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Abstract

This project employs multi-instrument materials characterization to analyze material
made with the “Cold Spray” additive manufacturing process. Cold spray is an emerging additive
manufacturing technique with unique benefits resulting from its low temperature adhesion
process induced by plastic deformation. Metallic powder collides at high speeds creating three
dimensional materials and coatings without the need for melting. Copper cold sprayed
specimens were analyzed using a series of imaging techniques to characterize the
microstructure at varying levels of detail and magnification. Scanning electron microscopy and
electron back scattered diffraction were paired with microhardness testing to generate a
correlative comparison between microstructure and physical properties of cold sprayed
material. This research investigates how microhardness changes across the surface of highly
deformed cold sprayed materials and the role inhomogeneous plastic deformation plays in level
of microhardness. Both sprayed and transverse orientations were investigated providing a
better understanding of the anisotropic mechanical properties created by the cold spray
process. Results demonstrated that the cold sprayed microstructure exhibits an increase in
microhardness with increasing levels of grain refinement in the sprayed orientation. This
correlation was less apparent in the transverse orientation which reinforces the documented
evidence that shows as-sprayed cold sprayed materials possess both anisotropic microstructure

and properties.
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Chapter 1: Introduction

The applications for copper metal and its numerous derivatives remain prevalent in
engineering and science. The structure, processing, and property relationship is a fundamental
aspect of materials science, and the cold-gas dynamic spray process is a unique and modern
deposition technique that independently captures all three elements of this relationship. Cold
gas dynamic spray or Cold Spray (CS) possesses attractive characteristics surrounding cold
worked metal through its adhesion process and subsequent micro and nanostructure. CS
involves the acceleration of micron sized metallic particles onto a substrate causing sub-melting
temperature, mechanical and metallurgic bonding through severe plastic deformation (SPD) [1]-
[4]. Bonding multiple layers of feedstock produces a bulk compact that can be used for a variety
of different applications. Invented in the 1980’s by scientists at the Institute of Theoretical and
Applied Mechanics in Novosibirsk, Russia, CS is now emerging as a practical additive
manufacturing technique. Once thought only useful for component repair and surface coatings,
CS can now produce viable 3-dimensional structures [5]-[9]. This new development has
produced its own subcategory of CS called “Cold Spray Additive Manufacturing” (CSAM) [10]-
[12]. Several commercial enterprises are manufacturing CSAM equipment and two notable
players in the industry are Titomic and SPEE3D [13]. Both producers have created fully
automated systems that produce engineering grade components and parts. Overall, the
interest in CS research and application has increased rapidly since its inception and Figure 1

demonstrates this surge with CS publications graphed from 1998 to 2021 [14].
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Figure 1 Cold Spray Publications and Citations by year from 1998 to 2021. [14]

The microstructure produced by the CS process possesses potentially useful
characteristics and mechanical properties which are not yet fundamentally understood. CS
materials contain an inhomogeneous microstructure with regions exhibiting both high and low
levels of plastic deformation. These high plastic deformation regions contain grain size on the
order of nanometers and are contrasted by grains often extending several microns in length.
This inhomogeneous microstructure limits the capabilities of using noninvasive techniques such
as microhardness testing to verify large scale mechanical properties, hindering the industrial
capabilities of CS. Additionally, CS material contains high levels of residual cold work,
dynamically crystallized grains, porosity, areas of lack of adhesion, and a variety of other
prohibitive characteristics including the possibility of an inverse Hall Petch Response. The Hall

Petch relationship shows that as grain size decreases yield strength increases. The inverse
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occurs when grain reduction reaches a critical size, which further demonstrates the difficulty of

characterizing CS material.

The study looks to extend previous works done investigating the inhomogeneity of CS
materials using microhardness testing and Copper CS compacts. Copper is an abundant, face
centered cubic (FCC), and highly ductile metal, with well characterized structure, processing,
and properties relationships. FCC materials contain slip systems that lie along close-packed
planes of atoms [15]. These close-packed planes transmit resolved shear stresses more easily
causing slip with less required force, lending to its formability. Ductility has a strong impact on
adhesion and copper particles impacting a copper substrate presents an optimal case for study
[15]. With its well understood properties, copper can be used to aid in the extrapolation of CS

properties to other metals.

