC/diamond/W

Figure 10. CS is capable of depositing various engineering materials with near theoretical density.

2.3 Gas Atomization Literature Review

Gas atomization (GA) represents the most widely used process for the production of aluminum
powder and begins with the melting of the raw material in a furnace. The molten aluminum is then
transferred into a type of crucible, called a ‘tundish’, whose function is to regulate the flow rate of
the melt into the atomizer [33,83]. Vacuum induction melting (VIM) furnaces can be employed to
control interstitial elements [33]. To prevent contamination from the ceramic lining of the tundish,
two types of inert-gas atomization are used today; electrode-induction melting in combination with
inert-gas atomization (EIGA) and plasma melting in combination with inert-gas atomization
(PIGA)[84,85]. The melt is fed through the atomizer and is broken up into fine liquid metal
droplets by the action of high pressure gas jets, as depicted in Figure 11 [86,87]. The molten
droplets solidify in flight and fall down into a collection chamber. Cooling air is introduced into
the spray chamber, from ambient atmospheric conditions in order to passivate the surface of the
powder and may not have a low enough dew point to minimize hydration of the oxide film [21,36].
In addition, it has been reported that the inert purge gas doesn’t completely remove all traces of
oxygen and water vapor from the atomization chamber [21,91]. These residual gases are the cause
of the incorporation of oxygen and water into the oxide layer on aluminum during gas atomization
[21, 91].

The properties of the powders produced by the various atomization techniques differ as a result in

cooling rate and heat capacity of the quenching media, [34] in terms of particle size and
distribution, morphology and localized chemical composition, (i.e. segregation).
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Figure 11. Schematic of the gas atomization process for production of AM powders (Courtesy of
LPW Technology, UK). [33]

The type of gas and melt phase, as well as gas injection pressures, affect the size and morphology
of the resultant powder [88-90]. Gas atomized powders have a more spheroidal shape due to
differences in solidification rates as compared to water atomized powders, which tend to have an
irregular morphology and high oxygen content [33,34]. Flowability and packing density are
important powder characteristics for cold spray and AM processes. Spherical or regular, equiaxed
particles are likely to arrange and pack more efficiently than irregular acicular shaped particles
[33].

The rapid formation of an oxide layer during gas atomization and other thermal processes along
with the high solubility limits of hydrogen are a concern during the production and AM processing
of Al powders [92].

2.4 Aluminum Oxide/Hydroxide Formation Literature Review

The production of AM parts with consistent and predictable properties requires that the feedstock
powders used to produce them have predictable and repeatable characteristics [27]. It has been
reported that limiting the thickness of the surface oxide film is desirable on feedstock powders to
enhance interparticle bonding during AM consolidation, especially during the cold spray process
[21,30,49,50,51,55-58, 60, 62-70]. Therefore, the mechanics involved in the formation of the
surface oxide layer during (1) gas atomization, (2) powder packaging, storage and handling, (3)
powder post-processing, such degassing, (4) during cold spray consolidation are important [93,94].

The oxidation of aluminum is a very complex process [95]. The surface reactions are complicated
by exposure of powders to humid air where water vapor can bind at the surface of the powder,

either as Al,Os3 -(H20), or as physically adsorbed water [95].

Hayden et al. [96] identified two stages of oxidation of aluminum at temperatures between 20°C
and 550°C and oxygen pressures of 10 - 102 torr. In summary, the authors described a fast initial
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stage consisting of a thin amorphous oxide layer (0.3nm) formed by nucleation and growth by
chemisorption and amalgamation of oxygen in the metal surface that is rate dependent on
temperature and oxygen pressure [96].

The second stage was characterized by slow thickening growth of a closed amorphous oxide layer
until at temperatures above 450°C and extended oxidation times, a crystalline Al,O3 was formed
at the aluminum metal surface, beneath the amorphous oxide layer, by a nucleation and growth
process [96].

The premise of the thesis research was that aluminum powders continue to oxidize after gas
atomization, during post atomization powder handling and in use during cold spray and other AM
processes [21,36,92,95]. Previous work has shown that the processing conditions during gas
atomization contribute to the formation of undesirable surface oxide/hydroxides that adversely
affect the properties of AM consolidated material [21,30,49,55-58]. The extent of surface
oxidation of powders during gas atomization is directly related to the partial pressures of oxygen
and water vapor [21, 97]. Even though an inert gas, such as argon, may be used during gas
atomization, oxidation of Al powders will always take place because in the aluminum-oxygen
system, the partial pressure of oxygen in equilibrium with Al>Os3 is very small and far below what
can be achieved in conventional GA systems [95]. The thickness of the surface layer is dictated by
oxidation kinetics and the conditions in each stage of the GA process, such as the available water
vapor and oxygen, solidification rate and time of flight during atomization [98]. The rate of
oxidation is directly proportional to the relative humidity and oxygen concentration in the air of
the GA, the collection chamber and the handling and storage atmospheres [21, 97].

Camey et al. [98] investigated the oxide formation of gas-atomized powder and the oxidation
process was divided into three stages: (1) in-flight solidification, (2) powder in the collection box
and (3) exposure of powder to air.

During in-flight solidification, the atomized droplets having a diameter less than 200 um were
rapidly cooled by the atomizing gas as shown in Figure 12 by Flumerfelt [21, 95]. Estrada et al.
[93] estimated the cooling time for particle diameters of 5 - 100 um and a gas velocity of 100 m/s
to be 10° — 107 s [95]. Since the cooling rates of the molten droplets are so high, the growth of
the oxide at these temperatures is much below 0.1 nm, and only the first stage of the amorphous
layer takes place, contrary to what thermodynamics may dictate [93]. This is consistent with
Hayden et al.,[96] and the natural oxide formed on gas atomized powder is in the order of 100 x
107'%m thick, and is amorphous in nature, containing adsorbed water [22,100].

Upon heating at high temperature the oxide crystallizes first to n(Al1203), then to x(AI203) or
v (Al1203) and finally to the stable y(A1203) [22].

These reactions represent gas atomization using argon or nitrogen gas in which the partial pressure
of oxygen is only about 10 — 10° atm. At temperatures below - 350 °C the thermodynamic
conditions for the reaction of aluminum oxide with water vapor become favorable [93, 99,101]

Al,O3 + xH,O -+ Al,O3 (HQO)X [93]

Therefore, this reaction may be expected to take place during atomization in a (humid) air stream.
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Figure 12. Time evolution for aluminum powder oxidation during helium gas atomization with 2.0
volume percent oxygen in the atomization gas [21].

Individual particles may exhibit variation in the oxide layer, which may result in the formation of
thick islands of oxide during solidification of the molten droplet, due to temperature gradients in
the droplet and the compressive stresses in the vicinity of the oxide islands [102-107].
Additionally, as Flumerfelt and other researchers point out, the in-flight oxidation reaction
products are aluminum oxide and varying concentrations of hydrated aluminum oxide incorporated
into an amorphous oxide surface film [21,93,99,101].

Another important consideration regarding oxide film thickness is in relation to particle diameter.
Figure 13 shows a plot of the oxide film on commercially pure aluminum (CP-Al) as a function of
particle diameter and oxide film thickness, formed during gas atomization [21]. The results
indicate that the percentage of oxide on smaller diameter particles is greater than that contained on
particles with larger diameters. Therefore, when powders are consolidated by AM methods,
(including cold spray), more oxide content can be anticipated when using powder with smaller
diameters, unless the partial pressure of available oxygen is reduced during atomization.

The oxidation of Al powders begins within the first milliseconds of the gas atomization process
and continues during all stages of gas atomization [21,30,49,55-58, 93,97, 99,102-107]. The
oxidation reaction products are aluminum oxide and varying concentrations of hydrated Al oxide
incorporated into an amorphous oxide surface film [21,30,49,55-58, 93-107]. Residual oxygen
and water vapor serve as the oxidation source and are found in the all stages of gas atomization.
During handling, storage and use of the Al powder, oxidation will continue depending on the
oxygen content and the relative humidity of the atmosphere [21,93,99,101].
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Figure 13. Graph of oxygen content of the oxide layer on CP-Al powder as a function of particle
diameter and oxide film thickness [21].

In summary, the formation and continued growth of the surface oxide/hydroxide layer can occur
during (1) gas atomization, (2) powder packaging, storage and handling, (3) powder post-
processing, and (4) during cold spray consolidation [21,93,94,99,101].

2.5 Cold Spray Bonding Mechanism Literature Review

The Cold Spray (CS) process involves the acceleration of micron-sized particles (~5-75 um) in
the form of commercially available powders that are carried in a high pressure (6.8 bar/100psi -69
bar/1,000 psi) and sometimes heated gas stream (R.T. — 1,200°C) in the solid state toward a
suitable substrate upon which the particle undergoes tremendous plastic deformation. Upon
impact the plastic deformation can disrupt and break down surface oxide layers on both the powder
and substrate leading to a metallurgical bond, as well as mechanical interlocking and in some
instances melting, if the temperature of the main gas and pressure are too high. Since the feedstock
powder is deposited in the solid state, the microstructure is retained after deposition with the
exception of dynamic recrystallization due to high strain levels. During the cold spray process,
both the particles and/or substrate undergo physical transformation in the form of particle rotation,
grain deformation and refinement, work hardening, strain, generation of heat and formation of
residual stress [35].

The CS process is conducive to materials that can undergo high levels of strain with low energy
input but also work harden sufficiently to obtain the desired strength. It has been reported that
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localized temperature increases and strain concentration play a major role in the high speed
deformation of the particles upon impact, as a result of adiabatic shear. Approximately 90% of the
work of plastic deformation is converted to heat [108], and the flow stress of most metals is
sensitive to temperature, decreasing as temperature increases. During impact of the solid feed stock
powder particles, the oxide layers on both the powder and the substrate surface are disrupted and
partially removed along with other impurities at the particle substrate interface causing the
exposure of highly reactive “virgin” metal and subsequent metallic bonding between particle and
substrate material. [109] The feedstock powder is in intimate contact with the exposed substrate
forming an adherent metallurgical bond as a result of the severe plastic deformation during particle
impact [110]. Thermal softening due to the presence of severe plastic deformation (SPD) can
enhance particle deformation and interlocking of adjacent particles resulting in the intimate contact
at the interface and consequently pancaked structures in the deposited material [108]. Deformation
of these particles can at times result in recrystallization or intermetallic phase formation [111]. It
is evident in Figure 14 that some of the particles have experienced sufficient deformation and heat
during the impact that they have completely recrystallized at the interface, resulting in the
formation of an ultra-fined grained (UFG) structure [108].

200 nm

Figure 14. UFG structures at interface due to high strain rate deformation [108].

The bonding mechanism of the cold spray process is analogous to that of explosive welding, which
is another type of solid phase welding process where bonding is also the result of plastic
deformation of the metals to be bonded. Bonding occurs when two surfaces under extreme pressure
are forced together such that the surface oxide layers are disrupted and bonding takes place
between the opposing clean metal surfaces [112]. Grujicic et al., describe the sequence of events
associated with a typical time evolution of the particle and substrate interaction during impact, as
predicted by the finite element analysis, which is similar to the stages of the explosive welding
process shown in Table 4. Stages of the Explosive Welding Process [113] The two processes have
been described by researchers as being similar in nature and it is important to note that the shock
wave plays a pivotal role in bonding during the explosive welding process. It strips away oxides
and forms a ‘jet’ (Figure 15).
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Table 4. Stages of the Explosive Welding Process [113]

1. Shockwave is transmitted through the two metal layers in a fashion similar to ripples in water.
2. The shockwave is able to produce a slight wave effect in the material due to super plasticity.
3. The high velocity of this shock wave effect strips away oxides on both surfaces.

4. The detached oxides are expelled as a flow of matter just ahead of the detonation front. This
flow of matter is also known as a ‘jet’.

5. This action leaves behind clean metal surfaces allowing a metallic bond to be formed.

6. The bond is produced as a result of high pressure which causes the valence electrons to cross
into each other’s sphere of influence.

7. Process is carried out at ambient temperature.

Figure 15. Types and transitions resulting from explosion welding: (a) laminar, (b) wavy, (c)
turbulent.

Researchers, including Dykhuizen et al. have investigated the effect of particle diameter on the
flattening ratio and crater depth numerically to develop an understanding of the bonding
mechanism. A comparison was drawn between the cold spray process and explosive cladding
whereas the formation of a solid-state jet of metal at the impact point of two metal plates promotes
bonding [30]

Assadi et al provides a hypothesis for the bonding observed in the cold spray process, by numerical
modeling of the deformation during particle impact demonstrating that bonding can be attributed
to adiabatic shear instabilities which occur at the particle surface at or beyond the critical velocity
[54]. Li et al revealed that most metallic spray materials experience some level of localized
melting at the contact interfaces between the particles of materials consolidated by the cold spray
process [114]. Bae et al. studied the adiabatic shear instability based bonding mechanism
numerically by impacting many particles onto a substrate and subsequently comparing the results
to experimental data [115]. Champagne et al. [116] studied material mixing between copper
particle and aluminum substrates as a result of mechanical interlocking Figure 16. Mechanical
interlocking of a Cu coating applied by cold spray onto 6061 AL-T6..
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Figure 16. Mechanical interlocking of a Cu coating applied by cold spray onto 6061 AL-T6.

Hussain et al. suggests that the bonding is largely due to mechanical interlocking, where the
substrate physically entraps the particles but that claim doesn’t adequately take into account the
effects of adiabatic shear instability [117]. The outer region of the particle that impacts the
substrate experiences severe plastic deformation at high impact velocities and a corresponding
temperature increase, which can result in local melting and subsequently a strong bond with the
substrate [118].

Benefits of the type of bonding associated with the cold spray process include the retention of the
original microstructure of the feedstock powders, since consolidation of the particles takes place
in the solid state. Additionally, the high impact velocities of the solid particulates peen the
underlying material and form a state of compressive stress [35]. Impact between the particles and
the substrate result in interfacial instability due to differing viscosities, along with the resulting
interfacial roll-ups and vortices, promote interfacial bonding by increasing the interfacial area,
giving rise to material mixing at the interface and providing mechanical interlocking between the
two materials [119].

Therefore it has been deduced based upon empirical evidence that both metallurgical bonding, in
combination with mechanical interlocking, are the predominate bonding mechanisms in cold
spray, and under certain high process parameter settings for main gas temperature and pressure,
melting can be observed.

2.6 Critical Impact Velocity Literature Review

Grujicic et al., claim that their simple one-dimensional model for the onset of adiabatic shear
localization can be used to assess the critical impact particle velocity (CIV) required for successful
cold-spray deposition [29]. Therefore, an explanation of the CIV and its significance is warranted.
It has been reported that during cold spray the kinetic energy of impacting particles must be
sufficient to allow plastic deformation of the substrate and/or disrupt the surface oxide film [56,35]
Researchers throughout the years, have defined a critical value of particle velocity, as being that
which is necessary for the impacting particles to bond with the substrate during the cold spray
process [6,30,54,56,57,60,72,78,118,120-129]. This critical velocity is dependent on a variety of
factors including the substrate material and is also a function of the physical and mechanical
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properties of the powder material [6,30,54,56,57,60,72,78,118,120-131]. Numerous researcher
studies have determined that feedstock materials with higher moduli are more difficult to deposit,
[6,30,54,56,57,60,72,78,118,120-131] requiring higher main gas temperatures (i.e. increased
particle velocity), or by being encapsulated, mechanically alloyed or blended with a ductile
material (i.e. ceramic— metal composites) [132]. The softer and more ductile feed stock powder
allows the harder powder particles to be co-deposited. Theoretical approaches for determining the
CIV have been proposed and reported by Grujicic et al., [78] Assadi et al., [54] and Moridi et al.,
[133]. Numerous studies suggest that particle deposition is dependent on the impact velocity.
These studies concluded that only the particles that attain a sufficiently higher velocity than the
CIV can be successfully deposited (Figure 17a. Particle impact and bonding. Figure
17b. Particle impact and rebound., while those which fall below the CIV would only cause erosion
of the substrate [134,135] and/or rebound off of it (Figure 17a. Particle impact and bonding.

Figure 17b. Particle impact and rebound.). When the particles impinge at extremely high
velocities, much greater than the CIV, solid particle erosion of the substrate surface is once again
observed, and deposition discontinues [ 136]. The technical challenge in defining the CIV has been
determining the criteria that governs particle/substrate and particle/particle bonding, then
quantifying the bond strength and finally, correlating the values to the CIV.
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Figure 17a. Particle impact and bonding. Figure 17b. Particle impact and rebound.

Grujicic et al., study the particle/substrate interaction bonding mechanism using a one-dimensional
thermo-mechanical model for adiabatic strain softening and the accompanying adiabatic shear
localization [29]. The authors conclude that the onset of adiabatic shear instability in the
particles/substrate interfacial region plays an important role in promoting particle/substrate
bonding during the cold spray process and their work leads to a theoretical prediction of CIV [29].
Since CIV is defined by the bonding of particles to the substrate and particles to particles, a deeper
understanding of the criteria used by researchers to explain this phenomenon is important to a
discussion of the results and the conclusions reached by the authors.

Since the material properties of a cold spray deposit determine the application where it can be put
into practical use, the quantification of those desirable material characteristics is essential. If the
deposit is to be used to form a coating, then properties as corrosion and/or wear resistance could
be important, while other applications may demand high strength/ductility and fatigue resistance.
In all of these examples, adhesive and cohesive strength is necessary. Adhesive strength is a
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measure of the bond at the particle/substrate interface, while cohesive strength constitutes the bond
between individual particles. Researchers have employed various methods to measure the adhesive
and cohesive strength of cold spray deposits and have used these values to substantiate theoretical
derivations of the CIV. Ma“kinen et al. presented the influences of powder, substrate and heat
treatment on the adhesive strength [137] and used European Standard EN 582 “Thermal Spray
Determination of Tensile Adhesive Strength as did many other researchers, including Assadi et
al., [54]. This method is similar to ASTM C633, “Standard Test Method for Adhesion or Cohesion
Strength of Thermal Spray Coatings”, which is utilized extensively throughout the thermal spray
industry to measure the bond strength of thermal spray coatings. This particular method
incorporates the use of 25mm (1 inch) bar stock representing the substrate material, which is
subsequently prepared on one cylindrical face to accept a cold spray coating that is applied to a
sufficient thickness where it can then be glued to a respective counter-body of the same size. The
ends of the cylindrical bar stock are threaded and inserted into a tensile test machine and subjected
to tensile forces along their axes until failure and a value of bond strength is recorded. The ruptured
specimens are subsequently examined to determine the origin of failure, which could be at the
interfaces between the coating/substrate (adhesive failure) or within the cold spray deposit
(cohesive failure) [54, 137]. A flaw in this type of test is the limitation of the strength of the
epoxy/glue that is used, which has a tensile strength of only 69-83 MPa (10,000 — 12,000psi).
Adhesive and cohesive strengths of cold spray deposits have been reported by Champagne, III et
al., to be much greater and in the range of 186-214 MPa (27,00-31,000ps1) [111]. Therefore, many
instances of bond strength of cold spray deposits have not been reflective of actual values. Such
values have been reported throughout the years by researchers. This raises the question of their use
for determining CIV and to validate theoretical models, including those of Grujicic et al.

Assadi et al., has reported that a rough theoretical estimation reveals that for impact velocities of
580 m/s, only about 15-25% of the entire interface is subject to shear instability and states, “So
far, the modeling has not been able to explain if this amount of surface area would be sufficient
for a successful bonding” and additionally further explains, “this could explain the relatively low
bond strength of cold gas sprayed coatings as compared to bulk material or thermally sprayed
coatings, and recommends the use of tensile tests to provide additional information for assessing
extent of critical conditions at the interface,” [54]. His statements summarize an obvious concern
and reveal a significant flaw in the approach that researchers have relied on to report the bond
strength of cold spray coatings and the use of these values to substantiate theoretical models for
predicting the CIV. In addition, his general statement concerning the inferior bond strength of cold
spray deposits have been proven inaccurate, by recent published research [81,108,111].

In summary, the current accepted definition of the CIV is the ability of impacting particles to bond
with the substrate, during the cold spray process. The practical use of the CIV in establishing
adequate cold spray process parameters or as a determination of the structural integrity of the cold
spray deposit is limited, since it is not currently a measure of bond strength and cannot be
correlated to material properties.
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2.7 Single Particle Impact Literature Review

Jae-Hwang Lee et al. while at MIT, revolutionized the study of particle impact with the design of
an apparatus, dubbed the laser-induced projectile impact test (LIPIT), which was initially used in
2010, to investigate the mechanical behavior of nanomaterials under extremely high deformation
rates [ 138]. The system enables real-time observations of single particle impacts with micron-scale
and nanosecond-level resolution at velocities equal to those attained during the cold spray process.
Gangaraj et al.,[139,53] also from MIT, later carried on this work in 2015, utilizing the apparatus
designed by Jae-Hwang Lee et al., but with some improvements regarding the ability to take
multiple images. Jae-Hwang Lee has since left MIT but is still carrying out single particle impact
experiments, specific to the cold spray process, at the University of Massachusetts, Amherst
utilizing another system that he built at the Mechanical Engineering Department.