The experimentation process used a combination of Vickers microhardness tests,
Scanning Probe Microscopy (SPM), and Scanning Electron Microscopy (SEM) with Electron
Backscattered Diffraction (EBSD). The combination of these techniques allowed for correlation
between properties and microstructure using images collected before and after microhardness
indentation. It was hypothesized that regions exhibiting a larger fraction of high deformation
within the size of the microhardness indent would result in higher levels of microhardness. The
CS samples and copper control material used for experimenting were provided by the Penn
State Applied Research Laboratory and all testing and characterization was executed at the

University of North Florida’s (UNF) Materials Science and Research Facility (MSERF).
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Chapter 2: Literature Review

2.0 Introduction to Cold Spray

The CS process uses pressurized gas, metallic powder feedstock, and a nozzle (De-Laval)
to impact particles onto a substrate [2], [16]-[21]. The working gas, usually consisting of nitrogen,
helium, or air enters the system at high pressure and is heated [15]. Increasing the temperature
reduces gas viscosity and drag, and thermally softens the metallic feedstock [15]. Particles
ranging from 5-45um in diameter enter the gas and become entrained forming a gas-solid
mixture. The entrained mixture enters the converging stage of the nozzle, and the mixture is
compressed, increasing its pressure and temperature. Kinetic energy is developed during the
expansion phase occurring in the diverging section of the nozzle [17]. The reduction in
temperature during expansion causes particles to reach the substrate well below their melting
temperature. The particles collide at supersonic speed causing severe plastic deformation (SPD)
and consolidation of feedstock material upon impact [15], [16], [20]. During impact the
interparticle regions eject material around the periphery of particles called “jetting” [15]. Jetting
directly affects interparticle bonding and materials used for CS must be sufficiently ductile to
achieve jetting and make good cohesion. Multiple impacts create a dense coating that can
rapidly generate a bulk compact. A diagram for a high-pressure CS system is shown in Figure 2

with major components labeled.
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Figure 2 Cold Spray process flow diagram. [20]

The name “cold” spray stems from the process occurring well below the melting
temperature of the material, yet the metallic particles become permanently bonded through a
mixture of mechanical and metallurgical mechanisms [16], [21]. Several benefits are exploited by
this sub-melting temperature process. By avoiding high temperatures, undesirable problems
such as oxidation and brittleness can be avoided [15], [22]. Furthermore, low temperature
adhesion allows for porosities of less than 1% to be achieved in sprayed material due to the lack
of cooling of liquid metal, which creates pores from the absorption of gasses. [16], [18]. Figure 3
illustrates the entire process further with a series of magnifying graphics that capture each

phase of the technique [23].
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Figure 3 Descending images capturing several phases of the CS process; (a.) A vertically oriented CS system
showing each component as well as the substrate. (b.) lllustrates particle deposition with size, velocity, and
rebounding particles. (c.) Shows the microstructure including grains and pores (i-iii). (d.) Magnification down to
individual dislocations within the microstructure. (e.) Scale bar for comparison from macro to nanoscopic
features. [23]

There are some inherent limitations associated with the CS process. Brittle materials

such as glass and ceramics are not viable feedstock choices as they do not exhibit sufficient
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ductility to achieve SPD. Additionally, bulk properties of large CS structures don’t often retain
the same mechanical properties post spray, and high variability of these properties leads to low
reliability. Issues associated with extreme strain hardening and low ductility make as-sprayed
components poorly suited for structural applications [15]. Cost competitive and high efficiency
deposition necessary for industry requires optimized material-dependent process parameters,
which are ultimately yet to be determined due to the infancy of the technique. Overall,
addressing the limitations, uncovering the fundamental mechanisms involved, and optimizing

parameters will continue to increase the industrial viability of CS.

2.1 Applications of Cold Spray

Despite the limitations, 3-dimentional structures can still be developed through CS,
often called CSAM. For many years, the Army Research Laboratory (ARL) has been exploring the
benefits of CSAM technology for Aerospace applications [6]. Aerospace component repair and
restoration is of particular interest due to high loads and wear associated with aircraft, coupled
with unique materials, and complicated geometry [6], [24]. Furthermore, magnesium — often
used in aerospace components — also suffers from galvanic corrosion and surface weakness [25].
CS deposition using commercially pure aluminum feedstock offers a potential restoration
method for magnesium parts, by leveraging corrosion resistant alloys generated from the
combination of aluminum and magnesium [25]. Mechanical tests conducted on parts repaired

with CSAM aluminum have demonstrated adhesion strengths necessary to certify parts for
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flight [11]. Figure 4 shows a CS restoration process of a GE TE700 front frame housing from the

as-received condition to final anodization [6].

A variety of other applications have been developed since the inception of the CS
process. Corrosion resistant coatings are promising applications for manufacturing or repair
requiring adhesion of dissimilar metals. Moreover, low temperature adhesion and minimal
oxidation provide excellent adhesion conditions between dissimilar metals [26]. Biomedical
applications are also promising, and CS copper coatings can produce anti-bacterial surfaces [12],
[27]. Researchers at McGill University reported 99.9% deactivation of COVID-19 virus in 30
minutes on metallic surfaces coated with copper CS [6]. The deposition process associated with
CS also proves superior compared to other spray deposition processes and their ability to
eliminate pathogens [28]. Champagne et al. compared Plasma, Wire Arc, and CS deposition
techniques using copper coated aluminum substrates. MRSA was inoculated onto the surfaces
and survivability was calculated after 2 hours. Results demonstrated a 5-order magnitude
efficacy in favor of CS deposition [29]. Joint replacements using titanium feedstock are another
possibility for CS applications. CS structures provide ideal cell growth conditions increasing

biocompatibility and implant stability [6].
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Figure 4 GE T700 front frame housing showing cold spray restoration process. [6]

2.2 Cold Spray Process Parameters

There are variety different process parameters for CS, including carrier gas, gas
temperature, particle size, nozzle standoff distance, and particle morphology. All these
properties, however, affect particle velocity which is a critical parameter for determining

interparticle bonding [1], [16], [30]. Many of these CS process parameters can be manipulated at
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the De-Laval Nozzle [15]. The De-Laval Nozzle is a converging-diverging nozzle that compresses a
heated acceleration gas which rapidly expands and drives the mixture of gas and feedstock
particles towards a substrate [31]. The shape and dimensions of the nozzle play a significant role
in determining the impact speed of the particles as well [31], [32]. In most cases, manipulating
process parameters has a direct effect on many outcomes such as adhesion probability,
porosity, bulk density, tensile strength, hardness, and deposition efficiency [2], [5], [10], [16], [17],
[20], [33]. Additional process parameters include the material used for the process powder and

the substrate, as well as particle and substrate preheat temperature.

2.2.1 Critical Velocity

A threshold value called the “Critical Velocity” (CV) is the primary parameter used to
predict interparticle bonding and adhesion. [1], [15], [21], [32], [34]. CV is the speed at which a
given particle must reach at impact to illicit adhesion. CV is also material dependent, with
harder materials requiring more kinetic energy to successfully adhere or bond [15], [35]. Figure 5
shows a comparison between different metals of 25 um sized particles and their CV’s. The

uncertainty is plotted in black near the upper end of the range [36].
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Figure 5 Empirically determined critical velocities to illicit adhesion for several common metals using 25 pm
sized particles. Dark gray region is range of uncertainty. [36]

CVis best determined through experimentation and Assadi et al. outlines the process
for empirically determining the CV for copper feedstock in a study that specifically investigates
adhesion parameters of the CS process [20]. Particles of different sizes were accelerated using
both helium and nitrogen gas heated to 320°C. Critical velocities were determined using laser
doppler anemometry in conjunction with computational fluid dynamics (CFD). The CV was
determined from identification of the largest, and subsequently slowest particle that
successfully bonded with the substrate. This velocity value is the lowest possible value to
produce adhesion, and therefore the CV. Results show two distinct critical velocities for two
particle size ranges. A value of 570 m/s was obtained for 99.8% Cu particles ranging from 5

microns to 22 microns, and 670 m/s for 99.93% Cu particles below 45 microns [20]. The data
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clearly demonstrates that larger particles require a greater velocity to successfully bond.
Despite particles reaching this CV, adhesion may not occur for several reasons and an efficiency
metric becomes useful for documenting working process parameters. Deposition Efficiency (DE)
represents the fraction of the particles sprayed initially to the mass of powder that makes up
the resulting bulk structure. DE can be calculated by dividing the change in weight of the
feedstock by the final weight of the sprayed compact. This ratio can also be correlated to
process parameters including velocity, powder feed rate, substrate area, and number of passes
[15]. Figure 6 demonstrates correlation between mean particle velocity and DE with

comparative results from model and experimental data [37].
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Figure 6 Deposition efficiency as a function of mean particle velocity (Copper Feedstock) showing a comparison
between model and experimental results. [37]
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The relationship between the material used for the substrate compared the powder
affects the necessary CV as well. Figure 7 compares four substrate-feedstock combinations and
their adhesion outcomes with soft feedstock paired with a soft substrate producing the best
scenario for adhesion [16]. This bonding case is optimal due to particles needing sufficient
plasticity for deformation as well as the substrate maintaining enough ductility to allow for

penetration [16], [35].

Hard Feedstock Soft Feedstock Hard Feedstock Soft Feedstock
[ Soft Substrate Soft Substrate ‘ Hard Substrate Hard Substrate

@

Figure 7 Diagram comparing adhesion conditions of CS showing that hardness of feedstock in relation to the
hardness of the substrate affects adhesion. Soft feedstock and a soft substrate produce the best scenario. [16]

2.2.2 Process Gas

The process gas used for CS affects velocity which directly affects particle adhesion.
Helium, nitrogen, and air are the three main process gasses used in CS with helium providing
the highest DE [15]. Helium possesses the lowest molecular weight and therefore the greatest

carrier velocity lending to its higher DE [15], [16]. Nitrogen is more commonly used due to cost
29



constraints associated with helium which limit its potential for industrial application [16].
However, ARL has developed a helium recovery system capable of 80% retention, helping to
mitigate this cost barrier in industry [35]. Air, despite being the most readily available, is the
least used acceleration gas due to increased oxidation risk of feedstock during heating and

feedstock-gas entrainment.