Figure 18 shows a schematic of the apparatus [138,1] used by Jae-Hwang Lee et al., and Gangaraj
et al., to observe the flight characteristics and subsequent impact of a single micron-sized particle
in real time [140,141].

Laser pulse
10 ns,
532 nm
CGlass substrate
(210 pm)
Gold film
/_ (60 nm)
@ O @ PU film
| ™ oum)
Metallic
particle High-speed

/_ particle
Laser pulse .

10 ps, 640 nm Microscope
objective

Figure 18. Single particle impact apparatus with micron-scale and nanosecond-level resolution
[53].

The single particle impact experiment warrants a detailed description because the level of precision
associated with isolating, manipulating and ultimately accelerating and tracking the trajectory of a
micron-sized particle using an ultra-high speed camera is so revolutionary, from a scientific
perspective to accurately measure the CIV.

30



The following step by step description of the experiment is taken directly from Gangaraj et al.,
[53] whereas “a laser excitation pulse is focused onto a launching pad assembly from which single
metallic particles are launched toward a target sample by ablation of a gold layer and rapid
expansion of an elastomeric polyurea film. The particle approach and impact on the target are
observed in real time using a high-frame-rate camera and a synchronized quasi-cw laser imaging
pulse for illumination. The launching pad assembly follows the design described by Lee et al. and
Veysset et al. [1,140]. 210-um-thick glass substrates (Corning No. 2 microscope cover slip) were
sputter-coated with a 60-nm thick gold film. A mixture of polycarbodiimide-modified
diphenylmethane diisocyanate (Isonate 143 L MDI, Dow Chemicals) and oligomeric
diamine(Versalink® P-650, Air Products )with a weight ratio of 1:3 was spin-coated on the gold-
coated substrates at 750 RPM for 5 min to yield a film thickness of 30 um after 24-hour curing at room
temperature. Film thicknesses were measured using a 3D laser scanning confocal microscope (VK-X200
series, Keyence). Metallic particles were deposited on the substrates using lens cleaning papers to spread
drops from a suspension of particles in ethanol. For each experiment, a laser excitation pulse (pulsed
Nd:YAG, 10-ns duration, 532- nmwavelength) was focused onto the launching pad assembly from where
the metallic particles were ejected. Upon laser ablation of the gold film, particles were accelerated to
speeds ranging from approximately 100 to 1200 m/s, controllable by adjusting the laser excitation pulse
energy (from 2 up to 60 mJ). 16-image sequences showing impact were recorded with a high-frame-
rate camera (SIMXI16, Specialized Imaging) using a laser pulse (30-us duration, 640-nm
wavelength SI-LUX640, Specialized Imaging) for illumination. The high-speed camera comprises
16 CCDs that can be triggered independently to record up to 16 images with exposure times as
short as 3 ns”.

Figure 19 is a montage of ultra-high speed photographs showing a time evolution of a 45 um
aluminum particle impacting an aluminum substrate, whereas the velocity is 605m/sec for (a) the

top multi-frame sequences and 805m/sec for (b) the bottom multi-frame sequences.

a) +20ns +20ns +20ns +20ns +20ns +100ns +100ns +150ns +150ns +10s

—

+10s

605 m/s .

+10ns +10ns +10ns +10ns +100ns

805 m/s —

Figure 19. Multi-frame sequences with 5 ns exposure times showing 45-um Al particle impacts on
Al substrate at 605 m/s (a) and 805 m/s (b), respectively below and above critical velocity. Material
jetting is indicated with white arrows [53].

Below the critical impact velocity, (Figure 19a) the spherical particle undergoes significant plastic
deformation upon impact in the lower half, distorts into a hemispherical shape but does not have
the ability to adhere and eventually rebounds off of the substrate. The top half of the particle shows
only slight evidence of distortion. In contrast, (Figure 19b) shows significantly more pronounced
plastic deformation of the entire particle, at or above the critical impact velocity, such that the
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entire particle has deformed into a ‘pancake’ shape, forming a splat. The white arrows indicate
material ejection and fragmentation at the periphery of the splat and in this case, the particle
adheres to the substrate and does not rebound.

Table 5 lists values of CIV, obtained by Jae-Hwang Lee et al., and Gangaraj et al., through the
single particle impact experiments in comparison to the work by Asaadi et al., using FEA and
Grujicic et al., also using FEA, as well as the 1D model. The initial starting temperature of both
the substrate and the particles was 295K (room temperature) for all values listed in Table 5. It is
important to note that in order to make a direct comparison of all the values of CIV, other important
features of the particle (i.e. oxide layer and microstructure) should be taken into account, as well
as particle size. Not all of this data was included in these studies. The measurements of Gangaraj
et al., confirm a shift in CIV, from 810 m/s for 14-pum particles to 770 m/s for 30-um Al particles.

Table 5. Critical Impact Velocity for Three Pure Metals (Empirical vs. Theoretical)

Particle/ Threshold particle velocity (m/s)
Substrate Particle Size (um) as denoted
Material
Jae-Hwang Lee | Gangarajetal.,, | Assadietal. | Grujicicetal | Grujicic et al.
et al [142] [139,53] [54] FEA [29] 1D [29]
Particle Size Empirical/Actual | Theoretical | Theoretical | Theoretical
i i Particle Size | Particle Size Particle Size
(um) as denoted (ull;a)rzt:scl(elesilltz):ed s 5-m and S m and
25-pum 25-um
Cu/Cu - 568 (10-um) 570-580 575-585 571
Al/Al 830 (20-pm) 810 (14-pum) 660-670 760-770 766
770 (30-um)
Ni/Ni - 660 (14-um) 600-610 620-630 634

This is consistent with the accepted notion that larger particles should have lower critical velocities
due to the deformation characteristics resulting from higher momentum. However, Asaadi et al.,
conclude that their experimental method could not give an unambiguous correlation between
particle sizes and velocities and tested particle sizes in the range of 5 to 100 pm. [54]. Grujicic et
al., varied the particle size between 5-um and 25-pm but did not report any significant differences
from the results obtained using theoretical models, which is in contrast to actual results measured
by the single particle impact experiments. Asaadi et al., reports that the critical velocity was
determined to be 660 m/s for inert-gas-atomized 99.93% aluminum powder with a particle size
below 45 pum, (see Table 6and on pages 4383 and 4391 of ref 1.) however the values listed in the
Grujicic paper (2004) incorrectly list those values as 760-770m/s. The difference between the
results obtained by Asaadi (2003) as compared to those of Grujicic (2004) are approximately
100m/s and the disparity is significantly greater when compared to the values generated from the
single particle experiments of Jae-Hwang (2017) and Gangaraj (2016). The empirical results
clearly show a difference in CIV depending upon particle size, which raises question regarding the
validity of those values of CIV generated by theoretical models, since the results are given for a
particle range of particle diameters. Grujicic et al., report values for a particle range (5-um and 25-
um) while Asaadi et al., (<45-um).
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Table 6. Critical Impact Velocity for Various Metals (Empirical vs. Theoretical) [54]
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A comparison of the CIV for two aluminum particles with different diameters as reported by
Gangaraj et al., is used to illustrate the importance of the particle size. Table 6 lists the CIV of an
aluminum particle with a diameter of 14-um as 810m/s, which can be compared to that of an
aluminum particle with a diameter 30-um in which the CIV is 770m/s (a difference of 35 m/s).
Some of the theoretical values of CIV could compare more favorably, such as those for copper and
larger particle sizes of aluminum but since the theoretical models do not delineate differences in
particle size then it is not clear how such values can be of practical use.

The CIV is used to optimize cold spray process parameters and should be a useful tool to mitigate
trial and error. To further accentuate the importance of particle size and the relationship to cold
spray process parameters, the velocity of particles with three different diameters (15um, 20pum and
30um) was calculated under a constant set of cold spray process parameters. The cold spray
process parameters used are listed in Table 7. A graph of the corresponding exit velocities is shown
in Figure 20 and was derived according to the study published by Helfritch and Champagne [82]
in which they examine the effect of particle size on velocity and deposition efficiency in the cold
spray process by means of flow modeling and gas-particle dynamics.

Table 7. Cold spray process parameters used to generate Figure 20.

SPRAY MACHINE Gen III Max
P=550 psi T=447 C
SPRAY ANGLE 90 degrees 2 by 6.3 nozzle
VELOCITY 200 mm/sec STANDOFF 15/25 mm
SPRAY GAS Helium NOZZLE 2-6.3x170mm TYPE PBI-VRC
ACTUAL GUN TEMP 446.5C PRESSURE SET POINT 550 psi
PF GAS FLOW SETTING 100 slm MAIN GAS FLOW 1595 slm
POWDER FEEDER RATE 2-2.5 rpm PF ACTUAL FLOW 157 slm
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Particle trajectories were modeled from the nozzle chamber to the impact with the substrate.
Optimum particle size was identified for various particle characteristics and spray configurations.
The x-axis defines the distance away from the exit of the nozzle. The values show a large difference
of approximately 200m/s when comparing the impact velocity of an aluminum particle with a
diameter of 15um, to an aluminum particle having a 30um diameter at an exit distance of one inch,
which is a typical stand-off distance between the nozzle exit and the substrate. This further
substantiates the importance of considering particle size. Gangaraj et al., report these series of
images as the first direct observations of the rebound-adhesion transition and of material ejection
and fragmentation associated with a particle that has adhered upon impact. This study has served
to provide invaluable information enabling a much more thorough fundamental understanding of
the sequence of events leading to bonding during cold spray, substantiating earlier predictions and
raising questions about the origin of jetting.

Al 6061 particles velocites using VRC process parameters
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Figure 20. Graphical representation of velocity of particles with varying diameters keeping the
cold spray parameters constant [144, 82].

The microstructural analysis conducted of the impact region between the particle and substrate by
Gangaraj et al., has confirmed earlier observations [143,145] of the formation of material jets and
have concluded that this condition is necessary to promote bonding during cold spray because the
contact surfaces between particles and/or the substrate are cleaned by the action of severe plastic
deformation and the accompanying ejection of oxidized surface layers, analogous to explosive
welding [30,46,152,146]. The surfaces are activated by the removal of surface oxides
[5,6,147,148] and atomic contact between particles and/or the substrate becomes possible, as the
oxide shells are broken and the two surfaces are pressed together under tremendous pressure.
Papyrin et al. reported that the dislocation density is increased by the initial impinging particles
enhancing the chemical activity of the surface on the very top layer [148,149].
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Previous to the work conducted by Gangaraj et al., jetting and subsequent material fragmentation
were not observed in real time with micron-scale and nanosecond-level resolution, at velocities
equal to those attained during the cold spray process. Gangaraj et al., argue that this observation
substantiates the fact that jet formation and subsequent material fragmentation is triggered at the
critical impact velocity, and that this is directly associated with adhesion [53]. The authors also
make a comparison to the phenomenon of jetting that takes place in liquid drops [150,151],
whereas conservation of volume requires that the contact area of the periphery of the particle
laterally accelerates upon impact [53]. This principal is true for either a fluid or a solid and the
resultant lateral velocity along the contact edge approaches infinity during the initial contact and
is higher than the shock wave that is generated upon impact [53]. Subsequent to particle impact,
the shock wave is attached to the leading edge but as the lateral velocity at this region falls below
that of the shock wave, a reflective wave or as Gangaraj et al., refer to it, a ‘release’ wave is
reflected back into the particle. This causes a localized area to be subjected to extremely high
tensile forces, which in turn forms a jet and leads to material fragmentation. Gangaraj et al., argue
that adiabatic localization is not the cause of material jet formation, although it may be a
consequence and occurs as the jet expands further [53] which contradicts Grujicic et al., as well as
many other subsequent researchers. Instead, Gangaraj et al., propose that the primary cause of
jetting and material fragmentation and ejection is the result of a high intensity pressure wave that
interacts with the leading edge of an impacting particle just a few nanoseconds after the initial
contact [53]. These authors further explain that subsequent to the action of the high intensity
pressure wave, the increase in temperature between contact areas resulting in shear localization,
melting, and/or viscous flow are most likely, trailing consequences of extensive jetting.

3.0 Experimental Approach

This thesis was comprised of five major stages (Figure 21) consisting of (1) Characterization of
as-received gas atomized powder, (2) Performing controlled exposure tests to form a prescribed
oxide and/or hydroxide using dry air at elevated temperatures for four powder groups and humidity
at room temperature for three powder groups, (3) Conducting single particle impact experiments
of all seven powder groups, as well as the as-received powder, (4) Cold spraying to produce bulk
samples for testing and (5) Materials characterization of all powders subsequent to and after (a)
the temperature and humidity exposure tests, (b) the single particle impact tests and (c) of the cold
spray bulk samples.

3.1 Design of Experiment

Published literature regarding the oxidation kinetics of aluminum powder discussed the complexity
and variation associated with the growth and change in oxide/hydroxide over time, temperature
and exposure to oxygen and/or water vapor. The initial oxide layer is amorphous, which transforms

into ¥-Al,0O3 at elevated temperatures and increased oxide thicknesses [153]. Research has shown
the formation of hydroxides of Al powders at room temperature, in the presence of water vapor.
The oxidation reaction products are aluminum oxide and varying concentrations of hydrated Al
oxide incorporated into an amorphous oxide surface film.
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There are fundamental differences in the oxide/hydroxide on the powder formed at various
temperatures and the progression in the nature of the surface film as the temperature increases. For
instance, the oxide is amorphous at low temperature up to about 300°C. Above 300°C it starts to
turn to gamma alumina and crack, which increases the oxidation rate slightly. There are various
other changes at higher temperatures, such as cracking of the alumina due to thermal expansion
close to the melting point, causing more rapid oxidation. Hongqi Nie et al., [153] measured net
mass gain of pure Al powder using Thermo-gravimetric techniques which compared favorably to
calculations using oxidation kinetics (Figure 22 and Figure 23). These results assisted in the
determination of appropriate time and temperature exposure tests which are commensurate with
the range of the cold spray operating parameters. The work of Flumerfelt, [21] formed the basis of
the humidity exposure tests for the HP aluminum powder.
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Figure 21. Schematic showing the major stages of the proposed research.

Honggqi Nie et al., studied the reaction kinetics for pure aluminum powders and compared predicted
results from an oxidation model to measured oxidation rates from literature, using thermo-
gravimetric methods for micron and nanosized and aluminum powders. Exposure tests were
performed on aluminum powder heated at 20 K min’! to different temperatures. The powders were
initially heated in an argon environment until the target temperature was reached and afterwards
oxygen was introduced for a prescribed time period. Precise time at temperature exposures were
accomplished in this manner. Figure 22 and Figure 23 show the results.
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Figure 22. Measured isothermal TG traces of pure aluminum and theoretical calculations using
kinetics by Hongqi Nie et al., for respective temperatures [153].

3.2 Test Procedure

Place High Purity (HP) gas atomized, aluminum powder (as received from the powder supplier
and stored with desiccant packs), in the apparatus as shown in Figure 24. This apparatus was
designed and fabricated specifically for this thesis research and incorporated a fluidized bed for
the heat treatment of powder. The operation of this device included the supply of a fluidizing gas
to the base of the device constantly maintaining motion of the powder. The gas used was either
argon, air or humidified air, as specified in the DOE.

Two methods for developing oxides on the surface of powders were evaluated as part of this study.
The first used dry air at temperature, while the second used humidified air. In the dry air case, the
experiments ran as follows. Dry argon was fed into the fluidized bed reactor fluidizing the powder
while the temperature of the reactor and the fluidizing gas was increased at a rate of approximately
10°C/minute to 300°C. Once at temperature, the argon flow was maintained for 30 minutes to
ensure that the entire reactor and all of the powder reached a stable 300°C. The argon was then
shut off and replaced with a flow of dry air for the prescribed period of exposure, as shown in
Table 8. At the completion of this time, the flow was switched back to argon and maintained until
the reactor was at temperature for a total of 4.5 hours, including the 30 minute soak then an
additional 4 hours at temperature. The argon flow was continued during the cool down at
approximately 10°C/minute. Once cool, a valve was closed on the vessel trapping argon inside.
The entire apparatus was transferred into a dry nitrogen or dry nitrogen glovebox and the powder

37



inside was placed into bottles, which were distributed to the participants of the research team to
perform tests and characterization of the powder.
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Figure 23. Aluminum oxide thickness as a function of temperature for constant heating rates. Thin
lines represent measurements; bold lines show calculations. Calculations are based on kinetics
derived from isothermal measurements and b constant heating rate measurements [153].

The humidity exposure tests utilized a similar setup and the same fluidized bed, but incorporated
two air flow valves, as shown in Figure 25. One of these valves ran through a humidifying water
bubbler and both ran into a mixing chamber with a humidity and temperature sensor. From this
mixing chamber the mixed air at the correct temperature and humidity level flowed into the bottom
of the fluidized bed. The mixing chamber as well as the fluidized bed, were all contained inside
an insulated box with a low temperature heating element. Exposure conditions were either 50%
or 95% relative humidity and 29°C as shown in Table 9. These humidity levels represent
laboratory conditions (50%) and those that are typical (95%) at Corpus Christi Army Depot or
Pearl Harbor Naval Shipyard, where cold spray facilities are located.
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Table 8. Heat Treatment of Aluminum HP Powder under dry conditions

Powder Group Exposure Times to Exposure Times to
Identification Dry Argon at 300°C Dry Air at 300°C
HT-Baseline 270 minutes 0 minutes
HT-30 240 minutes 30 minutes
HT-60 210 minutes 60 minutes
HT-240 30 minutes 240 minutes

Table 9. Exposure of Aluminum HP Powder under humid conditions

Powder Humidity / Exposure Times Exposure Powder
Group Temperature to Air at 29°C Times to Condition
Identification Helium at
450°C
As-received No Exposure No Exposure No Exposure As Received
RH-50% 50% RH / 29°C 4 days No Exposure As Received
RH-95% 95% RH / 29°C 4 days No Exposure As Received
RH-95%-450 95% RH / 29°C 4 days 2 seconds As Received

Table 9 lists exposure times of the HP-Al powder to air at two humidity levels (50% RH and 95%
RH ) at a temperature of 29°C, in order to investigate the growth of hydroxides to powder that has
been opened in a hot, humid environment. The time durations were selected based upon previous
research [21] and were also meant to simulate the conditions that might occur at actual cold spray
facilities. Powders are contained in plastic bottles, bags and buckets of various sizes and are
typically not used up in a single spray operation. In fact, most metal cold spray powders do not
have a specified shelf life and as such, are sometimes kept for many months or even years before
being totally consumed or discarded due to poor flowability or performance. Therefore, the powder
will be repeatedly exposed to hot, humid conditions and adsorb water vapor in the process of being
opened and reopened.

Table 9 also contains a special group (RH-95%-450) which represents HP-Al powder that has been
exposed to hot, humid conditions and subsequently used in the cold spray process. The short
exposure to elevated temperature (2 seconds) of this powder simulates the time that it would
remain in a heated helium gas stream during the cold spray operation and Figure 26 depicts the
apparatus that was used to accomplish this. The 2 second time duration is ample time to allow
partial dehydration, based upon the dehydration kinetics reported by L. Rozic et al., who
investigated the dehydration kinetics of gibbsite to activated alumina at four different
temperatures, as summarized in Table 10 [154].

These researchers concluded that thermal treatment of gibbsite results in its partial dehydration
which can occur within seconds of exposure, as listed in Table 10. The extent of gibbsite
amorphization is affected by its physico-chemical properties and the exposure conditions
(temperature, atmosphere, and exposure time) [155,156].

[154,155,156]
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Table 10. Dehydration of Gibbsite Al (OH)3 to alumina [154]

Converted | Temperature Residence Time
(%) (°O) (seconds)
90 450 17
500 8
600 2.5
650 1.5
25 450 2
Dry Powder Oxidation Experiments
Furnace
\E ________ |
. I
i
Preheating Coil .
!
!
=;.|it1i.:bd Pavider Bed with
S0-100 grams of poweder
Porous Wetal Disk wilh
sub-micron pons size
i
I
Argon I
. : \
L. . - ... =
Water bubhler
Air

Figure 24. Apparatus to perform elevated temperature exposure tests on powder.
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Figure 25. Apparatus to perform humidity exposure tests on powder.