Due to the cost associated with helium, there are benefits to optimizing process
parameters while using nitrogen. Nitrogen is reported to be capable of similar DE when
compared to helium through parameter optimization. For example, Wong et al. reports a higher
DE with nitrogen was possible if a much higher inlet temperature was used [38]. However, a
heating threshold exists where particles become prone to oxidation as well as nitridation [38].
Moreover, excessive inlet heating is also known to clog the nozzle when using low melting

temperature metals.

2.2.3 Temperature

An additional process parameter that can be manipulated and optimized for CS is
temperature. The temperature of both the process gas and feedstock particles prior to gas
entrainment affect deposition. Increasing the temperature of the process gas significantly
influences particle velocity, therefore impacting DE [32]. Empirical evidence from the literature

shows that increasing gas temperature increases particle velocity [15], [16], [35], [38], [39]. An
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example from Yin et al. shows that increased gas temperatures resulted in a greater
acceleration of particles for both experimental and numerical simulations [39]. Particle heating
in addition to increasing process gas temperature also reduced the necessary CV to illicit
adhesion. Through thermomechanical softening, the feedstock material can deform more
easily, promoting larger jet formation which increases the contact surface area after impact,
thus improving DE overall [40], [41]. Figure 8 demonstrates an increase in coating thickness or

DE, with higher pre-heat temperature.

(c) (d)

Figure 8 Optical images of coating thickness of copper cold sprayed compacts compared to pre-heat
temperature. Demonstrates that an increase in temperature increased coating thickness and deposition
efficiency. (a.) 25°C. (b.) 100°C. (C.) 200°C. (d.) 300°C. [41]

31



2.2.4 Process Powder

Metallic powder can be synthesized or generated through various means for the CS
process. One of the more conventional methods for developing powder is through gas
atomization (GA) and sieve collection [42]. The process produces particles with more round
morphology and lower levels of impurities compared to other methods such milling [15]. A

schematic for a GA system is shown in Figure 9 [43]

o

9

e ™
Melt 7 \

/
/ Melt
N powder

Argon I;H / ‘ N\

1 #::::__e;-':t?_—_-.___‘_
\ = -\ﬁ"‘“'-“‘-:-h J /
Ny P d
= AP
‘H"'::' -'_.-"-’-J
\ 7

Figure 9 Gas Atomization system for metallic powder preparation. [43]



GA uses an inert gas that is injected into molten metal which separates the metal into individual
droplets [15], [28]. An immediate increase in surface area allows for rapid cooling and particles

fall into an atomization tower below while the sieve separates particles by size.

Particle morphology also affects DE. There are two distinct particle types that result
from powder processing, spherical and aspherical shaped [28], [44]. Spherical particles assume
less drag during flight and are preferred for their penetration capabilities into the substrate [15],
[16], [44]. Spherical particles produce deep penetration, widespread jet formation, and
homogenous adhesion, whereas aspherical particles do not penetrate sufficiently and must
adhere by adapting to the surface topology of the substrate [16]. Particle size also influences
deposition with smaller particles requiring a lower CV [16]. However, smaller particles are more
subject to bow shockwaves. Large particles on the other hand better retain heat which is critical
for plasticity and adhesion suggesting an optimal size lies somewhere in between [16], [28].
Figure 10 shows copper powder morphology produced by gas atomization for particles ranging

from 15 to 38 um in size.
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Figure 10 Electron Microscope image showing copper feedstock morphology for 15 - 38 um size particles
produced by gas atomization. Arrows indicate spherical and aspherical shaped powder particles. [2]

2.3 Interparticle Bonding

Investigation into the complex bonding process requires studying how singular particles
interact through molecular dynamics. These studies outline individual particle bonding using
computer simulations to analyze atomic and molecular movement. The system in question is
given a set of parameters and particle interaction occurs over a small finite time window to

allow for numerical computation [45]. Analysis of individual particle bonding for the CS process
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is possible due to several factors including the geometric simplicity of spherical particles and
the assumption of an adiabatic process [46]. Results can be extrapolated to provide an
understanding of the particle-substrate adhesion phase as well as insight into the entire
bonding process. Rahmati et al. presents a molecular dynamics study for copper particles
ranging from 5um to 45um in diameter with an initial particle velocity of 1000 m/s [46]. The gas
and substrate were heated to 300K providing thermal softening and decreased gas viscosity.
Results demonstrate that three distinct phases emerge during adhesion and can be
characterized by well-defined patterns of dislocations. Stage one starts within a few
picoseconds of contact with the substrate where nucleation and glide dislocations initiate
dislocation plasticity [46]. Following nucleation, phase two shows a characteristic dislocation
forest formed in the lower half of the particle while the upper half remains uniform (Figure 11).

Furthermore, work hardening begins to occur in the lower half of the particle at this stage.
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Figure 11 lllustration of dislocation cloud forming in CS particle 10 ps after impact with uniform upper half. [46]

Near the 15-picosecond mark, jetting zones form at the periphery of the particle where high
forces cause severe levels of plastic deformation. Figure 12 illustrates these jetting zones which
cannot be represented by a typical deformation scheme. A radial distribution function was
applied to analyze these zones demonstrating a completely amorphous structure void of
crystallinity. Moreover, these zones exhibit plastic flow in a quasi-liquid state and drive particle
adhesion with local temperatures reaching as high as 1000K [46]. The last phase of particle

adhesion is defined by a flattened particle with a total dislocation density of 10’m [46].
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Figure 12 lllustration of CS particle after contact with substrate showing jetting zones occurring at the perimeter
of the particle-substrate interface. [46]

While single particle interaction is useful for study, resultant properties of CS material
do not always pair with their wrought counterparts. For example, Sundberg et al. discusses that
single CS particle static nano hardness differed by 17% when comparted to a conventional CS
coating — 191HVN vs 165HV — for single particle and bulk coating respectively [19]. Correlating
this value to yield strength using Cahoon’s relationship would yield erroneous information for a
bulk structure. Although Rahmati et al. clearly outlines the stages of the bonding process for a
single particle, an all-encompassing bonding theory has not yet been established for multi-
particle bonding. It is however, widely accepted that Adiabatic Shear Instability (ASl) is the
primary theory for CS bonding [2], [15], [16], [19], [20], [35]. According to the ASI theory, no heat is
expelled during bonding except in the localized region near the particles-substrate interface

and thus adiabatic. Second, initial particle impact disrupts oxidized layers enhancing surface
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area contact [15]. Third, jet formation and induced plastic flow from thermal softening and high
strain also increase interfacial contact in the peripheral region of the particle and promotes
metallurgical bonding. Lastly, the initial impact forces and high pressure induced by supersonic
particle collision also influences cohesion as some level of penetration is required. [47]. Overall,
the bonding mechanism depends on several factors such as shear instability, jet formation, and
impact velocity, and the literature indicates there is no conclusive theory to explain the bonding

mechanism completely [16], [48].

2.4 Cold Rolling and The Relationship to Cold Spray

Cold rolling (CR) is a mechanical deformation process used to strengthen and
manipulate properties of raw metal by way of strain hardening through repeated flattening
using a series of large cylindrical rollers [49]. It can be used to produce materials with accurate
dimensional tolerances and quality surface finish. A schematic of a CR process is shown in
Figure 13 [50]. Figure 13 also shows a diagram of the structure produced by CR with
microstructural representations for the rolling and transverse directions. Along the transverse
direction elongated and lamellar structures can be seen which are common in materials
subjected to monotonic deformation like rolling. The normal direction contacts the rollers, and

the rolling direction follows the motion of the work piece [51].
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Figure 13 Schematic of a Cold Rolling mill. /50]

Properties from cold work are dependent on the percentage of deformation induced
through strain hardening and can be represented by a ratio of initial and final cross-sectional
area. CR specifically, uses a percent reduction in thickness to define percent cold work [49].
Percent cold work is intrinsically linked to yield and tensile strength, both increasing as
deformation increases. However, ductility reduces in the process eventually resulting in brittle
behavior providing an inherent material based cold work limit [49]. The strain hardening
exponent “n” governs a material’s response to cold work and is logarithmically proportional to
the true stress and true strain. A larger n value indicates a greater degree of strain hardening is
possible. During tensile testing, necking will occur when the n value is approximately equal to
the true strain [49]. Table 1 shows a comparison of typical metals and their respective strain

hardening exponent [49]. Copper notably possesses the highest capability of strain hardening

offering an excellent representation for the extreme levels of cold work induced by high
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reduction rolling and the CS process. High reduction rolling produces a similar level of
microhardness as CS and the greater the percentage reduction the higher the microhardness.
CS specimens can exhibit microhardness equivalent to 90% reduction rolling depending on
process parameters and material. Literature and empirical evidence surrounding CR are useful
comparative tools for the CS process as they both produce similar levels of deformation.
Moreover, CR is a well characterized system and provides the foundational understanding for

the Hall Petch relationship.

Table 1 Comparison of typical metals and their respective strain hardening exponent. [49]

Metal Crystal Structure n

Titanium HCP 0.05
Annealed alloy steel BCC 0.15
Quenched and tempered BCC 0.10

medium-carbon steel

Molybdenum BCC 013
Copper FCC 0.64
Cu=30% Zn ECC 0.50
Austenitic stainless steal FCC 0.52

2.5 Microstructure of Cold Spray

The microstructure produced by CS contains both microscopic and nanoscopic grains
resulting from SPD and flow-like behavior in jetting zones near interparticle boundaries [22].
These boundary regions show SPD and high dislocation density due to large impact forces and

thermal softening during jetting [2]. Moreover, work hardening, and grain refinement also occur
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in these regions leading to higher levels of microhardness [2]. The overall microstructure
features a heterogenous grain distribution characterized by these distinct particle-particle
impingement zones and large grain size regimes stemming from center particle flattening called
“pancaking” [4], [35]. A third zone emerges as a combination of the two which exhibits a size
above the ultra-fine grain (UFG) threshold but below any meaningful representation of a large
intraparticle grain. Thus, showing the difficulty associated with characterizing the

microstructure.