Extensive characterization was performed prior and subsequent to single particle impact
experimentation through a collaborative effort from a variety of academic and industry research
facilities. Specifically, the US Army research Laboratory (ARL), United Technologies Research
Center (UTRC), Worcester Polytechnic Institute (WPI), University of Massachusetts, (UMass),
Bucknell University, University of Connecticut (UConn), University of California, Irvine (UCI)
and Massachusetts Institute of Technology (MIT). Analytical techniques including X-ray
photoelectron spectroscopy (XPS), inductively coupled plasma mass spectrometry (ICP-MS),
direct current plasma emission spectroscopy, inert gas fusion (IGF), differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA), electron energy loss spectroscopy (EELS),
transmission electron microscopy (TEM, high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM), auger analysis, focused ion beam (FIB) scanning electron
microscopy (SEM) and Fourier Transform Infrared Spectroscopy (FTIR Analysis) were performed
to determine the species of oxide and/or hydroxide, bulk chemical composition, oxygen content
and thickness of the surface oxide/hydroxide layer. Samples of impacted particles bonded to a
commercially pure (CP) Al substrate were also studied and the deformation characteristics
recorded. Microprobe analysis was conducted at areas of interest along the particle/substrate bond
line to determine the chemical composition and contrasted against that of the substrate and HP Al
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particle. Microstructural features influencing bonding were subsequently identified and
characterized.

Bulk samples of material were produced from each powder group by the cold spray process. The
main gas temperature used to cold spray Al, under standard industrial operating conditions, was in
the range of 300°C-450°C, and its influence on oxide formation was incorporated into the design
of experiment (DOE). The tensile properties from the bulk material were measured and used as an
indicator of the influence of the surface film on the mechanical properties, especially the ductility.
The bulk samples were produced from powder representing select test groups and also
characterized to determine hardness, chemistry, microstructure and conductivity.

Porous metal disk

25 foot helical Furnace Set

6” Tube coil to 450°c

Section

Small Test
3" Tube Powder
Section Feeder

Helium

Rotameter or MFC flow
meters set for 50-100
ml/min flow rate

Figure 26. Apparatus to perform short duration temperature exposure test on powder.

The heat treated HP aluminum powders under dry and humid conditions were performed as
described and the powders were kept in a glove box under nitrogen flow to keep them dry and
protect them from the environment.
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The flow of the dry and wet stream were 1000 mL/min and 60 mL/min, respectively, for the
powders treated under humid conditions. The humidity levels ranged from 14% to 75% at 80°F
for the RH-50% sample. After 4 days of exposure to humidity, the wet stream was closed and the
humidity chamber temperature was raised to 100°F for 2 hours to remove any excess of water. The
removal of the powder from reactor was easy, the powder was still loose (see Figure 27a). The
powder was placed in a mortar and pestle and passed through a -270 mesh sieve.

The flow of the dry and wet stream were 300 mL/min and 750 mL/min, respectively, for the RH-
95% samples. Humidity ranged between 87-93% at 89°F. After 4 days of exposure to humidity,
the wet stream was closed and the humidity chamber temperature was raised to 100°F for 2 hours
to remove any excess of water. However, the removal of the powder was difficult due to
solidification of the powder inside the reactor. The powder was broken up and put in a mortar &
pestle and passed through a -270 mesh sieve (see Figure 27b and Figure 27c).

(a) RH-50% (b) RH-95% (c) RH-95% (before ‘450°C')

Figure 27. Appearance of powder after exposure to humid conditions.

3.2.1 Sequence of Tests Performed

UTRC completed the powder exposure tests and the powder was placed in small glass vials that
were purged with inert gas (nitrogen) to keep them preserved prior to testing. Immediately
thereafter approximately 10 grams of each powder were sent to each test facility. WPI, UCI and
Bucknell analyzed the powder for chemical composition, species of surface film and
nanohardness. Single particle experiments were performed at MIT and UMass. Splat samples
representing single particle impacts on HP Al substrates were sent to UConn for examination.
UTRC produced cold spray bulk samples and measured conductivity and bulk cold spray samples
were sent to UConn for micro-tensile testing.

3.2.2 Analytical Testing Roles and Facilities

UTRC and ARL: The role of UTRC was to perform all exposure testing and then characterize
the powders through XPS and Auger analysis. Additionally, metallographic examination was
performed on each powder group and the hardness was measured. Small bulk samples of material
representing each powder group were consolidated by the cold spray process for micro-tensile
testing at UConn. UTRC also measured the electrical conductivity using eddy current. In addition,
UTRC bottled and shipped samples of each powder to each of the universities involved in glass
vials purged with nitrogen to prevent any further oxidation. The instructions to each test facility
was to consume the powder samples immediately upon opening.
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The X-ray Photoelectron Spectroscopy (XPS) characterization was used to understand the near
surface composition and thickness of oxygen containing species associated with the dry HP
aluminum powders. A small sample of each batch was transferred from the glovebox, where they
were stored in dry nitrogen following processing, to the XPS vacuum chamber in a sealed sample
transfer vessel that was specially designed to keep the samples from atmospheric exposure. With
each sample, a suitably large powder particle was selected for analysis under a 20 micron
monochromated aluminum X-ray beam and a larger area analysis of 300x300 microns around this
particle was concurrently performed. Specific analysis included surface elemental analysis,
surface high resolution (binding energy) analysis and depth profile through any oxygen containing
layer. The data from this effort provided elemental atomic ratio of elements, relative binding
energy differences, a connection between binding energy and bonding states based off of literature
references and an understanding of the thickness of any oxygen modified surface.

WPI: WPI performed bulk powder characterization through DSC and TGA analysis. Additional
powder samples were sent to Luvak for IGF to quantify both the chemical composition and the
oxygen gas content of the powder and cold spray bulk samples.

Bucknell: The Role of Bucknell University was to perform FIB/SEM and TEM examinations of
the powders produced looking primarily for oxide/hydroxide thickness and identification of
phases. The analysis described below is for a single location on a single particle of each powder
condition provided. Additional analysis was conducted on more sites from down-selected samples
after initial results were obtained to obtain a better representation of the species and thickness of
the surface film.

Task 1: Specimen preparation- Cryogenic FIB was used to avoid heat generation during
sample preparation which may affect oxide layer.

Task 2: Cryo TEM analysis- A Talos TEM at 200kV was used. TEM high resolution
(HRTEM) was used to locate lattice fringes and measure the size of oxide layer on a single
particle. The oxide layer was also identified as crystalline or amorphous.

Task 3: Identification of and quantification of species (oxide and hydroxide analysis)-
STEM-EDS and STEM HAADF was utilized with rastering across a 5 um x 100nm thick
area getting a map of the species over a wide area. An attempt was made to analyze for
differences on the surface of the powders, particularly regarding oxides and hydroxides
such as Gibbsite, AI(OH)3 (one of the mineral forms of aluminum hydroxide) and Diaspore
(aluminum oxide hydroxide mineral). Any differences in the interiors of the particle which
correlate with the secondary phases were noted and quantified. It was anticipated that there
would be an observable larger secondary phase on the powder surface as a function of
exposure time. The surface was also evaluated in regards to roughness and uniformity. A
STEM image was acquired by displaying the integrated intensities of the electrons in
synchronism with the incident probe position. EDS mapping was performed at the edge of
particles in an attempt to detect surface oxide and mapping of various elements. A line scan
was generated across the surface of the oxide layer to quantify elemental amounts.
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Task 4: FTIR Analysis (Fourier Transform Infrared Spectroscopy) — was utilized to
complement the TEM analysis; infrared spectrometry is ideal for the identification of
functional groups present within a sample. This analysis technique assisted with
determining and quantifying the species of oxide and/or hydroxide in the surface layers of
particles by identifying differences in acquired mid-IR and near-IR spectra. The
microscope was equipped with brightfield, darkfield, and fluorescence illumination as well
as polarization capabilities to enhance contrast and facilitate sample visualization. In
addition to single point measurements, more extensive imaging was also used to map
species across the particles with a positioning accuracy of 3 pm. Diffraction limited mid-
IR imaging was executed in areas as large as 340 x 340 um to obtain an accurate
representation of the species which comprised most of the surface area of particles in each
condition.

UConn: UConn performed characterization experiments on the HP Al powders supplied by UTRC
and perform micro-tensile tests on bulk cold spray samples representing each powder group.

Task 1: Powder Characterization. As-atomized and exposed powders produced at UTRC
was provided to UConn. Examples of each powder were cross-sectioned by FIB and
examined in SEM and STEM. The aim was to measure the thickness of the oxide/hydroxide
layer; to reveal the crystallinity (if any) of the layer; and to map the chemical species
present in the layer using EDXS and EELS. These data was then compared with the XPS
data from UTRC and UCI, as well as the TEM data from Bucknell to determine the initial
state of the powder surface layers prior to cold spraying.

Task 2: Characterization of Single Particle Impacts. Examples of single-particle
impacts on CP-Al substrate representing conditions above the critical velocity as
determined by UMass/MIT, were provided for analysis. The splats were sectioned by FIB
and examined in SEM and STEM. The emphasis in these studies was to determine the
character of the oxide/hydroxide layer at the particle/substrate interface. The thickness,
crystallinity and chemical species of the layer at this interface were compared with the data
from the corresponding feedstock powder in Task 1.

Task 3: Mini-Tensile Testing. Bulk cold spray samples produced by UTRC were
machined to a scaled-down version of the ASTM standard E8 geometry (Figure 27). A
total of 3-5 samples were produced from each powder. These samples were provided to
UConn for testing. The tensile specimens were tested to failure using digital image
correlation to monitor strain (since the gage length was too short to allow for the use of an
extensometer). The fracture surfaces of failed samples were examined to determine the
origin of the fracture. Where fracture initiates within the sample, the origin site will be
sectioned by FIB and examined in SEM and STEM. The objective will be to compare the
character of these sites with the oxide/hydroxide layer characteristics determined in Task
1.

45



Overall length to be between 0.5 and 0.6 inches.
With both grip ends of comparable length.

0.600

0.033
0.029

[

NG /

I

| / }_; Omf —"/?\\

R 0.063

0127 |
0.123

Figure 28. Mini-tensile specimen for characterization of bulk cold spray material.

UCI: UCI performed characterization experiments on the HP Al powders supplied by UTRC.

Task 1: XPS. To determine oxide chemistry and microstructure as a function of oxide
depth, allowing distinction of oxides from hydroxides.

Task 2: TEM. To analyze the oxide scales and obtain accurate thickness and assess
whether these layers are amorphous or crystalline. In addition, analysis of the EELS data
will provide information about the nature of these layers through analysis of oxidation
states.

MIT and UMass: The roles of both MIT and UMass were to conduct the single particle impact
experiments to determine the critical impact velocity for each powder. These experiments
commenced using the powder in the as gas-atomized condition, from the powder supplier (Valimet
Corporation, CA) to determine a baseline critical impact velocity. Then the CIV was determined
of powders representing the exposure test groups.
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4.0 Experimental Results

4.1 Characterization of HP Aluminum Powder Groups

4.1.1 Particle Size Distribution

The as-received (AR) -270 mesh, high purity (HP) aluminum powder was obtained from Valimet
Inc., Stockton, CA and the actual inspection certification is shown in Figure 29. The certification
shows the chemical composition at 99.98 wt. % pure aluminum with trace amounts of Fe (73ppm),
Cu (14ppm), Mg (5ppm), Si (82ppm), Ti (2ppm), V (7ppm) and Zn (3ppm).

The aluminum powder chosen was produced according to the MIL-DTL-32495A titled, “Powders
for Cold Spray Depsoition”, written and maintained by the US Army Research Laboraotry and is
used across the globe. This specification covers all cold spray powders used by industry,
Government research laboratories, depots, shipyards, air bases and academia. Therefore, it is
representative of the user community.

Table 11 shows a particle size distribution (PSD) of the AR powder, as determined by a Microtrac
analyzer, which uses three precisely placed red laser diodes to measure particle diameters in the
range of .02 -2,800 microns in diameter. Powder that conforms to a 270 mesh size equates to a
particle diameter of 53 um or 0.0021 inches. The PSD indicates that ~97% of the particles are
below 50 um, which was anticipated from a -270 mesh size.

Table 11. Particle Size Distribution

Size(um) %Tile
1.000 0.00
2.000 0.00
5.00 439
10.00 20.17
15.00 37.76
20.00 56.19
25.00 72.16
30.00 82.98
50.00 96.78
100.0 100.00
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INSPECTION CERTIFICATE

VALIMET, INC.
431 Eaat Bperry Rd. BStockton, California %5206

Censigned To:

Net Weight: H/A Batch Wo.: 10-10145 Lot Wo.: N/R
Material Type: Bpecification:
Aluminum Powder, Uncoated Al (HPF)}; -270 Maesh
(Atomized)
Salas Order: H/A Purchasa Order: N/B
CHEMICAL AWALYSIS
(ICF-0ES)

%Al S0 %0d: %0 s Cu: {ppm) Fer (ppm)
o4, 98 14 TE
%L1 Mgz {ppm) %Mn : $Mot BN : %Fb:

5
B8 Si: (ppm) &Sn: Ti: (ppm) Vi{ppm) Zn: (ppm)

B2 2 7 3
Volatile & 0il & Grease Others, Othexs,
105 C(220 F)« (Ethar Extractabla): Each: Total:

FEHYSICAL ANALYAIS
Sieve Analysie (% by Weight) (ASTM B-214)
+10: +20¢ +30: +40: +60¢ +80:
100 +120: +140¢ +170: +200: +230:
+2501 +270: +325; -325: +4 00 =400¢:
49,9

APS {um] -5um: Ap. Den: Tap Den: Flow Rate:
(Fishar) (Microtrac) (ASTM B-212}) {gm/cc) {ASTM B-213)

The st Results listed abowve are certified to be true and correct

gﬁﬂn tf./'/ 0.C. Manager 01/27/2012

Signature Title Date

Figure 29. Inspection Certificate for High Purity Aluminum Powder from Valimet Inc.



4.1.2 Inert Gas Fusion (LECO Elementrac ONH-p)

The oxygen and nitrogen content of all powders was measured by LUVAK, MA using the
requirements outlined in ASTM E 1019-11, “Standard Test Methods for Determination of Carbon,
Sulfur, Nitrogen, and Oxygen in Steel, Iron, Nickel, and Cobalt Alloys by Various Combustion and
Fusion Techniques”. The LECO Elementrac ONH-p instrument was used and determines oxygen

and nitrogen in inorganic samples by inert gas fusion using an impulse furnace with temperatures
in excess of 3,000 °C. Table 12 lists these results.

Table 12. Inert Gas Fusion Measurements of Oxygen of All Seven Groups of Powders

Sample Oxygen Composition WT% Tolerance WT%
As-Received 0.258 0.02

HT Base 0.08 0.005

HT 30 0.094 0.005

HT 60 0.107 0.005

HT 240 0.107 0.005

RT 50 0.194 0.01

RT 95 2.53 0.05

Table 13. Graphical representation of the measurements from Table 12 for ease in comparison.
Bar representing sample RH95% has been truncated to allow the remaining groups to be plotted.

Oxygen Analysis

0.3

0.25
X
|_

2 02
=
(O]

€ 0.15
(@)
O
[

2 01
>
x
(@]

- ' I
0
As-Received HT Base HT 30 HT 60

HT 240 50%
Humidity

95%
Humidity

49



4.1.3 Inert Gas Fusion (LECO ONHS836)

The LECO ONHS836 was used by ARL to measure the hydrogen content of the powder samples
(only .1 g of powder required). It is an analytical combustion method that utilizes an electrode
furnace, inert carrier gas, and both infrared and thermal conductivity detection to simultaneously
detect oxygen, nitrogen, and hydrogen. A high-power electrode furnace quickly releases the target
gases from within the powder sample and the measurement is taken very efficiently in about 3.5
minutes [157]. Table 13 lists the instrument used and the test method and standards required, based
on recommendations from LECO, the manufacturer.

Table 14. Summary of Inert Gas Fusion (IGF) Test Apparatus, Methods and Standards

Instrument: | | ECO 836: Oxygen/Nitrogen/Hydrogen by Inert Gas Fusion Infrared and
Thermal Conductivity Detection

Method: Based on application note 203-821-427: Oxygen, Nitrogen, and Hydrogen in
Refractory Metals

Standards

Used: Titanium 502-891; Titanium 502-888

Table 14 shows the concentrations of oxygen, nitrogen and hydrogen obtained from IGF
measurements of the titanium samples (502-891) and (502-888). The titanium standards used were
most appropriate for the as-received (AR) powder sample but less so for the sample exposed to
high humidity (RH95). To improve this data, standards with higher hydrogen and oxygen
concentrations are required but the results can be used for good comparisons between groups.

Table 15. Inert Gas Fusion (IGF) of Calibration Standards

Std. 502-891
Used for
Element Composition Unit Calibration?
(Y/N)
0 0.117 £ 0.009 wt.% Y
N 0.010+0.001 wt.% N
H 101+£8 ppm Y
Std. 502-888
Used for
Element Composition Unit Calibration?
(Y/N)
0 0.353 £ 0.009 wt.% Y
N 0.006 = 0.001 wt.% Y
H 244 ppm N
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Table 15 and Table 16 list the results of the as-received AR powder and RH95, which was exposed
to 95% relative humidity for 4 hours. Table 17 is a summary of the average content of oxygen,
nitrogen and hydrogen from both sets of samples. AR powder represents HP-Al powder obtained
directly from Valimet, the supplier without any type of exposure to temperature or humidity
(besides that associated with the gas atomization process, as well as shipping, storage and
handling).

Table 16. LECO ONH&36 Inert Gas Fusion Measurements of Powder AR

Sample . o . o Hydrogen
Number Weight (g) Oxygen (wt.%) | Nitrogen (wt.%) D

1 0.1064 0.422 0.00557 152

2 0.1219 0.417 0.00727 151

3 0.1025 0.405 0.00946 150

Table 17. LECO ONHS836 Inert Gas Fusion Measurements of Powder RH95

Sample . o . o Hydrogen
Number Weight (g) Oxygen (wt.%) | Nitrogen (wt.%) (ppm)

1 0.1231 2.54% 0.0431* 2410*

2 0.1213 2.83* 0.0467* 2450*

3 0.1221 2.26* 0.0351* 2400*

Table 18. Comparison of Inert Gas Fusion Measurements of Powder AR and RH95

Oxygen . Hydrogen
sample (w\ﬁ %) Nitrogen (wt.%) \(,ppnf)
0.415+
(AR) As-Received 0.009 0.00743 +0.00195 151 +0.707
2.54 +
(RH-95%) Relative Humidity 95% 0.285%* 0.0416 + 0.00594* | 2420+ 26.5*

Note the great disparity in hydrogen content, as well as in oxygen content between powder samples
AR and RH95. The hydrogen measurements were extremely important in delineating the
difference between oxygen representative of an oxide species and that indicative of a hydroxide.

4.1.4 Differential Scanning Calorimetry

DSC was performed using a TA Instruments Discovery DSC with LN2P cooler. DSC was used to
measure the difference in heat flow rate between the powder sample and the reference, as a
function of time and temperature. The heat flow is dictated by whether the samples undergoes an
exothermic or endothermic reaction, (i.c. as a result of melting or a crystallographic phase change)
[158,159]. Samples were placed in alumina crucibles and sealed with hermetic lids. Scans were
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run with a nitrogen purge gas at S0mL/min at a scanning rate of 10°C/min. Laboratory test
conditions for temperature and humidity were 73°F and 58% respectively.

0.5

__ As-Received
__50% Humidity

__95% Humidity

00 |

A (Wig)

Heat Flow (Normalized)

- - - T - - - T - - - T - - - T - - - T - - -
0 100 200 300 400 500 600

Temperature o)

Figure 30. DSC scans of As-received, 50% humidity, and 95% humidity samples. 20°C to 550°C
with 10°C/min ramp

In Figure 30 the graphs were shifted vertically for easier viewing and comparison. The enthalpies
of the reaction occur near 290°C (see major endothermic peak) and resulted in an average enthalpy
for AR, 50%, and 95% of 0.903 J/g, 2.612 J/g, and 41.823 J/g respectively.

This data indicated that between 250 °C and 290 °C a phase transformation was occurring. This
phase change was most pronounced in sample RH95% but the same phase change can be observed
in the AR and RH50% samples as well, but to a much lesser degree. Figure 31 represents a
graphical presentation of the oxygen content determined by Inert Gas Fusion, shown previously in
Table 12, compared to the associated enthalpies of reaction of the main endothermic peak near
290°C, from the DSC scan shown in Figure 30. This side by side comparison indicates that the
phase transformation may be rich in oxygen and combined with the data from Table 18 may also
contain a high concentration of hydrogen as determined by IGF. Considering the IGF and DSC
data in its entirety, there is a strong argument that the transformation is consistent with an
aluminum hydroxide. The, endothermic peak at 283°C, may have been due to decomposition of

aluminum hydroxide to Y (gamma)-Al203 [160].
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Figure 31. Comparison between oxygen content and associated enthalpies of reaction of the main
endothermic peak near 290°C.
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Figure 32. DSC scans of RH 95% sample. 20°C to 550°C with 10°C/min ramp.
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In Figure 32, the bottom green line represents the data obtained from a rescan of the RH95%
sample that was previously shown in Figure 30 and is superimposed on the figure for comparative
purposes, as the blue plot. The RH95% sample was retested under the identical conditions, and the
data represents the complete removal of the phase reacting at a temperature of about 290°C. The
practice of reheating the same sample can be very informative and in this instance the data shows
that this phase, which occurs at approximately 290°C, does not reform again.
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Figure 33. DSC thermogram of aluminum hydroxide taken from published literature [160].