Low Deformation
Region

High Deformation
Region

Figure 14 Characteristic deformation regimes resulting from cold sprayed copper. Arrows indicate high
deformation and low deformation regions (BSE).

41



Figure 14 shows a copper CS specimen microstructure. Highlighted are the High
Deformation Regions (HDR) and Low Deformation Regions (LDR) 35]. It can be clearly seen that
the most deformation occurs near the edges of the particles where strong impact forces create
jetting, and limited deformation occurs in the regions further from these jetting zones. For
microstructural characterization, CS imaging is typically separated into two orientations,
transverse, and spray direction. The transverse orientation represents planes whose viewing
direction is orthogonal to the spray direction, and the spray orientation follows the line of sight
of the impacting particles. When observed in the transverse direction the microstructure tends
to exhibit elongated and flatted grains (Figure 15b & 15c), while the spray direction lends itself
to equiaxed grains (Figure 15a). However, Yin et al. reports annealing treatment erodes the

stark contrast between these independent configurations as illustrated by Figure 15 d-e [2]

Figure 15 Micrographs of Copper CS deposits following bidirectional spray patters. Top row (a,b,c), As-Sprayed
CS deposits a: Spray Direction, b&c Transverse Direction. Bottom Row (d,e,f), Annealed CS Deposits d: Spray
direction, e&f: Transverse Direction. [2]
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2.5.1 Hall-Petch Relationship to Cold Spray

The nanoscale microstructure produced by the CS process also brings into question the
Hall-Petch relationship. It is known that nanostructured materials in general have higher yield
strengths compared to coarse grained metals, and higher strength often results in
consequentially reduced ductility [52]. The Hall-Petch relationship shows that as grain size
becomes smaller in polycrystalline metals the yield strength increases by way of dislocation
inhibition [53]. The Hall Petch relationship obeys the following equation (2.1), where agy is the

yield strength, d is the average grain diameter, and g, and K are material constants.

o, = 0, + Kd™*/? (2.1)

Strength increases in copper of over 400% have been achieved when reducing grain size
to 20 nm [52]. However, there is a threshold in which the effect no longer follows the trend. At
grain sizes below 20 nm metals can exhibit an inverse Hall-Petch response, softening and losing
strength. This softening occurs due to deformation modes reducing to only grain boundary
rotation, sliding or creep. Mode reduction is caused by grains no longer responding to internal
deformation at such reduced size. CS microstructure, often possessing grains both well below
and above this threshold, offers an interesting case for study. Exploring beneficial properties
from both ends of the spectrum would increase the application options for CS products and
research into manipulation of parameters such that ductility and strength may be optimized

near this Hall-Petch threshold would prove valuable [52].

43



2.6 Mechanical Property Evaluation

The resultant properties of CS materials stem from the adhesion mechanism, and highly
work hardened microstructure. Macroscopic properties such as yield strength determine the
viability of CS deposits in coatings, repair, and bulk part production [5], [15]. For bulk structures
produced by CS, as sprayed components typically exhibit lower yield strength when compared
to their wrought counterpart with consequentially higher hardness [54], [55]. Pores, and
inconsistent bonding create defects leading to undesirable as-sprayed properties overall.
Annealing has been shown to restore ductility, reduce hardness and relieve residual stresses
[15], [54]. In some cases, annealing can drive precipitation of strengthening phases increasing the
ultimate tensile strength (UTS) of the material [15]. Microhardness testing is a valuable
characterization technique that can provide bulk property information where direct
measurement is not possible. Microhardness also allows for relatively noninvasive mechanical
property evaluation and is useful for verifying production parts. UTS can be determined through
Cahoon’s equation (2.2) which relates microhardness (H) and strain hardening coefficient (n), to

tensile strength (TS), [56].

TS = (2H_9) ( 0.:17 )n (2.2)

A Vickers Microhardness test uses a pyramid shaped diamond indenter a to deform the
surface of a material [57]. The indenter is typically held for a period of 10 to 15 seconds with a

standard force value ranging from 1-120kgf. The length of the diagonals depends on the
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indenting force and the strain hardening exponent [57]. An average microhardness is
determined by sampling several areas throughout a test coupon and measuring the indent size
with a microscope [58]. CS deposits present challenges to the underlying assumption of
microhardness due to wide inhomogeneity between grain size on a scale smaller than the size
of a typical indent. The visible inhomogeneity of CS microstructure correlates to the distribution
of microhardness levels often reported [2], [35]. Regions near the particle edge experience SPD
and therefore on average have higher microhardness due to increased dislocation density,
strain hardening, and decreased grain size [2]. Conversely, lower deformation zones with larger

grains typically result in lower hardness.