Sarker, Md Saifur Rahman, et al, performed a DSC of aluminum hydroxide, as shown in Figure
33. The endothermic peak observed at 283.16°C corresponds well to that shown in Figure 30 and
in Figure 32 and serves to substantiate the presence of an aluminum hydroxide in sample RH95%.

Figure 34 represents DCS scans of the heat treated HP-Al powder samples and the results indicate
the absence of any major phase change. No discernable Al(OH)s peaks can be observed in any of
the DSC scans of the heat-treated samples This was anticipated since the exposure temperature
during the heat treat was 300°C which is at the onset of the transformation temperature of
aluminum hydroxide. Sarker, Md Saifur Rahman, et al, show the decomposition of aluminum

hydroxide to Y (gamma)-Al203 at this temperature [160,161, 162].

Figure 35 contains the DSC scans for all of the powder groups and the graphs were intentionally
shifted vertically for ease in viewing and comparison. There is no evidence of adsorbed water
observed (no reactions around 100°C). The notable peaks are those at approximately 290 °C on
samples AR, RH50% and especially RH95% and indicate the decomposition of aluminum
hydroxide.
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Figure 34. DSC scans of the heat-treated samples (HT). 20°C to 550°C with 10°C/min ramp.
Graphs were shifted vertically for easier viewing and comparison.

4.1.5 Thermogravimetric Analysis

TGA analysis measures the mass of a sample over time as the temperature changes and was
performed to compliment the DSC results. Figure 36 shows the loss of a volatile component at
approximately 220°C, which may be related to the removal of water from the sample as denoted
by the reaction equation. This temperature correlates well with the DSC results.

Reaction of water with aluminum:

241 + 3H20 — 3H2 + A1203
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Figure 35. DSC scans of all runs for comparison purposes. 20°C to 550°C with 10°C/min ramp.
Graphs were shifted vertically for easier viewing and comparison.
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Figure 36. TGA curves of As-received, 50% humidity, and 95% humidity samples run in
nitrogen.
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Figure 37. “TG and DTG curves of unground or ground and previously not heat treated aluminum
hydroxide samples, in the function of temperature. Above: TG, %; below: DTG, mg/min” [161].

Figure 37 shows reference TG and DTG curves produced by Baranyai et al., who argued that the
dominant thermal decomposition of aluminum hydroxide is directly to oxides, which is consistent
with the results observed from the DSC scans shown Figure 34 and Figure 35, as well as the TGA
results shown in [161].

4.1.6 Fourier Transform Infrared Spectroscopy

The FTIR analysis technique was used to determine the chemical properties of the powders
incorporating infrared radiation to scan the test samples. The method employs absorbed radiation
which is converted into rotational and/or vibrational energy by the sample molecules and a detector
displays the results in the form of a spectrum, that serves as a unique ‘fingerprint’ of the molecule
[163].

FTIR-DRIFTS spectra were collected using a controlled atmosphere (argon gas) / variable
temperature cell. Spectra were collected at room temperature (~ 30C). Using this cell allowed for
the acquisition of much cleaner spectra in the OH region (2800-4000 cm-1) because the effects of
adsorbed water in the KBr spectra (the spectrum used to reference all sample spectra) can be
mitigated.
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All seven powder samples were analyzed by FTIR.

Powder Samples
1) AR-As received (Exposure Time to Air at Room Temperature - No Exposure)

2) HT-Baseline (Exposure Times to Dry Air at 300°C 0 minutes)
3) HT-30 Air (Exposure Times to Dry Air at 300°C 30 minutes)
4) HT-60 Air (Exposure Times to Dry Air at 300°C 60 minutes)
5) HT-240 Air (Exposure Times to Dry Air at 300°C 240 minutes)
6) RH-50% (50% RH / 29°c for 4 days)

7) RH-95% (95% RH / 29°c for 4 days)

The as received AR, RH 50%, and RH 95% spectra indicated the presence of an Al-OH species,
appearing to consist primarily of bayerite (Figure 38). However, gibbsite and bayerite are both
alumina trihydrate (AI(OH) 3) [164]. The HT-Base, HT-30, HT-60, and HT-240 spectra did not
show any indication of aluminum hydroxides. Gibbsite decomposes to oxide above the
temperature of 300 °C [161]. For HT-Base, HT-30, HT-60, and HT-240 a preliminary semi-
quantitative analysis (peak area integration) of the Al-O peak at 935 cm-1 indicated the oxide
layers on these four samples were of a similar thickness and structure. These analyses were
performed on triplicate measurements collected for each sample using a standard DRIFTS
accessory (not controlled atmosphere/temp).
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Figure 38. FTIR-DRIFTS: Spectra collected under Argon purge at ~30C.

58



4.1.7 X-ray Photoelectron Spectroscopy

XPS is a surface analysis technique that can be used for a wide range of materials providing
quantitative and chemical state information. XPS was used to measure the elemental composition
on the surface of powders and measure oxide thickness. The kinetic energy spectrum of
photoelectrons ejected from the surface of a specimen is determined through XPS analysis by the
irradiating X-ray having a constant energy, 4v, in vacuum (normally better than 1077 Pa) [165].
XPS experiments were performed using a Physical Electronics VersaProbe II instrument equipped
with a monochromatic Al ka x-ray source (hv = 1,486.7 ¢V) and a concentric hemispherical
analyzer. Charge neutralization was performed using both low energy electrons (<5 eV) and argon
ions. The binding energy axis was calibrated using sputter cleaned Cu (Cu 2p32=932.62 eV, Cu
3p32=75.1 eV) and Au foils (Au 4f7, = 83.96 eV) [166]. Peaks were charge referenced to CHx
band in the carbon 1s spectra at 284.8 eV. Measurements were made at a takeoff angle of 45° with
respect to the sample surface plane. This resulted in a typical sampling depth of 3-6 nm (95% of
the signal originated from this depth or shallower). Quantification was done using instrumental
relative sensitivity factors (RSFs) that account for the x-ray cross section and inelastic mean free
path of the electrons.

Species detected on the surfaces included: Al°, Al** and organics including CH,, C-O, O-C=0 and
carbonates. The carbonate concentration seemed to systematically decrease with increasing heat
treat time for the HT powder samples. The oxide thickness was calculated using a uniform
overlayer model. No correction for the curvature of the sample was included. The thickness varied
from 4 nm (as received) to 6 nm (RH 95%). Most of the samples were clustered around 4 nm.
Table 19 lists the O/Al ratio and Figure 39 the binding energy associated with representative
powder samples (AR, HT240 and RH95%). The values were highest on the as received, 50% RH
and RH 95% samples. The position of the O 1s positions on these same samples (531.6+0.1 eV)
suggested a higher fraction of OH compared with the HT air samples (530.8 £0.3 eV).

Table 19. Concentration of Elements Detected (in atom%).

Carbon species (in atom% C)

Sample Al3+ Al° (0) Ctotal CHx C-0 0-C=0 CO3 tox (A) O/Al3+
As rec'd 27.7 5.7 61.4 5.2 3.0 0.4 1.1 0.7 41.8 2.1
HT 30.3 6.1 58.4 5.2 33 0.5 0.4 1.0 42 .4 1.8
Baseline
HT-30 30.7 6.0 58.4 4.9 3.0 0.6 0.5 0.8 42.7 1.8
min Air
HT-60 30.8 5.7 58.1 5.4 3.6 0.5 0.7 0.6 43.8 1.8
min Air
HT-240 31.0 5.9 58.6 4.6 3.1 0.4 1.0 0.1 43 .4 1.8
air
RH-50% 27.9 6.0 60.7 5.4 33 0.5 0.5 1.1 41.2 2.0
RH 95% 27.0 2.0 66.0 5.0 2.8 0.6 0.7 0.9 60.7 2.3
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Figure 39. High resolution Al 2p spectra curve fit into Al° and Al3+.

4.1.8 Transmission and Scanning Transmission Electron
Microscopy

Powder samples were prepared for TEM and STEM using focused ion beam (FIB) milling with
cryo-compatible accessories to help prevent excess thermal input and avoid phase transformation.
A protective carbon coating was first deposited on the surface in FIB. Both TEM and STEM was
accomplished using a Talos TEM at 200kV and Energy Dispersive X-Ray Spectroscopy (EDS)
mapping was performed at the edge of particles to try to detect surface oxide. High Angle Annular
Dark Field (HAADF) STEM allows for better mass contrast than TEM. The contrast is
approximately proportional to Z2 and is reversed, as compared to TEM.

The oxide layer looked similar for most of the powder samples from all seven groups, having a
thickness of approximately ~ 4 nm, except for the RH95% sample that had a surface layer that was
approximately 6 nm in thickness. The ratio of aluminum to oxygen was the same at 40:60 at%.
The surface film appeared relatively uniform and smooth for the AR and HT samples with the
exception of HT240 which had some ‘rough’ areas. The RH 50% sample had some spikey surface
features that could be indicative of hydroxide formation and the RH95% had some rough areas as
well.
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Figure 40. TEM of as-received (AR) powder showing surface layer.

Figure 40 is a TEM image representing powder from the as-received (AR) group. The surface film
is clearly denoted and is quite uniform and smooth in appearance. Electron beam carbon deposition
was used to coat the sample, as identified in the figure.

Figures 41a and b shows the same surface layer as depicted in Figure 39 at higher magnification.
The surface layer is approximately 4 nm thick and appeared amorphous. Figures 42a and b are a
high contrast STEM and corresponding EDS mapping of the AR powder, clearly delineating the
surface film shown in Figure 39 and Figure 40.

(b)

Figures 41a and b. Higher magnification TEM of as-received powder showing surface film.
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Figures 42a and b. STEM and EDS mapping of the as-received (AR) powder.

Figures 42a and b shows STEM and EDS mapping respectively, of the as-received AR powder to
show the sharp contrast of the surface layer. The layer is about 4 nm in thickness and is uniform
and relatively smooth in appearance.

Figure 43 is representative of the HT samples with the exception of HT-240. The surface layer is
approximately 4 nm thick (Figures 44a and b) and is relatively uniform, whereas sample HT-240
displayed evidence of a courser layer with areas that were protruding from the surface.

Ga ion beam
carbon deposi
. -~

Electron beam
carbon deposit

Oxide/Hydroxide
layer

Figure 43. TEM of powder sample HT-Baseline showing surface layer.
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Figures 44a and b. Higher magnification TEM of HT-Baseline powder showing surface film.

Figures 44a and b shows STEM and EDS mapping respectively, of the HT-Baseline powder to
show the sharp contrast of the surface layer. The layer is about 4 nm in thickness and is uniform
and relatively smooth in appearance. Figures 45a and b show STEM and EDS mapping of the
relatively uniform and smooth surface layer on HT-Baseline. Figures 46a and b show high
resolution TEM of sample HT-240 where the surface layer is thicker ~5nm and much less uniform
than AR and other HT samples.

(@ -
Figures 45a and b. STEM and EDS mapping of the HT-Basel

ine powder.
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Figures 46a and b. TEM high resolution (HRTEM) of HT-240 layer approximately 5 nm although
much less uniform as compared to AR and remaining HT samples.

Figures 47a and b show a high angle annular dark field STEM image and corresponding EDS
mapping of an RH50% powder sample. The Al:O present in the surface oxide/hydroxide is
approximately 40:60 at%. The RH50% sample also displayed ‘spiky’ features protruding from the
surface layer as shown in shows sample RH95% where the surface roughness and ‘spiky’ features
protruding from the surface layer were most pronounced. Figures 50a and b show STEM and EDS
mapping of the RH95% powder sample supporting the physical features of the surface layer found
by HRTEM, including roughness and the protruding spikes.

(@)

HAADF

Figures 47a and b. HAADF-STEM and EDS mapping of RH50% powder sample.
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Figure 48. TEM of RH50% showing spikes protruding from the surface layer.

23 nm

Figure 49. TEM high resolution (HRTEM) of RH95% showing the surface layer to be
approximately 6 nm although much less uniform as compared to RH50% and HT-240.
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Figures 50a and b. STEM and EDS mapping of thé RH95% powder sample.

4.1.9 Scanning Electron Microscopy

All seven groups of powders were mounted on a pin mount SEM stub using double-sided carbon
tape. The excess was blown off with canned air. Samples were imaged in a Nano SEM Nova 630.
(ThermoScientific, Hillsboro, OR) at 500, 1000, 5000, 10,000, 50,000, 100,000 and 200,000x.
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Figure 52. SEM image of a powder particle from RH95%.

Figure 51 shows representative images of six of the powder groups, while Figure 52 shows a
representative SEM image of the final powder group, RH95%. The images were taken to obtain a
comparison of the surface powder morphology. All the powder groups were spherical to irregular
in shape, containing small satellites, in varying degrees. There are some course surface features
associated with the as-received powder, which become more pronounced on the RH samples. The
texture of the AR and HT samples is mixed (smooth and course) but there are significant smooth
areas that are not found on RH95%, which was primarily very course in appearance. ‘Spikey’
features and ‘patches’ are predominate on the RH samples.

4.1.10 Raman Spectroscopy

Raman spectroscopy (RS), a vibrational spectroscopic technique, was used to provide information
on molecular vibrations and crystal structures, making it possible to identify substances including
polymorphs. The vibrational spectra of organic materials are determined by the interatomic bonds.
Raman spectroscopy maps obtained from powder samples were taken to assess the spatial
distribution of surface oxide/hydroxides and to identify the nature of the surface films.

Laser threshold tests were performed on the baseline powder to ensure that 2 mW @ 488 nm
incident laser power with the 100x/0.9 NA objective did not induce any irradiation damage/phase
shift in the material. Isolated particles were identified and then mapped with a 2 micron step size
to determine any variation in the composition.

Figure 53 shows the Raman spectrum obtained from powder sample RH-95%, whereas the x-axis
frequencies were plotted relative to that of the laser. A linear regression was used to identify the
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best fit of the function to the spectrum and the program is a Classical Least Squares (CLS) linear
regression. Raman spectroscopy provides both spectral and spatial resolution, where images are
shown of the sample when plotting the peak frequency as a function of the spatial location (Figure
54 and Figure 55).
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Figure 53. Raman spectrum obtained from powder sample RH-95%.
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Figure 54. Raman spectroscopy micron map (CLS fit) of RH-95%.
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Figure 56. Raman spectrum obtained from powder sample HT-Baseline.
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The Raman images of the corresponding spectra of RH-95% are shown and characterized in
Figures 53-55. Aluminum hydroxide polymorphs Bayerite, Boehmite and Gibbsite were identified
and areas of aluminum oxide were present. It is interesting to note that the formation of oxide or
hydroxide surface films occurred in a random fashion and as ‘patches’ across the particle surface.

In contrast to Figures 53-55, the analysis of sample HT-Baseline revealed no evidence of
aluminum hydroxides, as shown in Figure 56. However, the presence of aluminum oxide was
observed. This was anticipated as the heat treat exposure temperature would have converted any
surface hydroxides to an oxide.

4.1.11 Dynamic Nanoindentation

A series of nanoindentations were produced on separate powder particles from three of the powder
groups (As-received, RH-50% and RH-95%). From these measurements an attempt to find a
correlation between the mechanical behavior of the oxide film under load and its hardness and
thickness were pursued. Bahr et al. [167] as well as Weppelmann and Swain [168], have reported
a technique that incorporates nanoindentation as a tool to cause through thickness fracture events
for thin oxide films on metals and from these results it was deduced that estimations of oxide film
thicknesses could be determined for gas atomized HP-Al powders. Figure 57 illustrates the manner
by which hard brittle oxide layers are thought to fail as thin surface films on ductile and soft
substrate metals.
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Figure 57. Taken from [167]. On the left, “Surface (through thickness) cracks surrounding the
residual impression from a nanoindentation into an anodically grown oxide film on Ti.” On the
right, “Schematic of cracking development during nanoindentation of a hard film on soft
substrate.”
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Minor et al. [169] and Venkataraman, Kohlstedt, and Gerberich [170], have shown that “negative
force swings” in the load vs. depth curves and “displacement excursions” can be examined in the
pursuit of understanding the mechanical behavior of oxide surfaces as well as polycrystalline
aluminum systems. In accordance with the degree of compliance associated with the soft pure Al
substrate, the film thicknesses are calculated by dividing the depth immediately before a load-
decreasing excursion event by a value of 2.0.

To illustrate the concept of dynamic nanoindentation, consider the RH-95% powder group. The
load-displacement curve for one of the particles indented is depicted in Figure 58, with emphasis
upon the first sudden decrease in load that is accompanied by a depth increase. The depth value
immediately prior to the change in the load-displacement curves slope, to a negative value, is the
depth value that is then divided by 2.0 in determining an approximate film thickness.

Alternatively, Figure 59 represents one of the hardness vs. load trajectories. The superimposed
arrows within the figure highlight the sudden drop-off in load as well.

o

o0 RH95 BCS Test 1

Lebd

0.2

- P T R | : fe s 1
200 400 &00 BN} 1000
DEFTH [mim)

Figure 58. A load-displacement curve for an RH 95% HP Al powder particle. Note the initial
excursion in the load via the enlarged area of the graph as indicated by the left most arrow.
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Figure 59. A hardness vs. load curve in direct relation to the sample defined in Figure 58.

The nano indents were produced using an iMicro Pro was equipped with a diamond Berkovich tip
with a blunted end that was rounded to a spherical apex radius of 87.06 nm. The Advanced
Dynamic E and H method produced by Nanomechanics, Inc., was utilized. The powder was
loosely sprinkled onto carbon paste and painted onto a stiff metal puck. Figure 60 shows the

aluminum powder within the carbon paste and an actual indent subsequent to testing.
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Figure 60. (a) Enlargement of area identified by arrow and blue circle of Al powder was placed
onto carbon paste. (b) Shows the residual imprint left on the powder particle after testing.

To confirm the state of the nanoindenter tip, the respective area function and frame stiffness
calibrations, a reference sample made of fused Si was tested using the iMicro Pro nanoindentation
system with a low-force InForce 50 actuator installed. The data acquired from the Si calibration
sample is presented in Figure 61. Table 20 contains the individual measurements and test data
substantiating the calibration. The data presented in Figure 61 confirmed that the system was well
calibrated [171].

Figure 62 depicts the hardness vs. depth curves for three particles from the as-received (AR) HP-
Al powder group. The arrows point to each of the reporting depths for determining the oxide layer
thicknesses. The average depth before load-displacement excursion was determined to be 7.88 nm,
which corresponds to an estimated oxide/hydroxide thin film thickness of approximately 3.9 nm.
The average peak hardness recorded while indenting the surface layer was 1.50 GPa. Figure 63
presents the load-depth curve for the high purity Al powder exposed to 50% humidity (RH-50%).
The resultant excursion in the curve is enlarged and accompanies the full load vs. depth graph.The
average oxide/hydroxide layer thickness of this sample was estimated to be 4.0 nm. Furthermore,
the average peak hardness, i.e., the hardness of the oxide layer, was estimated to be 1.73 GPa.
Figure 64 and Figure 65 report data related to the 95% humidity exposed powders. In this case,
the thickness evaluated was determined to be significantly higher at about 9.2 nm, while the
average peak hardness approached 2.28 GPa. Figure 66 summarizes the findings.
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Figure 61. Fused Si data that demonstrated that the system was well calibrated and consistent
with the known Elastic modulus and hardness values of reference materials.
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Figure 62. Comparison of indentation hardness vs. depth curves for three particles of AR HP Al

powder. Arrows indicate the depth used in calculating the native oxide film thickness.
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Table 20. Nanohardness Measurements of Single Powder Particles Representing all Groups

Test Pmax hmax | Reporting HV Hardness | Modulus
Depth

mN nm nm None | GPa GPa
1 49.931 | 701 488.7 964 10.19 71.6
2 49.983 | 700 486.2 973 10.30 72.3
3 NaN NaN | NaN NaN | NaN NaN
4 49.958 | 700 485.9 974 10.30 72.4
5 49.928 | 700 487.3 966 10.22 72.2
6 49.939 | 702 488.1 965 10.21 71.8
7 49.901 | 703 489.9 954 10.10 71.5
8 NaN NaN | NaN NaN | NaN NaN
9 49.964 | 699 485.3 977 10.34 72.5
10 49.962 | 703 488.9 958 10.14 71.8
11 49.925 | 699 486.6 971 10.27 72.3
12 NaN NaN | NaN NaN | NaN NaN
13 49.938 | 700 487.4 965 10.21 72.2
14 49.924 | 705 490.7 944 9.99 71.5
15 49.970 | 704 488.5 957 10.12 72.1
16 49.908 | 700 486.9 967 10.23 72.4
17 49911 | 700 487.2 970 10.26 72.0
18 49913 | 700 486.8 969 10.25 72.4
19 49.941 | 704 491.6 945 9.99 71.1
20 49.908 | 704 490.1 952 10.07 71.6
21 49.938 | 704 490.5 948 10.03 71.6
22 49.947 | 702 487.7 964 10.20 72.1
23 49.967 | 700 486.3 970 10.26 72.6
24 49.993 | 700 486.9 968 10.24 72.3
25 49.951 | 699 486.8 967 10.23 72.4
Average 49.941 | 701 487.9 963 10.19 72.0
Standard Deviation 0.025 1.8 1.7 9.2 0.097 0.39
Coefficient of 0.05% | 0.30% | 0.35% 1.00% | 0.95% 0.54%
Variation
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Figure 63. A load-displacement curve for an RH 50% HP Al powder particle.
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Figure 64. Plot of two hardness-load curves for two RH 95% HP Al powder particles.