Differentiating these different deformation regimes is of interest as sampling is often
limited by the size of the indenter and an aggregate of more than one region is captured [59].
Figure 16 illustrates this complication showing several nano-scaled grains captured in one

Vickers indentation mark on a CS 6061 Aluminum sample.
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Figure 16 Micrograph of Vickers microhardness indent on CS Aluminum material showing multiple nano-scaled
grains captured within indent region.

2.7 Microscopy and Microstructural Characterization

A possible method of investigating these aggregate regions in CS material is using EBSD.
EBSD is a technique used to gather detailed information about grain size and orientation in a
material. First, a sample is mounted at a 70° tilt from the microscope stage and the EBSD
detector is inserted close to the specimen. The tilt improves the signal to noise ratio resulting
better pattern contrast and faster scan time. A material is then selected from a data base with

stored pattern information. The beam scans point by point across the surface of the sample and
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Kikuchi band diffraction patterns are indexed from coherently scattered electrons [60]. The
intensity and width of the Kikuchi bands are related to the interplanar atomic spacing, and the
bands correlate to families of crystallographic planes. The diffracted electrons containing valid
information are limited to only few nanometers deep lending to the high-quality surface finish
required for EBSD. The resolution of EBSD is dictated by the step size of the point scanning and
various sizes can be chosen, with smaller size resulting in more detailed images but a longer
scan time. EBSD pole figure maps can be created from these stored diffraction patterns and a
legend shows the orientation of each crystal captured on the image. EBSD scans could be
conducted prior to indentation and used to more accurately correlate grain refinement and
orientation to microhardness. An EBSD schematic is shown in Figure 17 with major components

labeled.
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Figure 17 Electron Back Scattered Diffraction schematic with major components labeled. [60]
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2.8 Scanning Probe Microscopy

An additional method for investigating these aggregate regimes is SPM Mapping. An
SPM leverages Van der Waals interactions between a sharp probe (<10 nm) located on the end
of a cantilever and the surface of a sample. The cantilever deflects during operation and reflects
a laser into a series of photodiodes [61]. These diodes measure the striking position of the laser
and calculate the force on the probe tip. Information about the samples surface is generated
using an internal feedback loop. A schematic for an SPM is shown in Figure 18 with the
important features of the instrument labeled. There are several different modes a SPM can use
to determine various information about a specimen. SPM “Tapping” is a dynamic mode where
the probe is excited near a fixed resonant frequency and yields detailed sample topography [61].
The amplitude in which the tip oscillates provides feedback to the system which generates the
image. The main advantage for tapping is that it avoids damaging the sample surface and
outputs high resolution images [62]. A second feature of the instrument is a “Contact Mode”
where the probe contacts the surface of the sample, generates an image and an additional 3D
nano-mechanical analysis can be conducted following image collection. Physical properties can
be measured by generating a force curve at various points on the sample which produces a map
of the surface. The map illustrates regions of the sample that are harder or softer with respect
to one another denoted by the level of shading in each pixel. Figure 19 is an example 3D nano
map taken on a Shimadzu SPM 9700HT. Mapping the region prior to indentation may provide

insight into these mixed deformation areas [63].
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Figure 18 Atomic Force Microscope schematic with major components labeled. [62]
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Figure 19 Force curve and nano 3D map of copper surface taken on Shimadzu 9700HT SPM.
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Chapter 3: Experimental Methods

3.0 Methodology and Experimental Process

The goal for the experiment was to characterize and indent the microstructure of the
copper material using four separate imaging methods that could each be interpreted separately
and then correlated. The overall experimentation process is illustrated in the flow diagram
shown in Figure 20. Each section of the diagram is coded with a specific color that corresponds
to an additional diagram depicting a subsequent process. The effort was divided into two main

categories, imaging, and property assessment.

Flow Chart of Experimental Procedure
Cut As-received Mount in Epoxy Polish &
Material Resin Section
Pre-Indentation
Imaging Using
Fiduciary Marks
@ =) "
High . Low
Magnification SERINeT e Magnification
Images Images
R I
| s R
Slr:igu ar 3x3 Arrays of 4x3 Arrays of
ngents Indents Indents
\ g Y :
|
e
Post Analyze
Microscopic Data/Images
Imaging

Figure 20 Flow chart of experimental process. Each section is color coded to indicate a separate procedure with a
subsequent methodological flow chart.
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The first data set began with collecting SEM images at high magnification in BSE/SE
modes. Data set two reduced magnification to allow for more indents in a single image but
used EBSD scanning for better analysis. Data set three used BSE and SE imaging as well, but at
further reduced magnification to create a larger data set. The last method used was SPM
imaging to gather topographical information and nanomechanical maps of the sample surface.
The SPM procedure, which is colored in light blue on the flow diagram in Figure 19 was
conducted separately from the image-indent process. This procedure can be referenced in

section 3.5. Figure 21 show the process of indent and image collection.