76



[ @ Begm Drit Duls index

Q5 * Erd Dors Curta Indes

I End Of Hoid 1 Load indes

b+ Eed OF Lowding indes

- .wurlﬁrl'di:

L B Marker Brdd Repart Range

andl & Marber SartReporiRange
| Sarace index

LOAD k)]

0oz
b ,_r’r

amE

[P BT B | M P
4 AL 18 20
LEFTH nm|

DEFTH [nm)

Figure 65. Plots of two load-displacement curves for two RH 95% HP Al powder particles.
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Figure 66. Categorical comparison of each of the three samples studied herein in terms of
indentation hardness and average thickness for each.
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4.2 Single Particle Impact and Critical Impact Velocity

In-situ single particle impact experiments were conducted on two different sets of aluminum
powders at UMASS and MIT. One set of powder was exposed to high temperature dry air for three
different lengths of time. A second set of powders was exposed to different levels of relative
humidity for a fixed amount of time and fixed temperature. For both sets of experiments, the same
electro-polished 99.999% purity research grade aluminum was used as the impact substrate.

4.2.1 Substrate Preparation

Initially, commercial grade high-purity (99.9%, McMaster-Carr) and research-grade high-purity
(99.999%, Sigma-Aldrich) were purchased and polished to determine which substrate would be
suitable for the SPI. Due to the softness of the pure aluminum substrates, mechanical polishing
methods often left traces of sub-micrometer-scale abrasive particles embedded in the polished
surface. To achieve smooth and clean surfaces, all substrates were prepared by electro-chemical
polishing using a perchloric acid bath (Figure 67).
T0% perchloric acid [10mL) Teflon-coated

+ Ethanol [S0mL) thermocouple

Sample [+)

Graphite
electrode [-) .
5 || Magetic ||
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Figure 67. Apparatus used by UMASS to electro-polish the substrates prior to SPI testing.
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The top part of the electro-polishing assembly is made of Teflon and the cathode is a high purity
graphite rod. A piece of high-purity aluminum foil was immersed into the electro-polishing
solution (70% percholoric acid + 99% ethanol) and an ice bath lowered the temperature of the
solution below 10°C during the electro-polishing. Due to the initial roughness of the foil, electro-
polishing was performed for 5 min with a voltage of 10 V. The electro-polished substrate was
rinsed with running distilled water, and dried by blowing air.

Even the slightest amount of surface contamination could result in erroneous SPI test results
because embedded inclusions would interfere with particle bonding and as the figures indicate
these inclusions can be in the order of a few microns in size. Since the commercial-grade aluminum
contained more inclusions at the surface than the research-grade aluminum, all the SPI experiments
were performed with the electro-polished research-grade pure aluminum substrates (Figure 68).
Electro-polished substrates were used within 24 hours. UMASS also provided these polished
substrates to MIT for its SPI experiments to maintain consistency.

rCommerciaI grade (99.9%) N _Eomrr}ercial gﬁa‘de (99.9%) Y
Mechanical polishing EIgctro-ch_emi‘caI polishing
I“" e W

50 um “ -~ Fopm

[ dk - 4

'Research grade (99.999%) B, 'Research grade (99.999%) N
Mechanical polishing Electrochemical polishing

50 pm 50 um
A dk 4

Figure 68. Comparison of polishing results of the two grades of pure aluminum.
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4.2.2 Single Particle Impact Test-UMass

Aluminum particles from each powder group were dispersed on a launch pad with a brush. A single
individual particle having a diameter near 10 um was selectively accelerated by localized laser
ablation of the gold layer behind the particle (Figures 69a). During the flight of the particle,
ultrafast (<1012 s) white light pulses illuminated the moving particle and a microscope camera
recorded all the projected images of the particle in a single frame (Figures 69b). Impact and
rebound speed of the particle were calculated using this multi-exposure image and the time
difference between adjacent illumination pluses (or an interframe time).

ablation laser pulse ‘ A
{~7 ns, 1064 nm) Expanding gases “Expanding
PDMS film

Glass substrate

{210 pm)
Aluminum particle /Gﬂ”d film {50 nm}

"0 prmcla.) //_~ POMIS film (80 um)
\_g O 0 s
+ 1|1t |
White light pulses Target e
{~1ps) substrate Microscope
camera 100 prm

Figures 69a and b. Single particle experiment using the UMass LIPIT system. (a) Schematic
illustration of SPI. (b) An ultrafast photograph shows a collision/rebound motion of an aluminum
particle with an interframe time of 603 ns.

Rebound speeds (vi) of particles near 10 um diameters were measured as a function of impact
speeds (vi) using the UMass LIPIT system. Because the rebound motion of some particles cannot
be recorded when their rebound speed is very slow and they are moving in an out-of-focus
direction, every impact area was inspected by an optical microscope to confirm the bonded particle.
The individual particle impact can be varied by a small variation of the particle’s conditions such
as shape, surface roughness, rotational motion, and the thickness of hydroxide/oxide. Thus, CIV
is understood by two characteristic speeds, a highest impact speed of rebounding particles (HSRP)
and a lowest impact speed of bonding particles (LSBP). HSRP indicates existence of some
unfavorable factors including the hydroxide/oxide layer while LSBP shows a bonding event under
the most favorable conditions.

Figure 70 shows a negligible difference between “As-received” and “RH-50" powders. This is also

shown in HSRP and LSBP in Figure 71. However, a trend of “RH-95” particles was largely
deviated from that of “As-received”. Both LSBP and HSRP were substantially increased due to
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the 4-day exposure to high humidity. Moreover, the widened difference between LSBP and HSRP
indicates that particle bonding became more unstable.
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Figure 70. Rebound speeds of “As-received”, “RH-50”, and “RH-95” powders. The symbol color
represents the impacting particle’s diameter.

Table 21. Lowest Speed Bonded Particle vs Highest Speed Rebounding Particle.

Group Identification LSBP (m/s) HSRP (m/s)
As-received 817 788
RH-50% 801 767
RH-95% 881 1021

Table 21 compares the highest impact speed of rebounding particles (HSRP) to the lowest impact
speed of particles to bond (LSBP). Comparing to HSRP and LSBP, the mean values of rebound
speeds show a less distinctive trend regarding the humidity effect. However, widening of the
distribution of rebound speeds may reflect unstable bonding strengths of particles in the elastic
relaxation stage.
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Figure 71. Trend of rebound speeds of “As-received”, “RH-50", and “RH-95" powders. The
symbol color represents impacting particle’s diameters.

Figure 72 shows trends of rebound speeds of the four HT powders, “HT-baseline”, “HT-30”, “HT-
607, and “HT-240". The exposure of these powders in air at 300°C for up to 240 minutes did not
appear to have an effect on bonding and the LSBPs were almost identical. Furthermore, the HSRP
values did reveal any discernable trend. Table 22 compares the highest impact speed of rebounding
particles (HSRP) to the lowest impact speed of particles to bond (LSBP).

Table 22. Lowest Speed Bonded Particle vs Highest Speed Rebounding Particle.

Group Identification LSBP (m/s) HSRP (m/s)
HT-baseline 817 843
HT-30 820 832
HT-60 817 812
HT-240 819 856
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Figure 72. Rebound speeds of “HT-baseline”, “HT-30", “HT-60", and “HT-240" powders. The
symbol color represents the diameter of the impacting particle.

The mean values of rebound speeds between the HT powder groups contained in Figure 73 showed
a minor change without a consistent trend.

Through the UMASS SPI experiments, it was revealed that long-term exposure of feedstock
powders to humid air (simulating a storage environment) can alter the characteristics of cold spray
and can potentially deteriorate the quality of the cold spray deposit by adversely affecting the
bonding. However, a few hours of exposure to high-temperature dry air, which occurs during the
cold spray process, may not cause any significant effect on bonding.
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Figure 73. Trend of rebound speeds of “HT-baseline”, “HT-30", “HT-60", and “HT-240” powders.
The symbol color represents the diameters of the impacting particles.

4.2.3 Single Particle Impact Test-MIT

HP-AI powder particles were taken from each vial prepared at UTRC and spread onto a launch
pad made of a glass substrate, a gold layer and a polyurea film. A laser excitation pulse (pulsed
Nd:YAG 10-ns duration, 532-nm wavelength) was then targeted at the launch pad, causing
ablation of the gold layer, expansion of the elastomeric film, and as a result acceleration of an
individual aluminum particle. The in-flight velocity of the individual aluminum particle was
recorded using a high-frame-rate camera (SIMX 16, Specialized Imaging), and the moment of
impact onto the substrate was observed. Multiple particles were accelerated at a range of velocities,
by varying the laser pulse energies and the impact velocities of particles that were found to adhere
to the substrate were recorded. Particles accelerated at a velocity below the critical velocity
threshold were observed to rebound off the substrate, and the post-impact rebound velocity was
recorded, in addition to the initial impact velocity.

To avoid any further environmental effects on the oxide/hydroxide surface layers, each set of
powders was stored in a glove box prior to conducting impact experiments. Testing was performed
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on the same day as the initial opening of the powder vial to avoid any further oxidation or
hydrolysis of the powder. All tests were carried out at room temperature. All tests were conducted
using particles of approximately 10 microns in diameter, as particle size is known to affect the
impact behavior and the critical velocity required for adhesion. Individual particles were selected
prior to launch using a CCD camera.

Initially, the impact behavior of the HP-Al powder exposed to humidity were tested (RH groups),
to measure the effect of any surface layers on the CIV. The “As-Received” (AR) batch of powders
that had no prior exposure to humidity and temperature (other than that associated with gas
atomization and subsequent shipping and handling) was tested as a control group, along with a
batch of powders exposed to 50% relative humidity (RH-50) for four days and another batch
exposed to 95% relative humidity (RH-95) for four days.
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Figure 74. Coefficient of restitution as a function of CIV for AR, RH-50% and RH-95%.
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Figure 74 shows the impact testing results for each of the three different batches of powder. The
coefficient of restitution, which is the ratio between the rebound velocity and the impact velocity,
is shown as a function of impact velocity. The coefficient of restitution decreases with increasing
impact velocity until it reaches zero, indicating that bonding has occurred.

The critical impact velocity (CIV) is defined as the velocity at which the coefficient of restitution
reaches zero, and can be extracted from these plots by averaging the highest velocity at which
rebounding occurs and the lowest velocity at which adhesion occurs. Table 23 reports the measured
critical velocities for the as-received and the powder samples exposed to humidity.

Table 23. Critical velocity ranges for the As-received powder, RH-50% and RH-95%

Name Description Critical Velocity (m/s)
No exposure As-received powders [814 - 824]
RH-50% 50% relative humidity, 4 [803 - 826]
day exposure at 29°C
RH-95% 95% relative humidity, 4 [954 - 1001]
day exposure at 29°C

The lower bound of the range indicates the highest velocity at which rebound behavior was
observed and the upper bound indicates the lowest velocity at which adhesion was observed.

There was not a significant difference in critical impact velocity between the as-received particles
and the 50% relative humidity particles. Both had a critical velocity transition in the range of
approximately 800 to 830 m/s. However, there was a significant increase in the critical velocity
observed for the 95% relative humidity powders. The 95% relative humidity powders displayed a
critical velocity between 950 and 1000 m/s. The dramatic increase in critical velocity associated
with the 95% relative humidity exposure suggests that the surface chemistry of these powders,
which likely incorporates more water in the form of a hydroxide, significantly inhibits bonding.

To further examine the results obtained with the 95% relative humidity powders, a second test was
conducted using the same powder after being stored in a desiccator. A small amount of the 95%
relative humidity powders was placed in a vacuum desiccator for three days with the goal of
removing as much water from the surface of the particles as possible. The impact behavior was
tested after drying. The results from this additional test are shown in Figure 75. The resulted
revealed a decrease in velocity required for adhesion to the substrate with the desiccated 95%
relative humidity powders. This served as further evidence that moisture, specifically hydroxide
surface chemistry, played a significant role in critical velocity.

The data obtained for the 95% relative humidity powder that was desiccated and dried displayed a
critical velocity that was less well defined than the other batches of powders. There was a range of
velocities, roughly between 870 and 1000 meters per second, in which a mixture of both adhesion
and rebound behavior was observed. This may have been the result of non-uniform drying in the
desiccator, as particles at the bottom of the powder vial were less likely to have undergone a change
in surface chemistry than particles directly exposed to the desiccator vacuum environment.
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Figure 75. Coefficient of restitution as a function of impact velocity for the 95% relative humidity
particles and desiccated 95% relative humidity particles.

In addition to the powders exposed to varying levels of humidity, impact experiments were also
conducted on powders with different lengths of exposure to 300° C dry air (HT samples). A control
sample, along with a thirty-minute, one-hour, and four-hour exposure were tested. Results from
these tests are shown are in Figure 76. Table 24 contains the measured critical velocities for the
HT-baseline, HT-30, HT-60 and HT-240. Variations in the impact behavior and critical velocity
of these four groups of powders were minimal. The thirty-minute exposure, one-hour exposure,
and four-hour exposure powders all displayed a critical velocity between 820 to 850 m/s. The
critical velocity range of the baseline powder was slightly lower, falling between 800 and 830 m/s.
However, a statistically meaningful conclusion can be drawn from this data about an increase in
critical velocity with increased high temperature exposure.

Table 24. Critical velocity ranges for the HT-baseline, HT-30, HT-60 and HT-240

Name Description Critical Velocity (m/s)
HT-Baseline High temperature baseline [801 - 827]
HT-30 min Dry air exposure at 300° C | [839 - 848]
for 30 minutes
HT-60 min Dry air exposure at 300° C | [819 - 840]
for 60 minutes
HT-240 min Dry air exposure at 300° C | [846 - 848]
for 240 minutes

The lower bound of the range indicates the highest velocity at which rebound behavior was
observed and the upper bound indicates the lowest velocity at which adhesion was observed.
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Figure 76. Coefficient of restitution as a function of CIV for HT-baseline, HT-30, and HT-240

4.3 Characterization of Bulk Cold Spray Samples

Bulk samples of material were produced from each of the six powder groups to determine the
effects of the surface films produced on the feedstock HP-Al powder on the material properties;
including tensile, hardness, and conductivity. The cold spray process parameters used to produce
each sample of bulk material remained constant, as shown in Table 25. The fracture surfaces of
the broken tensile specimens were also examined to determine the crack origin, fracture
morphology and to discern any important features that may relate to the prior powder treatments.
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Table 25. Cold Spray Parameters for Producing Bulk Samples from HP-Al Powder

Cold Spray Process Parameters
SPRAY MACHINE VRC Gen Il Max ROBOT VELOCITY 200 mm/sec
T=300 C SPRAY ANGLE 90 degrees
P=290 psi (20 bar) STANDOFF 28.575 mm
SPRAY GAS Helium STEP SIZE 1mm
PF GAS FLOW SETTING 100 slm POWDER FEEDER RATE 4 rpm
NOZZLE 2-6.3x170mm TYPE PBI-VRC GUN SPEED 200mm/sec

All the powders were cold sprayed with the VRC cold spray using helium with a gas pressure of
20 bar and a gas temperature of 300°C, (measured at the nozzle). A solid block of material was
produced from 35 g of powder from each group and the cold spray process parameters remained
constant for spraying the blocks of all of the powder groups, regardless of prior powder processing
conditions. The spray pattern used was 25 mm by 33 mm incorporating the Robot Studio program.

The relative geometry of the cold sprayed blocks were evaluated by taking side and top view
pictures of the samples. Figure 77 shows the resulting blocks of the heat treated powders under
dry conditions. The side-view images reveal a decrease in the ‘ski-jump slope’ proportional with
exposure to dry air. These results were consistent with the understanding that oxide layers of
aluminum weaken the bond between particles during cold spray hence less deposition occurs. Less
surface film build-up was anticipated with the heat treated samples as opposed to those associated
with exposure to humidity. Similar results were observed for the powders treated under humid
conditions (see Figure 78).

Side view

HT-Baseline HT-30 Air  HT-60 Air HT-240 Air >

Top view

Figure 77. Images of Cold Sprayed deposits of heat treated powders under dry conditions.
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Figure 78 showed no build-up on the sides of the RH-95% block, probably due to the formation
of a thick layer of hydroxide on the powder, during high humidity exposure conditions. The side
view images of the As-received and RH-50% showed no particular trend and this may have been
due to the wide range of humidity that RH-50% samples was exposed to (RH=17-75%).

Side view

= =,

As received RH-50% RH-85%

Top view

Figure 78. Images of Cold Sprayed deposits of heat treated powders under humid conditions.

The characterization of the cold sprayed blocks is summarized in Table 26, where thickness,
conductivity and hardness was recorded, prior to tensile testing. To measure conductivity, the cold
sprayed blocks were machined to a rough surface. An Eddy current probe of /4 diameter was used
and the average of five measurements was reported along with its standard deviation. The micro-
hardness was measured using a 200g diamond indenter. The average of five measurements was
reported along with its standard deviation.

The conductivity of the block with powder treated under dry conditions showed the highest
conductivity levels, about 59%. This result was not surprising as the aluminum particles were
partially annealed during this treatment, which was performed at 300°C while the typical annealing
temperature for pure aluminum is 343°C. Annealing would increase the ductility of the powder
making it more amenable to the cold spray process and increase its deposit efficiency. In contrast,
the samples exposed to humid conditions showed the lower conductivity measurements with RH-
95% showing the lowest level at 44% which is most likely the direct effect of the amount of
oxide/hydroxides in the cold spray bulk material. The similar value of conductivity for As-
received and RH-50% samples could be due to the wide range of humidity that the RH-50%
samples was exposed to (RH=17-75%).

The micro-hardness measurements have a similar trend to that of conductivity. The set of samples
heat treated under dry conditions show the lowest micro-hardness (47 HV) while those exposed to
humid conditions showed the higher values, with the highest value for RH-95% (55.6 HV).
Annealed material would exhibit lower hardness and material that contained a higher level of
oxides/hydroxides would have higher hardness. Again, the similar value of micro-hardness
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between As-received and RH-50% samples could may be due to the wide range of humidity that
RH-50% samples was exposed to (RH=17-75%).

Table 26. Summary of Conductivity and Hardness of the Cold Spray Bulk Samples

Powder Conductivity | Micro-hardness | Thickness | Deposition

Group (%) 200g as time
Identification (HV) sprayed (min)

(in)

HT-Baseline 59.5+0.7 474 +0.6 0.335 10.0
HT-30Air 59.1+0.7 47.3+0.9 0.347 10.0
HT-60Air 59.12+0.3 47 £2.1 0.343 11.0
HT-240Air 59.0 £0.7 47.14 £ 0.7 0.345 10.0
As- received 57.5 £0.7 49.74 £ 1.6 0.350 10.0
RH-50% 56.2+1.5 49.5+1.0 0.350 12.5
RH-95% 444 +2.1 55.6+24 0.310 13.0

Mini-tensile specimens were machined from the cold-spray blocks produced from powder
representing the seven powder conditions.

As-received: AR1, AR2 and AR3
95% relative humidity: RH-95%
50% relative humidity: RH-50%
Heat treated baseline: HT-Baseline
Heat treated at 30 min: HT-30
Heat treated at 60 min: HT-60
Heat treated at 240 min: HT-240

NaVvmk W=

4.3.1. Mechanical tests

There were three groups of as-received specimens, in addition to the other 6 groups of specimens.
All samples were tested using an Instron 5500r universal testing machine utilizing a strain rate
corresponding to 3x10™ s!. Yield strength was measured using 0.2% offset of nominal strain,
which is (displacement)/(gauge length). Ultimate tensile strength and fracture strength were
obtained directly from engineering stress-strain curve. Ductility was measured separately by using
video-recording the motion of two marks in the gauge section (Figure 79). The marks were made
by black permanent ink, and the motion of the most outer region of the two marks was monitored
with the single pixel resolution (Figure 79). Ductility was measured by tracking the motion of two
most outer region of black dots in the gauge section with a single pixel resolution. We measured
the distance at the beginning of the test (L,) and that at the moment of fracture (L, ), and ductility
(% elongation) was calculated by (Ly — Lg)/L, X 100 (%).
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The brief summary of mechanical data is available in Table 27. RH-95% specimens exhibited
higher strength but significantly lower ductility than the as-received powder and the heat treated
powders. Heat treated baseline specimens exhibited the highest ductility. AR1 and AR2 samples
showed similar mechanical behavior, but AR3 had a higher yield and ultimate tensile strength with
slightly lower ductility.

All measured data are listed in Table 28. Stress-strain data are also contained in Figure 80. Stress-
strain Curves of Cold Spray Bulk Samples of HP-AL.. Note that the strain value in the stress-strain
curves was calculated simply by (displacement)/(gauge length). This calculation does not provide
the accurate strain value, and this method was used for plotting purposes. The precise measurement

of ductility was determined separately with video measurement.

Figure 79. Video measurement of ductility.

Table 27. Summary of Mechanical Properties of Bulk Cold Spray HP-Al

Yield Strength | Ultimate Tensile Fracture ..
Sample ID MPa ¢ Strength MPa Strength MPa Ductility
ARI1 101.08 £4.47 145.12 £3.57 119.74 £3.43 7.14+0.57
AR2 105.73 £13.60 147.52 £4.19 122.86 +£2.02 6.14+0.26
AR3 124.34 £3.34 150.74 £2.05 129.22 £3.26 5.94 +0.88
AVERAGE
AR1-AR3 110.38 147.79 123.95 6.41
RH-95% 124.64 £5.01 151.30 £ 14.80 150.73 £ 14.34 1.83+0.12
RH-50% 12531 £5.21 151.05 £2.03 129.22 £4.13 6.65+0.51
HT-Baseline | 109.60 £2.41 140.18 £1.77 106.20 +1.88 10.48 £ 0.59
HT-30Air 105.78 £4.98 145.32 £1.99 111.82 +£4.07 9.00+1.21
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HT-60Air 103.02 £4.16 143.44 £3.78 108.30 £ 1.11 9.39 +£0.96
HT-240Air 110.08 +5.93 143.02 £2.61 115.48 £4.73 8.20 £ 0.81
Table 28. Mechanical Test Data of all HP-Al Powder Groups
YS UTS FS Ductility YS UTS FS Ductility
AR1 101.40 | 145.12 | 119.74 0.0714 HT-Baseline 109.00 | 140.18 | 106.20 0.0968
STD DEV 4.39 3.57 343 0.0057 STDEV 2.24 1.77 1.88 0.0059
1 | 100.00 | 148.40 | 122.90 0.0790 1 110.00 | 141.50 109.00 0.0930
2| 105.00 | 142.20 | 115.00 | 0.0750 2| 108.00 | 137.30 | 104.90 | 0.1070
3| 107.00 | 142.60 | 118.90 | 0.0710 3| 112,00 | 141.60 | 104.70 | 0.0930
4 97.00 | 149.60 | 123.30 0.0650 4 | 106.00 | 140.70 105.10 0.0940
5] 98.00 | 142.80 | 118.60 | 0.0670 5] 109.00 | 139.80 | 107.30 | 0.0970
AR2 103.40 | 147.52 | 122.86 0.0614 HT-30 10540 | 14532 | 111.82 0.0900
STD DEV 9.99 4.19 2.02 0.0026 STD DEV 3.58 1.99 4.07 0.0121
1| 112.00 | 153.30 | 122.60 | 0.0590 1| 110.00 | 147.10 | 116.70 | 0.0696
2| 110.00 | 149.40 | 120.50 | 0.0630 2| 106.00 | 146.50 | 112.80 | 0.0897
3] 110.00 | 145.60 | 123.90 0.0650 3 | 106.00 | 146.40 114.00 0.1000
4 93.00 | 147.20 | 125.70 0.0610 4 | 105.00 | 144.30 109.30 0.0982
5] 92.00 | 142.10 | 121.60 | 0.0590 5] 100.00 | 14230 | 10630 | 0.0926
AR3 124.00 | 150.74 | 129.22 0.0594 HT-60 103.20 | 143.44 | 108.30 0.1039
STD DEV 2.00 | 2.05 3.29 | 0.0088 STD DEV 2.77 3.78 111 | 0.0096
1| 125.00 | 151.10 | 125.60 | 0.0570 1| 102.00 | 141.20 | 107.50 | 0.0990
2 | 126.00 | 150.90 | 133.20 0.0530 2 | 105.00 | 139.50 109.70 0.1138
3| 123.00 | 151.00 | 129.40 0.0660 3| 102.00 | 145.80 108.00 0.1000
4| 121.00 | 153.20 | 131.60 | 0.0500 4| 100.00 | 148.80 | 109.20 | 0.1142
5| 125.00 | 147.50 | 126.30 | 0.0710 5| 107.00 | 141.90 107.10 0.0927
RH-95 123.50 | 151.30 | 150.73 0.0183 HT-240 109.80 | 143.02 | 115.48 0.0820
STD DEV 507 | 1481 | 1434 | 0.0012 STD DEV 5.81 2.61 4.73 | 0.0081
1| 116.00 | 129.30 | 129.30 0.0190 1 115.00 | 147.40 121.60 0.0840
2 | 126.00 | 156.00 | 156.00 0.0190 2 | 116.00 | 143.30 119.30 *
3] 125.00 | 158.90 | 158.90 | 0.0170 3] 103.00 | 142.10 | 11130 | 0.0714
4 * * * * 4| 105.00 | 140.80 | 113.90 | 0.0814
51 127.00 | 161.00 | 158.70 5| 110.00 | 141.50 111.30 0.0910
RH-50 123.25 | 151.05 | 129.23 | 0.0565
STD DEV 5.50 2.03 4.13 0.0051
1 126.00 | 149.90 | 125.20 | 0.0530
2 126.00 | 153.80 | 134.00 | 0.0520
3 126.00 | 149.20 | 126.40 | 0.0630
4 115.00 | 151.30 | 131.30 | 0.0580

* Denotes missing data resulted from either video recording malfunction or grip failure.
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Figure 80. Stress-strain Curves of Cold Spray Bulk Samples of HP-ALl.

4.3.2. Fractography

Fractography was conducted on two sets of tensile samples representing the greatest disparity in
ductility; “95% relative humidity (most brittle)” and “Heat treated baseline (most ductile)”. The
fractures surface of other remaining samples were similar with that of the heat treated baseline and
as-received, due to their similar mechanical properties.

The fractured tensile samples were attached onto aluminum scanning electron microscope (SEM)
stubs using carbon tape and imaged using an FEI Teneo. The instrument was set to a 10 kV
accelerating voltage, 0.40 nA current, and a working distance of ~10 mm for all samples. The
images were collected using the “Standard” lens configuration and an Everheart-Thornley
detector. Images were taken of the fracture surface in low and high magnification in order to
determine the failure initiation point and to study the fracture morphology. Energy Dispersive X-
ray Spectroscopy (EDS) point analyses were performed on the initiation site, as well as in other
locations throughout the same sample in order to determine if there was a noticeably different
chemical nature to the site.

The heat treated samples experienced fracture in a ductile manner, as substantiated by the dimpled
morphology. A typical cup-cone fracture pattern was observed. Significant necking was captured
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in the SEM images, resulting in a smaller overall diameter. Dimpled patterns of ductile fracture
were present everywhere (Figure 81). Micro-pores and greatly variable height on the fracture
surface were observed, which is all indicative of significant plastic deformation and stable crack
growth, during the applied stress. Other observations include large internal pores and multiple
initiation sites. The pores may be the result of void coalescence or opening of the pre-existing
pores. This ductile behavior was seen in all the HT “mini” tensile samples tested. The as-received
powder samples also exhibited a certain degree of ductility but less than the HT samples.

The 95-RH samples, however, exhibited brittle fracture. The samples showed very little evidence
of necking. The fracture surface appears flat relative to the other mini-tensile specimens, which
serves as evidence of low plastic deformation and unstable crack growth (Figure 82). The fracture
surface can be characterized as wavy, almost as if the fracture occurred along bond-lines of
successive cold-spray splats. The intact surface of powder particles were also observed. These
results point towards incomplete bonding in the cold-spray deposit.

igure 81. (a) Fracture surface of HT-Baseline specime, (b) The agniﬁed view of fracture
surface. Dimpled morphology support the ductile fracture of HT-Baseline specimen.

Figure 83a (low magnification) and Figure 83b (high magnification) show examples of the type of
brittle fracture observed in cold spray bulk material produced from the powder exposed to 95%
humidity at room temperature (RH-95%). Note the disparity from the HT-Baseline bulk material
where a ductile dimpled morphology dominated the fracture. In Figure 83a and Figure 83b the
featureless morphology that is predominately characterized by cleavage and remains of splat
boundaries is clearly visible. There are some small areas of ductile dimples but there are dispersed
sparingly throughout. Figure 84 (low magnification) and Figure 85 (high magnification) illustrate
further evidence of the brittle nature of the RH-95% sample and highlight numerous ‘half- moon’
features, which are the remnants of prior particle impact sites. Another important observation is
the evidence of charging in the SEM which is caused by an insulating material, such as an
oxide/hydroxide. Charging creates an imaging artifact, which is characterized by a significant
increase in brightness of the insulating material, which was later confirmed to be rich in oxygen
by analysis in a Super-X SDD EDXS system. These areas served as the primary crack paths.
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igure82. (a) Fracture surface of RH-95% spein The fra
other groups; (b) Magnified view of fracture surface.
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The fracture surface is much flatter than

Figure 84. Fracture surface of RH-95% specimen. The fracture surface contains evidence of
particle impact sites not completely bonded and ‘half-moon’ features denoted by the red arrows.
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Figure 85. Magnified view of fracture surface of Figure 84, showing a featureless fracture
morphology associated with decohesion of splats. Note some SEM charging indicative of oxides.

Figure 86a and Figure 86b show examples of individual decohesion sites of splats covering the
fracture surfaces of the broken tensile specimens representing RH-95%. Note the

Figure 86. (a) SEM and BSE (b) of RH-95% tensile fracture showing decohesion of splats.
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Finally, to illustrate the contrast in fracture behavior between a material that exhibited high
ductility to that which failed in a brittle fashion, groups HT-Baseline and RH-95% were chosen
for comparison. Figure 87a and Figure 87b show a side by side comparison of a representative
fractured tensile specimen from HT-Baseline and RH-95%. The distinction between these two
groups was very pronounced, even at the macro-scale. The first feature that revealed the overall
condition of the material was the amount of necking observed at the fracture site. The HT-Baseline
specimen exhibited a classic ‘cup-cone’ fracture and the cup half of the fracture is shown in Figure
87a. This type of fracture is associated with ductile materials whereas a large amount of plastic
deformation occurs before final rupture as substantiated by the decrease in cross-sectional area
adjacent to the final fracture area. The distinctive cup and cone shape was observed and the ends
of the fracture.

In contrast, Figure 87b, which is a fracture half from a tensile specimen representing RH-95%,
displayed a brittle fracture, as evidenced by the lack of plastic deformation and absence of necking
adjacent to the final fracture site. The RH-95% was characterized by an abrupt rupture at the end
of the fracture and almost no change in cross-sectional area. Another important note are the cracks
that formed at the grip ends of the tensile specimen, which also serve as evidence of the brittle
nature of the material produced from HP-Al powder exposed to high humid conditions prior to
cold spray. Figure 88a and Figure 88b are the final fracture areas of HT-Baseline and RH-95%
shown respectively at high magnification to further illustrate the contrast in ductility. Elongated
grains characterize the regions at adjacent to the final fracture zone of HT-Baseline while there is
no evidence of plastic deformation of the grains along the final fracture zone of RH-95%.

4.3.3 X-ray Mapping of Fracture Surfaces

Energy Dispersive Spectroscopy (EDS) was used to determine the atomic composition of oxygen
to aluminum metal and provide a basis of comparison between the HT-Baseline and RH-95%
powder samples. EDS was not used to provide the nature of the oxidation state or chemical bonds.
It was understood that EDS is not really suitable for light elements (like O) for quantitative
analysis. However, EDS can detect the presence of oxygen and a metal, and the proportion between
them and the comparison of these data between the HT-Baseline and RH-95% powder samples
proved invaluable.

Figure 89a shows a representative fracture area, on one half of a broken tensile specimen, from
HT-Baseline while, Figure 89b is the resultant EDS, X-ray map taken in an attempt to determine
the relative oxygen content across a large surface area of the fracture. Figure 90 contains the
spectrum obtained from the X-ray mapping from Figure 89. Note that the levels of oxygen are
relatively small. Figure 91a shows a representative fracture area, on one half of a broken tensile
specimen, from RH-95% while, Figure 91b is the resultant EDS, X-ray map. Figure 92 contains
the spectrum obtained from the X-ray mapping from Figure 91. Note the significant increase in
the oxygen content on the fracture surface of specimen RH-95%. The areas highlighted in blue on
Figure 91b show the areas high in oxygen concentration, which were associated with splat
boundaries. The presence of Si could be due to segregation of Si impurities to the particle surfaces
as a result of solidification during the primary gas atomization process.
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Figure 87. (a) Fractured tensile bar representing HT-Baseline and (b) fractured tensile bar
representing RH-95%. Note the differences in necking and the brittle nature of RH-95%. Arrows
denotes cracks in grip section. Red circled regions are enlarged in Figure 83.
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Figure 88. (a) Circled area on Figure 83a enlarged showing elongated grains and (b) Circled
area on Figure 83b showing abrupt fracture with little evidence of ductility before final fracture.
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Figure 89. (a) SEM of tensile fracture surface from HT-Baseline and (b) corresponding X-ray

map.
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Figure 90. Spectrum obtained from X-ray mapping obtained from Figure 85.
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Figure 91. (a) SEM of tensile fracture surface from RH-95% and (b) corresponding X-ray map.
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Figure 92. Spectrum obtained from X-ray mapping obtained from Figure 86. Note the high
oxygen concentration of RH-95% as compared to that of HT-Baseline.
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4.4 TEM and EDS Analysis of Single Particle Impact “Splats”

UMass, Amherst produced four samples containing a series of single particle impacts onto high
purity aluminum substrates which were sent to UConn for analysis. The exposure conditions of
these powders were: as-received (AR), heat treated baseline (HT-B), heat treated 240 (HT-240),
and 95% relative humidity (RH-95%). Visible light images are shown in Figure 93 which indicate
the precise areas where each splat was located on the respective substrates. Table 29. Particle
Diameter and Impact Velocity of bonded HP-Al Powder Particles contains the particle diameter
and impact velocity recorded for each impact site or ‘splat’. The nomenclature Virefers to the
impact velocity at which the particle bonded to the substrate and formed a splat while Vris the
velocity at which rebound of the particle occurred. Since each particle bonded and formed a splat,
the rebound velocity is 0 or not applicable.

Secondary electron (SE) micrographs of each splat were collected using a scanning electron
microscope (SEM). A Thermo Fisher Helios 460S dual-beam Ga" FIB was used to prepare cross-
sectional lamellas from the individual splats for TEM analysis. The conditions chosen for analysis
were the splats with the highest and lowest velocities, along with two splats with intermediate
velocities. A total of four splats were prepared (Figure 94) from the as-atomized, heat treated
baseline, and 95% relative humidity samples. To protect the surface of the splats, platinum was
deposited in two steps. The first layer was deposited using a 10kV electron beam at 6.4nA and a
second thicker layer was deposited using a 30kV gallium ion beam at 0.43nA, to crack the organic-
metallic precursor. Samples were thinned to electron transparency at 30kV by reducing the current
iteratively to minimize Ga* implantation, and by tilting + 2° to obtain a parallel sided lamella.
Figure 9390 shows an example of the FIB lift-out procedure to extract a cross-section of a splat
for analysis. Table 30 lists the samples that were completed for this study.

102



Figure 93. Visible light microscopy images indicating where each of the different powder splats
are located on each substrate. A) As-received powders. B) Heat treated baseline powders. C) HT-
240 powders. D) RH-95% relative humidity powders.
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Table 29. Particle Diameter and Impact Velocity of bonded HP-Al Powder Particles

Powder Type | Impact# | Vi(m/s) | Vi (m/s) | Diameter (um)
1 816.8706 0 14
2 1194.885 0 12
3 912.3281 0 15
4 939.6211 0 13
. 5 967.9068 0 13
As R/i‘l’fwed 6 1055.181 0 11
(AR) 7 865.645 0 11
8 1027.009 0 14
9 1032.881 0 12
10 1045.933 0 14
11 884.6448 0 14
31 1020 0 13
32 953 0 11
33 817 0 11
Heg;;fj;ed 35 911 0 14
(HT-B) 36 921 0 14
37 916 0 14
39 958 0 12
40 842 0 12
1 899 0 11
2 926 0 14
3 911 0 11
5 966 0 13
6 923 0 12
Heatz"l;roeated ; Zgg 8 } }
9 822 0 15
(HT-240) 12 937 0 11
13 926 0 13
15 953 0 15
16 891 0 11
20 819 0 11
24 861 0 13
1 951.15 0 14
95% Relative —3 5132+ B
Humidity 4 903.32 0 14
(RH-95%) 5 881.41 0 11
6 974.56 0 14
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Table 30. Description of the 12 TEM Lift Out Samples Made from Bulk Material.

Powder Type | Impact# | Vi(m/s) | Vi (m/s) | Diameter (um)
2 1194.885 0 12
As Received 7 865.645 0 11
(AR) 8 1027.009 0 14
10 1045.933 0 14

1 102 1

Heat Treated ; 5 905 30 8 1:;’
]?I*_‘Is{flg)e 33 817 0 11
39 958 0 12
osthReluive | 2| 0838 [0 |14
g‘ﬁ“};‘;ﬁ,t/y) 5 88141 |0 I
’ 6 974.56 0 14

The twelve lamellas were analyzed in a FEI Talos F200X at an operating voltage of 200kV with a
Super-X SDD EDXS system. EDXS was used to analyze the elemental composition of the oxide
layer at the interface of the splat and substrate by EDXS mapping and the use of probe line scans.
FWHM was used to analyze oxide thickness from obtained line scans. If the intensity value of
oxygen line scan was under 3, the data was considered noise and was not included in data set. Data
was separated based on location of impact and the number of peaks for a given line scan.

Fiu 94, arnl of FIB lift-out procedure to extract a cross-section of a splat for analysis.
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4.4.1 Analysis of RH-95% Splats

Figure 94 shows the general overview of the FIB sectioning procedure used for every splat sample.
All cross-sectional specimens were prepared in a similar manner. Figure 95 contains an SE SEM
image from each of the RH-95% splats that were sectioned in this manner. It is clear from these
images that there was significant particle-to particle variation in the morphology of the splats.
Additionally, the surface morphology associated with the oxide/hydroxide film was very
inconsistent and ‘patches’ were observed on the exterior of these powder particles.

Particle 2 Particle 3

f‘\; rg, & A
908.34 m/s, 14.239

The Verkos ST

Particle 5

974,56 m/s, 14.222
S Shaa ek

Figure 95. SE SEM image from each of the RH-95% splats that were sectioned for analysis.

Figure 96 shows a low-magnification bright field (BF) image, a high-angle annular dark field
image (HAADF), and EDXS maps for O, Al, Si, Pt and Ga.

It was clear that in this region there were localized areas with oxide/hydroxides at the
splat/substrate interface, but there were other areas along the bond line where no oxide/hydroxide
was present. This was confirmed by obtaining data at yet higher magnifications and then by taking
multiple line scans perpendicular to the interface (Figure 97).
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Figure 96. STEM and EDX analysis of Particle 3 from splat sample RH-95%.

Figure 97. Enlargement of high oxide area from Figure 96 denoted by blue circle and arrow.
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Data obtained from the oxide patch at the splat/substrate interface identified by the arrow and
within the blue circled region on Figure 96 are shown in Figures 98-105. The Al maps on Figures
98-105 show distinct dips in the Al content at the interface where O is present, suggestive of an
oxide “double layer” on the O map. This was consistent with the presence of an interfacial crack
which was actually a delaminated area along the splat/substrate interface. Most of the line scans
shown in Figures 98-105 contain corresponding dips in the Al signal and a double peak in the O
signal. The asymmetry of the Al trough and the merging of the O peaks into one broad peak was
likely due to the delamination not being exactly edge-on in this area.

Such effects were seen more clearly from the bottom splat/substrate interface, as shown in Figure
106, which reveals a crack-like feature which is an area that is not bonded, across the field of view,
with a very distinct oxide double-layer (one on each side of the crack). Higher magnification data
obtained from this area (Figure 107) show a clear uniform oxide double-layer, with some Pt and
Ga accumulation from the preparation procedure. Each of the (10) line scans show sharp Al troughs
corresponding to the crack-like feature, with well-defined O peaks. It was interesting to note that
several of these scans also show enhancements in Si, which could be due to segregation of Si

impurities to the particle surfaces during solidification. A representative scan is shown in Figure
108.
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Figure 98.Line scan (1) of interface between substrate and splat of Particle 3 from splat RH-95%.
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Figure 99. Line scan (2) of interface between substrate and splat of Particle 3 from splat RH-95%.
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Figure 100. Line scan (3) of interface between substrate and splat of Particle 3 from splat RH-
95%.
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Figure 101. Line scan (4) of interface between substrate and splat of Particle 3 from splat RH-

95%.
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Figure 102. Line scan (5) of interface between substrate and splat of Particle 3 from splat RH-

95%.
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Figure 103. Line scan (6) of interface between substrate and splat of Particle 3 from splat RH-

95%.
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Figure 104. Line scan (7) of interface between substrate and splat of Particle 3 from splat RH-
95%.

111



100 -
ag
B T e e ke e e ;'31
2 7 Si
3 |
g 604 Pt
T h Ga
— 5l
z= |
a2 an4
E 4
= 30 -
20
“:I_- m
e 1 e R
< s o = <

o T L T T T 1 ML 1 Y ’
i} 200 40 G0 BD 100 1ED) 0 fa0 180 TR0 D
Distance {fm)

Figure 105. Line scan (8) of interface between substrate and splat of Particle 3 from splat RH-
95%.
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Figure 106. STEM and EDXS of the bottom splat/substrate interface from RH-95% Particle 3.
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Figure 107. Enlargement of STE and EDX image sown in Figure 98 of the bottom
splat/substrate interface from RH-95% Particle 3.
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Figure 108. Line scan (10) of the bottom splat/substrate interface of RH-95% Particle 3.
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For comparison, data from particle 2 is presented in Figure 109. In this case, there appears to be
oxide across the entire splat/substrate interface and there is no clear evidence of interfacial
cracking/debonding. The high magnification data from the bottom interface do show a distinct dip
in the Al signal at the interface, but there is no clear O double-peak in the line scans. Similar effects
were observed on the side interfaces. The enhancement in the Si signal at the interface was much
more pronounced for particle 2 than it was for particle 3.

Figure 109. STEM and EDX analysis of Particle 2 from splat sample RH-95%.

The analysis of additional particle splats revealed similar trends to those observed from particles
2 and 3. There are patches of interfacial oxide separated by apparently oxide-free regions. There
were instances where the bottom interface appeared to be delaminated from the substrate but
exhibited a complex oxide morphology suggesting non-planar interfacial cracking. This was
consistent with the asymmetric Al and O profiles recorded and the line scans representative of
these areas. The sides of the particle/substrate interface exhibited good metallurgical bonding
substantiated by weak enhancements of the O signal with no clear evidence of an oxide layer.
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Figure 111. STEM and EDX analysis of Particle 2 from splat sample As-Received.

=

Figure 112. STEM and EDX analysis of Particle 32 from splat sample HT-Baseline.
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In other particles analyzed, there was a greater variety of features. For instance, there were cracks
observed through the splat from particle 6 (Figure 110), suggesting that this discontinuity may
have been the result of two particles impacting and forming an aggregate. On the side interface
there was significant variation in oxide thickness, but line scans showed that there was a single
well-defined oxide peak. This suggested that there was bonding of the particle in this region despite
the oxide. In other areas on the side of the particle/substrate interface there was a clear oxide
double-layer indicating that there was interfacial delamination.

Figure 111 and Figure 112 represent particles from powder samples As-Received and HT-Baseline
respectively. The first image in each figure shows an SEM of the splat followed by an X-ray map
of oxygen and then an X-ray map of aluminum. Note the difference in oxygen detection at the
splat/substrate interfaces all along the entire bond line. There are only faint traces of oxygen
indicative of a thin oxide/hydroxide surface film. Such a thin film would have less adverse effect
on particle to particle and particle to substrate bond strength.

5.0 Analysis

The use of active alumina as a desiccant, is widely known [172]. The premise of this research
study relied on the fact that aluminum powders can continue to oxidize/hydrolyze during and
subsequent to gas atomization. This premise is substantiated by the fact that during gas
atomization, aluminum powders are passivated by the formation of thin protective surface films of
oxides and hydroxides, which is sometimes accomplished by exposure of the liquid atomized
droplets of aluminum to oxygen at lowered partial pressure and water vapors [165 to 173].
Additionally, subsequent to gas atomization, exposure to high temperature during the cold spray
process and/or to humidity (50% RH or higher) at room temperature, during powder packaging,
handling and storage, can contribute to further growth of the surface films [21].

According to Dr. George Campbell, President and Chief Operating Officer of Valimet, Inc., (the
producer of all the HP-Al powders used in this study) during gas atomization, the molten droplets
were passivated in an inert chamber consisting of dry nitrogen and 1-2% dry oxygen. This results
in a more spherical shaped powder particle and prevents the formation of hydroxides. Care is taken
to stay below the dew point to prevent hydration of the oxide film. The recommended dew point
is less than -40°C, which corresponds to a maximum moisture content of 120 parts per million by
atomic percent [21,174]. The final product is packed in containers with a desiccant, but the powder
is not packaged in an inert environment and can adsorb moisture.

5.1 Previous Research

Figure 113 shows the stages of oxidation of aluminum metal at various temperatures [175,176]. It
was difficult to predict the actual species of oxides of powder particles because of the influence of
particle size and distribution, water entrapment during atomization and the formation of
hydroxides, which affect the core and shell structure [177-179].
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Figure 113. Stages of oxidation occurring on aluminum metal in relation to temperature,
superimposed on a typical TGA plot [157,158].

The effect of humidity of aluminum powders, on the oxidation rate and the nature of the aluminum
oxide scale has been explored [21,97,98,100,102,107,177-179,180,181]. It can be surmised from
the results of various exposure tests, as the relative humidity increases the initial oxidation rate
increases and results in a hydrated amorphous oxide scale and upon continued exposure, a layer of
hydrated oxide grows and can have several different crystalline phases depending on the
temperature and humidity level [181]. H.B. Peacock et al., has shown that bayerite (A1203.3H>0)
forms at temperatures less than about 80°C while boehmite (A 1203.H>O) forms above 80 °C [163].
These hydrated oxides have a structure that is reported to be more porous compared to the layer of
dry amorphous alumina and therefore would be more prone to further oxidation [173]. The
differences in the coefficient of thermal expansion between the oxide and the hydroxide which
may be adjacent to each other on the surface of an aluminum powder particle can also lead to
cracking and further oxidation of the base metal.

The metallic aluminum beneath these layers can further oxidize through the ability of protons to
diffuse through the oxide-hydroxide shell [183]. Cook has reported that the oxidation of aluminum
in water can release “2.5 times as much heat as is generated from pure nitroglycerin” [184] plus
the reaction forms fine hydrogen bubbles that can further sensitize the mixture. Figure 114 shows
the results of hydrogen blistering that produced cracks on bulk cold spray material produced by
ARL from 6061 aluminum powder. The hydrogen gas formed during solution heat treating at
530°C and caused the cracking shown.
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Figure 114. Hydrogen blisters in 6061 Al cold spray bulk material after solution heat treat.

Nascent hydrogen evolution is the result of the breakdown of water and hydroxides that comprise
the surface film on gas atomized aluminum powders. The atomic hydrogen diffuses to hydrogen
traps which are grain boundaries, pores and other defects within the material and combines to form
hydrogen gas. Hydrogen can even facilitate the detachment of the protective oxide layer from

aluminum [185-188].
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Figure 115. Degassing behavior of aluminum and its composites [189].




This phenomena can also occur during degassing of aluminum powder, which is performed at
temperatures conducive to hydrogen blistering as illustrated in Figure 115 [189]. The steps are
simplified below:

Free water evolves at 200-300°C

Hydroxides break down between 375 and 450°C

When hydroxides break down atomic hydrogen evolves

Atomic hydrogen migrates to areas of lowest free energy (GB, defects)
Atomic hydrogen combines with itself to form molecular or hydrogen gas
Blisters form which can lead to cracks

In 2014, Busca conducted a critical review of the data reported in the literature concerning the
transformation, morphology, physico-chemical properties and the surface properties of transitional
aluminas [190] and concluded that there is still much controversy and that much more extensive
research is still required to develop a complete understanding of this topic. A summary of the most
relevant paths in alumina poly-morphic transformations can be shown schematically in Figure 116
[190-192]. Busca reports that A1203 (corundum, S.G.R 3¢, Z = 6) is formed at the end of the
thermal transformation of aluminas. Much of the analysis of aluminum oxidation in published
literature has been carried out using sheet metal aluminum. Although this is convenient in that it
simplifies surface area calculations, the powder morphology and size distribution complicate
interpretation of the oxidation kinetic calculations, when micron-sized powders are utilized. In
addition, the surface oxide/hydroxides remnant from gas atomization, packaging, storage and
handling can vary significantly between batches of powder.

Busca concluded in his extensive review that, “In spite of the new experimental and theoretical
techniques developed today, still a comprehensive picture of this subject is far from obtained.”

Tohdite
ALO, . 02 H,0
l o900 C
Gibbsite —+ wALO, — + K-ALO,
s Al{OH 300 C gro C ™
2506/ o NJooo-
¢ 100
< AN
Boehmite —s 1-ALO, — §-AL0, — B-ALO, — aALO,
AIOODH 450 C 750 C 1000 C/} 1200 C
150 C ,-ff Bs0 C 500 C
Bayerite — M-ALD, Diaspore
AOH),  230C AIOOH

Figure 116. Schematic of the primary solid state transformations of alumina [190-192].
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Figure 117 shows a schematic of the thermal dehydration sequence of aluminum hydroxide, as
reported by Wefers and Bell from Alcoa and VAN DIJK [193,194]. The decomposition of
aluminum hydroxides is complex and there are numerous metastable oxides formed. Some of these
reactions occur at relatively low temperatures (room temperature) and the thermal decomposition
of the aluminum trihydroxides could proceed via the aluminum oxide/hydroxide (path a) or
without intermediate hydroxide phase in a direct conversion to aluminum oxide (path b ) as listed
in Table 31 taken directly from the work of VAN DIJK [193].
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Figure 117. Thermal dehydration sequence of aluminum hydroxide [193,194].

Table 31. Decomposition of Aluminum Hydroxides [193].

Conditions Path a Path b
Pressure > 1 atm I atm
Atmosphere Moist air Dry air
Particle size >100um <10 um
Heating rate <1 C/min > 1 C/min

The thickness of the surface layer is dictated by oxidation kinetics and the conditions in each stage
of the GA process, such as the available water vapor and oxygen, solidification rate and time of
flight during atomization [98]. The rate of oxidation is directly proportional to the relative
humidity and oxygen concentration in the air of the GA, the collection chamber and the handling
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and storage atmospheres [21, 97]. The powder exposed to the various conditions of elevated
temperature and humidity resulted in variations of oxides and hydroxides.

Based upon prior research, it is clear that the exposure of the gas-atomized, HP-Al powder to
either air at elevated temperature and/or humidity at room temperature will result in the growth
of surface films.

5.2 Results of Characterization of the HP-Al Powder Groups

The objective of this thesis was to understand the particle/substrate interaction of hydrolyzed
micron-sized High Purity (HP) aluminum (Al) powder particles with varying surface
oxide/hydroxide layers, during single particle impact and determine the critical impact velocity
(CIV). Therefore, identification of the exact polymorph of aluminum oxide/hydroxide was not
essential nor the goal of this thesis. However, the in-depth analytical techniques employed and the
data generated provided an insight as to the nature of the polymorphs of aluminum hydroxide.

The results obtained from some of the various analytical tests relied heavily on proper specimen
preparation and interpretation of the data, while others were quantifiable and less subjective.
Previous experience and available reference standards along with reputable, published literature
were essential for proper identification and characterization of the surface films. Some of the data
generated to determine elemental composition of the powders was relatively straightforward, such
as the results from Inert Gas Fusion and ICP, because available standards were used and the
detection of the elements could easily be obtained and quantified by these techniques. However, it
was understood beforehand, that other methods could alter the surface chemistry and/or induce
phase transformation and were pursued with caution. Additionally, micro elemental techniques
using X-rays vary considerably in the depth of penetration into the material and this was also taken
into consideration to assure proper interpretation of results. It is well known that X-Rays will
penetrate a few micrometers and as much as several millimeters down into a material, depending
on its composition and matrix. X-Rays are detectable from a few millimeters within the sample,
but in many situations this could be reduced to a few micrometers or less depending on certain
factors.

There were two important variables that were taken into account when analyzing the data obtained
from the X-ray analysis techniques employed during this study; (a) the depth of penetration of the
primary X-Ray beam into the sample, and (b) the escape depth from which fluorescent X-Rays
could be detected [195]. Both are directly dependent upon the energy of the X-Rays, whereas the
higher the X-Ray energy the deeper the X-Ray penetration. Detection was also an issue, especially
during EDS-X-ray mapping of the fracture surfaces of the tensile specimens. The surface
topography caused problems with X-ray emission and detection but experience from analyzing
fracture surfaces during failure analysis investigations dictated that longer detection times resulted
in obtaining data that was not detectable under shorter dwell times and smaller spot sizes.

Focused Ion Beam (FIB) micromachining was used to extract samples for high level electron

microscopy and could easily induce enough heat into a sample to cause a phase change. The FIB
micromachining process can induce damages due to the displacement of atoms and heating in the

121



substrate [196].This occurred on several occasions when preparing samples for STEM/TEM and
Auger analysis and resulted in erroneous data. However, the possibility of overheating was
anticipated and cryogenic means of specimen extraction were employed, where available, such as
for the TEM, Raman Spectroscopy and the Fourier Transform Infrared Spectroscopy performed at
Bucknell University.

5.2.1 IGF, DSC and TGA

It could be deduced from the Inert Gas Fusion results obtained when using the LECO ONH836
instrument, that the RH-95% powder group contained water and hydroxides, as evidenced by the
extremely high increase in hydrogen content as compared to the remaining groups. Adsorbed water
and hydroxides were present on As-Received, RH-50%, and RH-95% powders, but levels were
significantly higher for the RH-95% samples, lower on RH- 50%, and the lowest were the AR
powder. No water or hydroxides were present on any HT samples analyzed. This was also
supported by both DSC and TGA.

The results from the IGF tests conducted using the LECO Elementrac ONH-p instrument were
interesting and revealed a few important points regarding gas atomization and the fluidized bed
apparatus used to process all of the powder groups, with the exception of the AR group. The AR
powders that were analyzed in the as-received condition, contained an unusually high
concentration of oxygen. This may have been the result of two primary factors; (1) the fluidized
bed removed the fine powder particles from the remaining powder, prior to bulk analysis and (2)
the powder producer (Valimet) processes large quantities of powder in a single batch which can
remain in storage for long periods of time before being purchased.

(1) The fine powder particles have a high percentage of surface area and would increase
the overall relative amount of oxygen present in the analysis of a bulk sample. The
fluidized bed was designed with a disengaging zone to allow the particles to remain in the
bed even if they floated up, but this may not have been sufficient to stop the finest powder.
When the powder was process over several runs grey material was observed in the
collecting section, which confirmed this deduction.

(2) Aluminum powder produced by Valimet, can remain in inventory for months and even
years before being purchased and consumed. Although some precautions are normally
taken to avoid water absorption and adsorption, these methods do not completely insulate
the powder from exposure to moisture. The as-atomized powder is classified by Valimet
in air and then packaged in black polymer bags that are zip tied and then subsequently
placed into metal containers that have desiccant in them. The polymer used for the bags
are carbon filled for anti-static purposes, to prevent spontaneous combustion. The metal
container has an elastomeric seal that is clamped shut but it is not completely air tight.

The DSC results showed (Figure 30 and Figure 35) the enthalpies of the reaction occur near 290°C
(see major endothermic peak) and resulted in an average enthalpy for AR, 50%, and 95% of 0.903
J/g, 2.612 J/g, and 41.823 J/g respectively. This data indicated that between 250 °C and 290 °C a
phase transformation was occurring. Since melting of a material involves absorption of energy, it
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is an endothermic process and appears on the DSC curve as a large, temporary decrease in heat
flow and a negative peak. [197,198].

This phase change was most pronounced in sample RH95% but the same phase change can be
observed in the AR and RH50% samples as well, but to a much lesser degree. Figure 31 represents
a graphical presentation of the oxygen content determined by Inert Gas Fusion, shown previously
in Table 12, compared to the associated enthalpies of reaction of the main endothermic peak near
290°C, from the DSC scan shown in Figure 30. This side by side comparison indicates that the
phase transformation may be rich in oxygen and combined with the data from Table 18 may also
contain a high concentration of hydrogen as determined by IGF. Considering the IGF and DSC
data in its entirety, there is a strong argument that the transformation is consistent with an
aluminum hydroxide. The, endothermic peak at 283°C, may have been due to decomposition of
aluminum hydroxide to Y (gamma)-AI203 [160]. Takashi et al. has shown that water can be
incorporated in the a-Al203 crystal structure resulting in the formation of aluminum hydroxides
such as gibbsite. [199]

Sarker, Md Saifur Rahman, et al, performed a DSC of aluminum hydroxide, as shown in Figure
33. The endothermic peak observed at 283.16°C corresponds well to that shown in Figure 30 and
in Figure 32 and serves to substantiate the presence of an aluminum hydroxide in sample RH95%.

Figure 34 represents DCS scans of the heat treated HP-Al powder samples and the results indicate
the absence of any major phase change. No discernable AI(OH)s peaks can be observed in any of
the DSC scans of the heat-treated samples This was anticipated since the exposure temperature
during the heat treat was 300°C which is at the onset of the transformation temperature of
aluminum hydroxide. Sarker, Md Saifur Rahman, et al, show the decomposition of aluminum

hydroxide to ¥ (gamma)-Al,O3 at this temperature [160,161, 162].

Figure 35 contains the DSC scans for all of the powder groups and the graphs were intentionally
shifted vertically for ease in viewing and comparison. There is no evidence of adsorbed water
observed (no reactions around 100°C). The notable peaks are those at approximately 290 °C on
samples AR, RH50% and especially RH95% and indicate the decomposition of aluminum
hydroxide.

Baranyai et al., have reported that the conversion of aluminum hydroxides to aluminum oxides can

occur via monohydroxide boehmite [y — AIO(OH)], but the dominant decomposition is directly to
oxides [161].
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Figure 118. (a) TG and DSC curves of unground bayerite and (b) bayerite ground for 2h. [200]

Jinwang Li et al., studied the mechanism and kinetics of aluminum nitride powders exposed to
moist air at room temperature and determined that the powders were initially hydrolyzed to
amorphous aluminum oxyhydroxide, which subsequently transformed into mixtures of crystallized
aluminum trihydroxide (Al(OH)s) polymorphs, i.e., bayerite, nordstrandite, and gibbsite, forming
agglomerates around the unreacted AIN. [201]. Although these authors investigated AIN powders,
the mechanism of hydrolysis of aluminum powders can be used as a basis of comparison, in regards
to the formation of certain polymorphs of aluminum hydroxide and the analytical methodology
employed. Specifically, the proper analytical techniques used to identify the pedigree of the surface
films.

These types of studies are found less frequently in open literature and those that are available can
often times be controversial. Abid et al. [202] reported that AIN did not readily react with
atmospheric moisture at room temperature [201], however, the results of Kameshima et al. [203]
in their analysis of surface state and stability during storage of AIN powders discovered that the
surface of the powders reacted slowly with atmospheric moisture during several years of storage
in a capped container. The contradiction in conclusions between Abid et al., and Kameshima et
al., may be attributed to the techniques used to analyze the surface films. Kameshima et al.,
incorporated X-ray photoelectron spectrometry (XPS) which revealed evidence of hydrolysis.

Digne et al., [204] predicted limiting temperatures of stability of the various polymorphs through
calculations which compared favorably with experimental data available on the transition
temperatures of aluminum hydroxides. This research team provided a short commentary on the
use of X-ray diffraction (XRD) for the determination of the cell shape and of the locations of
aluminum and oxygen atoms and explained the limitations with associated references, of XRD and
neutron diffraction,[205-210] as well as Raman and IR spectroscopies[211,212,213] or NMR
spectroscopy [214] in determining the positions of the hydrogen atoms.

L.H.Ni. et al., and Yong Liu et al., have showed the use of Raman spectra in studies of polymorphs
of aluminum oxide and hydroxides [213, 215].
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5.2.2 FTIR, XPS, SEM, TEM and Raman Spectroscopy

The as received AR, RH 50%, and RH 95% FTIR spectra indicated the presence of an AI-OH
species, appearing to consist primarily of bayerite (Figure 38). However, gibbsite and bayerite are

both alumina trihydrate (AI(OH) 3) [164]. The HT-Base, HT-30, HT-60, and HT-240 spectra did
not show any indication of aluminum hydroxides. This was anticipated since the HT powders were
heat treated at 300°C and Gibbsite decomposes to oxide above the temperature of 300°C [161].
For HT-Base, HT-30, HT-60, and HT-240 a preliminary semi-quantitative analysis (peak area
integration) of the AI-O peak at 935 cm-1 indicated the oxide layers on these four samples were
of a similar thickness and structure. Therefore, at a temperature of 300°C although the
decomposition of the hydroxide polymorphs occurred there was no detectable growth of the
surface film.

Species detected on the surfaces by XPS included: Al°, AI** and organics including CHy, C-O, O-
C=0 and carbonates. The carbonate concentration seemed to systematically decrease with
increasing heat treat time for the HT powder samples. The thickness varied from 4 nm (as received)
to 6 nm (RH 95%). Most of the samples were clustered around 4 nm. Table 19 lists the O/Al ratio
and Figure 39 the binding energy associated with representative powder samples (AR, HT240 and
RH95%). The values were highest on the as received, 50% RH and RH 95% samples. This result
was the hydrolysis of the aluminum powders exposed to moisture with the growth of a hydroxide
layer. The position of the O 1s positions on these same samples (531.6+0.1 eV) suggested a higher
fraction of OH compared with the HT air samples (530.8 £0.3 eV).

SEM and TEM analysis showed the oxide layer looked similar for most of the powder samples
from all seven groups, having a thickness of approximately ~ 4 nm, except for the RH95% sample
that had a surface layer that was approximately 6 nm in thickness. The ratio of aluminum to oxygen
was the same at 40:60 at%. The surface film appeared relatively uniform and smooth for the AR
and HT samples with the exception of HT240 which had some ‘rough’ areas. The RH 50% sample
had some spikey surface features that could be indicative of hydroxide formation and the RH95%
had some rough areas as well. STEM and EDS mapping of the RH95% powder sample supporting
the physical features of the surface layer found by HRTEM, including roughness and the
protruding spikes. TEM found the thickness of the surface film on the as- received powder and the
“HT” powders were all ~4 nm. The RH 95% powder sample had a thickness of 6 nm.

The Raman spectrum collected of RH-95% revealed aluminum hydroxide polymorphs Bayerite,
Boehmite and Gibbsite and areas of aluminum oxide were present. It was interesting to note that
the formation of oxide or hydroxide surface films occurred in a random fashion and as ‘patches’
across the particle surface. In contrast, the Raman analysis of sample HT-Baseline revealed no
evidence of aluminum hydroxides. However, the presence of aluminum oxide was observed. This
was anticipated as the heat treat exposure temperature would have converted any surface
hydroxides to an oxide.

In summary, the FTIR, XPS, SEM, TEM and Raman spectroscopy results were in agreement with
each other and provided insight as to the nature of the surface films and also their morphology.
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Figure 119 is a schematic illustrating the morphology of the resultant hydroxides that formed on
the powder samples exposed to moisture at room temperature. Note that the hydroxide polymorphs
can actually form in patches as opposed to a continuous layer. This is very important to note from
a characterization perspective because if FIB samples are taken from areas outside of the patches
of hydroxide, then the results could be misleading and evidence of misinterpretation occurred as
data was being generated until this discovery was made.

A1,0,+3H,0—>2AI(OH), Al,0,+3H,0_, 2AI(OH),

Al(OH), Al(OH),

AlLLO

: Y (b)
Figure 119. (a) Schematic illustrating the hydrolysisof an Al particle [216] and (b) real-life. SEM
image in the center is of the morphology of a powder particle from group RH-95% for comparison.

Previous studies have determined the reaction between aluminum particles and water and the
chemical reaction equations are list below [216-220]:

AlL,Os3 + 3H,0 /2A1(OH); (1)
2A1(0H); +2A1/2AL03 +3H,  (2)

2Al + 6H,0/ 2A1(OH); + 3H, 3)

The HP-Al gas atomized powder had a passive oxide layer that may have already contained
hydroxide polymorphs depending on the exposure to humidity prior to testing. The oxide layer
could inhibit the reaction between aluminum and water but did not prevent hydrolysis when
exposed to high humidity. The hydration reaction occurred on the alumina protective layer, as
shown in eqn (1). The hydration reaction produced hydroxide phases such as AI(OH); and
polymorphs such as Gibbsite, Boehmite and Bayerite. Subsequent to the hydration reaction, the
hydroxide phases could react with the aluminum core and generate hydrogen, as described
previously and shown in eqn (2) [37,185-189,216,218]. Water molecules can also be transported
through the aluminum hydroxide layer and react with the aluminum core directly, as shown in eqn
(3)[216,217].
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5.2.3 Dynamic Nanoindentation

A series of nanoindentations were produced on separate powder particles from powder groups (As-
received, RH-50% and RH-95%). From these measurements an attempt to find a correlation
between the mechanical behavior of the oxide film under load and its hardness and thickness were
pursued. Bahr et al. [167] as well as Weppelmann and Swain [168], have reported a technique that
incorporates nanoindentation as a tool to cause through thickness fracture events for thin oxide
films on metals and from these results it was deduced that estimations of oxide film thicknesses
could be determined for gas atomized HP-Al powders. The data obtained for the AR, RH-50% and
RH-95% powder groups showed that the corresponding hardness and surface film thickness were
consistent with the trend determined by the electron microscopy and X-ray analysis techniques,
although the thickness reported for the RH-95% was a bit higher but this could be attributed to the
characteristics of a hydroxide patch, where the surface film thickness varies considerably.

Table 32. Results of Hardness and Surface Film Thickness by Dynamic Nanoindentation

Powder Group Hardness (Gpa) Thickness (nm) TEM, XPS and Raman
As-received 1.50 3.9 4
RH-50% 1.73 4.0 4
RH-95% 2.28 9.2 6

5.2.4 Single Particle Impact and Critical Impact Velocity

The CIV is used by experimentalists and users to optimize cold spray process parameters and
should be a useful tool to mitigate trial and error. Researchers throughout the years, have defined
a critical value of particle velocity, as being that which is necessary for the impacting particles to
bond with the substrate during the cold spray process [6,30,54,56,57,60,72,78,118,120-129]. This
critical velocity is dependent on a variety of factors including the substrate material and is also a
function of the physical and mechanical properties of the powder material
[6,30,54,56,57,60,72,78,118,120-131].

Grujicic et al., [29] rely on the assumptions and work of Asaadi et al., [28] to conclude that the
onset of adiabatic shear instability in the particles/substrate interfacial region plays an important

role in promoting particle/substrate bonding during the cold spray process, which in turn led to a
theoretical prediction of CIV. Asaadi et al., determine through their modeling efforts a very non-
uniform development of strain and temperature at the interface, suggesting that bonding is
confined to a fraction of the interacting surfaces and substantiate their claim by reporting the
relatively low bond strength of the copper coatings [28]. Since CIV is defined by the bonding of
particles to the substrate and particles to particles, the quantification of the cold spray bond is
essential for an accurate prediction but as previously discussed the means of testing the cold spray
bond strength has not been satisfactory to be incorporated into theoretical models. The
measurement of particle bond strength must be determined at the micron scale to be confirmed as
valid data to substantiate theoretical models. Dykhuizen [30], Asaadi [28], Grujicic [29], Bae et
al., [115] and most other researchers all relied on the inferior method of bond strength testing,
incorporating either the European Standard EN 582 “Thermal Spray Determination of Tensile
Adhesive Strength or ASTM C633, “Standard Test Method for Adhesion or Cohesion Strength of
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Thermal Spray Coatings, which relies on the strength of an adhesive, thus limiting values to 85MPa
(~12,000psti).

Gangaraj et al., and Jae-Hwang Lee et al. both employ the single particle impact (SPI) experiment
and are able to actually measure the CIV and generate visual evidence of particle bonding. It was
determined that the actual measured values of CIV differed from the theoretical calculations
because of the discussion points argued in previous sections. Additionally, the surface film(s)
(hydroxides and/oxides) inhibited bonding and therefore higher values of CIV were measured for
the RH95% powder group and the data obtained by UMass can be summarized as follows:

o The exposure to ordinary air (29°C, RH 50%) for 4 days did not make a meaningful change
in the CIV and single particle dynamics.

o The exposure to high-humidity air (29°C, RH 95%) for 4 days caused substantially
deteriorated bonding characteristics.

o The exposure to high-temperature air (300°C) for 4 hours does not produce meaningful
change in the bonding characteristics.

A standard method is needed to determine a meaningful value of critical velocity. Ideally this
method would weigh the particles with velocity closest to the resulting critical velocity highest on
both the bonded and unbonded side of the graph with those furthest from the critical velocity being
weighted lowest. In addition, a means to quantify the bond must dictate what the actual value of
the CIV should be. In other words, the fact that a particle ‘sticks’ to the substrate does not indicate
the strength of that bond and if that bond is weak what practical use is that value of the CIV?

The CIV must be correlated to the bond strength and/or ultimate tensile strength to be of
practical use.

In lieu of this correlation, the HSUP and LSBP data points can be used to determine the average,
and the difference between the HSUP and LSBP can be used to determine the error on the average.
A correlation to strength would be optimal as well as a more rigorous statistical method but if this
approach is taken the results yield the following:

AR =802+ 14.5 m/s
50% =784+ 17 m/s
95% =951 £ 70 m/s
HTB =828 + 1 m/s

The conclusion would be that AR and 50% RH are effectively the same, while the HT-Baseline is
a bit higher, and the 95% is the highest by far.

The MIT Single Particle Impact results also correlated well with the FTIR-DRIFTS data collected
by our collaborators Mala Sharma and Tim Eden at Pennsylvania State University. Their work
demonstrated that the prominent bayerite Al-OH mode seen in the 95% relative humidity powders
essentially disappears when the powders are heated, likely due to water leaving the surface of the
particles and the decomposition of the surface hydroxides.
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There was not a significant difference in critical impact velocity between the as-received particles
and the 50% relative humidity particles. Both had a critical velocity transition in the range of
approximately 800 to 830 m/s. However, there was a significant increase in the critical velocity
observed for the 95% relative humidity powders. The 95% relative humidity powders displayed a
critical velocity between 950 and 1000 m/s. The dramatic increase in critical velocity associated
with the 95% relative humidity exposure suggests that the surface chemistry of these powders,
which likely incorporates more water in the form of a hydroxide, significantly inhibits bonding.

To further examine the results obtained with the 95% relative humidity powders, a second test was
conducted using the same powder after being stored in a desiccator. A small amount of the 95%
relative humidity powders was placed in a vacuum desiccator for three days with the goal of
removing as much water from the surface of the particles as possible. The impact behavior was
tested after drying. The results revealed a decrease in velocity required for adhesion to the substrate
with the desiccated 95% relative humidity powders. This served as further evidence that moisture,
specifically hydroxide surface chemistry, played a significant role in critical velocity.

The data obtained for the 95% relative humidity powder that was desiccated and dried displayed a
critical velocity that was less well defined than the other batches of powders. There was a range of
velocities, roughly between 870 and 1000 meters per second, in which a mixture of both adhesion
and rebound behavior was observed. This may have been the result of non-uniform drying in the
desiccator, as particles at the bottom of the powder vial were less likely to have undergone a change
in surface chemistry than particles directly exposed to the desiccator vacuum environment.

5.2.5 Bulk Cold Spray Samples

Bulk samples of material were produced from each of the six powder groups to determine the
effects of the surface films produced on the feedstock HP-Al powder on the material properties;
including tensile, hardness, and conductivity. The fracture surfaces of the broken tensile specimens
were also examined to determine the crack origin, fracture morphology and to discern any
important features that may relate to the prior powder treatments and the effects of the surface
films.

The conductivity of the block with powder treated under dry conditions showed the highest
conductivity levels, about 59%. This result was not surprising as the aluminum particles were
partially annealed during this treatment, which was performed at 300°C while the typical annealing
temperature for pure aluminum is 343°C. Annealing would increase the ductility of the powder
making it more amenable to the cold spray process and increase its deposit efficiency. In contrast,
the samples exposed to humid conditions showed the lower conductivity measurements with RH-
95% showing the lowest level at 44% which is most likely the direct effect of the amount of
oxide/hydroxides in the cold spray bulk material. The similar value of conductivity for As-
received and RH-50% samples could be due to the wide range of humidity that the RH-50%
samples was exposed to (RH=17-75%).

The micro-hardness measurements had a similar trend to that of conductivity. The set of samples
heat treated under dry conditions show the lowest micro-hardness (47 HV) while those exposed to
humid conditions showed the higher values, with the highest value for RH-95% (55.6 HV).
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Annealed material would exhibit lower hardness and material that contained a higher level of
oxides/hydroxides would have higher hardness. Again, the similar value of micro-hardness
between As-received and RH-50% samples could may be due to the wide range of humidity that
RH-50% samples was exposed to (RH=17-75%).

Metallographic examination and chemical analysis of bulk material produced from powder with a
thicker surface film revealed higher concentrations of oxygen than that produced from powder
having thinner surface layers. The conductivity of aluminum alloys produced by cold spray would
generally be inverse to the strength since strength is increased by interstitial elements and other
contaminants like iron, which lower conductivity. However, in this study the feedstock powder is
high purity aluminum having only trace concentrations of such elements and the only
distinguishing factor should be the concentration of oxygen or hydroxides and the strength of the
bond between powder particles. Conductivity, strength, and ductility are expected to decrease as
the oxygen levels increase, as a result of poor inter-particle bonding from oxides impeding the
metallic bond formation.

The results from tensile testing revealed that the RH-95% specimens exhibited higher strength but
significantly low ductility than the as-received (AR) powder and the heat treated (HT) powders.
This was anticipated because the surface film on the individual powder particles from the RH-95%
samples was considerably thicker and would interfere with inter-particle bonding during the cold
spray process. The bonding mechanism of the cold spray process is analogous to that of explosive
welding, which is another type of solid phase welding process where bonding is also the result of
plastic deformation of the metals to be bonded. Bonding occurs when two surfaces under extreme
pressure are forced together such that the surface oxide layers are disrupted and bonding takes
place between the opposing clean metal surfaces [112]. The high strength values could be
attributed to the significant increase of aluminum hydroxides/oxides dispersed throughout the RH-
95% cold spray samples whereas the bulk material would act like a metal matrix composite and
the oxide particles would contribute to the overall strength of the material.

The HT-Baseline specimens exhibited the highest ductility which is reflective of the extended heat
treatment of these powders and the decomposition of the hydroxides. AR1 and AR2 samples
showed similar mechanical behavior, but AR3 had a higher yield and ultimate tensile strength with
slightly lower ductility.

Fractography was conducted on two sets of tensile samples representing the greatest disparity in
ductility as determined by tensile testing, RH-95% and HT-Baseline. The fractures surface of other
remaining samples were similar with that of the heat treated baseline and as-received, due to their
similar mechanical properties. The heat treated samples experienced fracture in a ductile manner,
as substantiated by the dimpled morphology while the RH-95% samples exhibited brittle fracture.
The samples showed very little evidence of necking. The fracture surface appears flat relative to
the other mini-tensile specimens, which serves as evidence of low plastic deformation and unstable
crack growth. The fracture surface can be characterized as wavy, almost as if the fracture occurred
along bond-lines of successive cold-spray splats. The intact surface of powder particles were also
observed. These results point towards incomplete bonding in the cold-spray deposit.
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Energy Dispersive Spectroscopy (EDS) was used to determine the atomic composition of oxygen
to aluminum metal and provide a basis of comparison between the HT-Baseline and RH-95%
powder samples. There was a significant difference in oxygen concentration between the RH-95%
and HT-Baseline samples which was expected and is consistent with the other analytical data
generated. The RH-95% samples contained a significantly higher oxygen concentration across the
fracture surface.

5.2.6 Single Particle Impact Splats

The results of analyzing numerous cross-sections of individual particles subsequent to impact via
the cold spray process revealed that there was significant particle-to particle variation in the
morphology of the splats. Additionally, the surface morphology associated with the
oxide/hydroxide film was very inconsistent and ‘patches’ were observed on the exterior of these
powder particles, which was commensurate with the data obtained by SEM, TEM, XPS and Raman
spectroscopy. The RH-95% powder contained a higher concentration and a thicker surface layer
that interfered with bonding as evidenced by the delamination between the particle and substrate.

5.3 Summary of Analysis

» This study provided insight and a fundamental understanding of the role of surface
oxide/hydroxide layers on particle deformation and bonding during supersonic impact, and
the subsequent adverse effect on the cold spray critical impact velocity.

» The data generated from this research clearly revealed that HP-Al powders can hydrolyze
at room temperature when exposed to humid conditions and form deleterious hydroxides
that in turn, require higher critical impact velocities to adequately consolidate, during the
cold spray process. The surface hydroxides formed leads to poor interparticle bonding and
subsequently causes inferior material properties of the resultant cold sprayed material.

» It has been well established in published literature that the presence of oxide/hydroxide
surface films of powder particles in powder metallurgy (PM) Al alloys can lead to cracking
of the compacted material during thermomechanical processing.

» Published literature and industry practices report that gas atomized aluminum powders can

have varying degrees of oxide/hydroxide surface films which can increase in thickness as
a result of exposure to humid and/or high temperature conditions.
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6.0 Conclusions

e The HP-AI powder particles exposed to high humidity (RH-95%) formed a hydroxide film
that adversely affected interparticle bonding and had a higher critical impact velocity as
compared to the remaining HP-Al powder particle groups.

¢ Bulk material produced by the cold spray process from powder group (RH-95%) showed
significantly lower ductility but slightly higher ultimate tensile strength most likely the
result of the incorporation of oxide causing the material to behave like a metal matrix
composite, whereas the increase in strength was attributed to the dispersed oxide.

7.0 Recommendations for Future Research

e This study should serve as a basis for the investigation of other aluminum alloy powders
to determine the influence of oxide/hydroxide films on the CIV, such as those used
extensively in the automotive and aerospace industries (Al12024, Al6061, and Al17075).

e A means to investigate the solidification of single micron sized aluminum particles should
be pursued to analyze the formation and growth characteristics of surface oxide/hydroxide
films altering the passivation atmosphere by controlling the amount of dry oxygen and/or
humid air.

e The effects of air and/or humidity exposure to other metallic powders used for the cold
spray process should be explored, as well as ways to mitigate moisture adsorption during
gas atomization, packaging, handling, storage and usage of powders for AM processing.

e Post processing techniques should be developed to reclaim powders that have been
oxidized and/or hydrolyzed in order to make them viable for cold spray.

e The Critical Impact Velocity needs to be redefined because currently it has little practical
use. The CIV refers to the velocity at which particles ‘stick’ to the substrate but the bond
strength is not quantified. The CIV makes no distinction between particles with very poor
bond strength and those with extremely high bond strength.

8.0 Technology Transfer Plan

Powders produced to date have been engineered for traditional powder metallurgy and thermal
spray processes. New Additive Manufacturing (AM) technologies such as Laser Sintering,
Industrial 3D printing and Cold Spray are not always conducive to the use of these standard
powders, in their current form due to a lack of customized process control. The additive
manufacturing industry is, by its very nature, designed to be extremely customizable. As a result,
there is limit to the level of commoditization available to the industry. Instead, the growing $21B
(est. by 2025) market is going to be extremely dependent on customized solutions for small-scale
production with a few industry giants providing material for large scale production [221]. The
powder-based market in particular is poised to see explosive growth, reaching an estimated $1.1B
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market by 2024 [222]. Aluminum based manufacturing in particular is expected to grow 27% in
this time period. McKinsey Co. cites high-performing metal powders as one of the biggest
opportunities in this sector [223].

In order for AM products to be accepted into the marketplace, they need to be produced through
advanced quality control processes, which enable desired performance, in terms of repeatability,
reproducibility, reliability and preciseness [224]. Stringent requirements and high precision parts
are indicative of many applications associated with the aerospace and automotive industries [225].

However, there is a lack of research and development currently available in open literature,
regarding feedstock powders, which are critical for AM processes. There is not a complete
fundamental understanding of these powders and their effects on the bulk properties of AM
materials. The engineering, production, packaging, storage and handling of AM powders is an
open area of research. Quality control is of upmost importance as even slight variations in powder
morphology, size and uniformity can have a significant effect on final properties. Cold spray is
especially sensitive to these variables because it is a solid state process. Segregation of elements
and phase changes, due to differences in cooling rates or heat treatment, as well as, microstructural
features such as phases, grain size, dendrites and precipitates can all have an effect.

The results from this research are being used for the development of specialized packaging of AM
powders that can be economically transitioned into the industrial base. Specifically, the means to
package aluminum cold spray powders that inhibit water adsorption and air infiltration have been
developed as a commercial commodity for the powder industry with companies including Valimet,
CA and Solvus Global, MA. The concept is to introduce powders that are properly conditioned,
classified and packaged in moisture-proof bags filled with an inert gas, that can be subsequently
fed into powder feeders during additive manufacturing (i.e. laser or electron beam) and/or
industrial coating processes (i.e. thermal and cold spray), without exposure to ambient conditions
(Figure 120). Metal containers will be filled with individual bags of powder, along with desiccant
as an added protection during shipment and until final use.

Figure 120. Proposed concept o protect aluminum powder after gas atomization. Bags shown
contain 6061 Al provided by Solvus Global.
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