Figure 21 lllustrates the process of image and hardness data acquisition. (1.) Individual indents using high
maghnification pre-indent images for analysis. (2.) 9 indents using pre-indent EBSD inverse pole figures. (3.) 12
indents using low magnification pre-indent images.
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The purpose for the order of the image collection process was to start with the most
time consuming, but accurate characterization method, then trade image fidelity for reduced
acquisition time and data set size. The first data set started with 10 indents characterized at
high magnification for each sample. Data set two then characterized a 3x3 array of
microhardness indents using EBSD. The third data set used a larger 4x3 array totaling 12
indents, but with lower magnification SE and BSE micrographs. The information gained from the
high magnification images was used to extract information for each subsequent process. This
process allowed for both accurate microstructural characterization at each level of
magnification, as well as enough data to be collected to draw any statistical significance.
Furthermore, this method was developed to consider acquisition efficiency, since characterizing
each indent with high magnification and EBSD would certainly be preferable, but the time
necessary to do so would have been unreasonable. Table 2 lists each sample type, the number

of indents, its corresponding imaging technique, and total indents per sample.

Table 2 Image and Indent collection table.

Sample Type High Mag Images | EBSD Images | Low Mag Images | Total
Cold Spray-Spray 10 Indents 4x3 Array 3x3 Array 31
Cold Spray-Transverse | 10 Indents 4x3 Array 3x3 Array 31
Pressed Powder 10 Indents N/A N/A 10
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3.0.1 Materials

The materials used for this study were manufactured by Penn State Applied Research
Laboratory and provided to the University of North Florida. There were two sample categories
for used for comparison; a CS compact generated for the experimental group, and a pressed
powder specimen created for the control group. Both specimens were made using the same
spherical copper powder which averaged 13.2 um in diameter. The purpose for these groups
was to compare the inhomogeneous and highly work hardened CS microstructure to an
annealed material with homogeneous microstructure and uniform mechanical properties. The
pressed powder material was generated by hot isostatic press and a 52x52x13 mm plate was
created. The CS specimens were created using Helium as the process gas at temperature of
90°C and a pressure of 2.1 MPa. Additionally, a powder feed rate of 8 g/min and a velocity of
731 m/s was used, creating CS compacts measuring 25 mm thick. Figure 22 (a.) shows both the
spray and pressed powder sample in the as-received condition with scale bars for size

reference.
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3.1 Metallographic Specimen Preparation

The steps of the sample preparation process are shown in the flow chart in Figure 22.

As — Received 1. Section on 2. Mount in
Material Metallurgical Epoxy and
Saw Polish
Spray .

Direction

Isotropic

Transverse
Direction

As-Sprayed Hot Isostatic
Material Pressed Powder

3. Section and
Mount on SEM
Stub Then lon mill

Figure 22 Flow chart showing (a.) as-received material, and (1-3) Metallographic preparation process.

Each sample was sectioned and mounted in a two-part thermoplastic epoxy resin and
cured overnight in a vacuum chamber. Mechanical polishing was performed using an Allied
High-Tech MetPrep Ill automatic polisher and silicon carbide grinding paper. Table 3 lists the
detailed steps including force, time, and grit used during the grinding procedure. Following
mechanical polishing, each specimen was cut down to fit on 12.7mm SEM stubs necessary for

ion milling and SPM analysis. A Leica lon mill was used as the final polishing step. Copper’s
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ductility required the use of ion milling to ensure enough damage from mechanical polishing

was removed to achieve a surface finish capable of EBSD and SPM data collection. Each sample

was milled for 1.5 hours at 7Kv, 2.2A, a 3-degree tilt, and a 360° rotation. An example of a final

polished and mounted specimen is shown in Figure 23.

Table 3 Mechanical polishing procedure for copper specimens used in the experiment.

Step (Grit Size) Lubricant Time / Force (N) Polishing Solution
400 Grit Water 2 min/ 4 None

600 Grit Water 2 min/ 4 None

800 Grit Water 2 min/ 4 None

1200 Grit Water 2 min/ 4 None

3um Allied Red Lube 4 min/ 8 Diamond Suspension
1um Allied Red Lube 4 min/ 4 Diamond Suspension

Figure 23 Example of specimen on 12.7 mm SEM stub post ion mill = (Cold spray transverse direction sample

shown).
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3.2 Scanning Electron Microscopy and Electron Back Scattered

Diffraction Image Collection

Micrographs and EBSD were collected to first characterize the copper microstructure. A
Tescan MIRA 3 field emission SEM and Tescan Amber SEM, each equipped with an Oxford EBSD
detector were used for collection. A SEM uses a focused beam of electrons scanned over the
surface of a material and a computer analyzes the signal produced by these interactions to
generate an image. An SEM can be outfitted with several different detectors. Since electrons
interact with samples at various depths and energy levels, characteristic scattering can be
filtered to produce specific images. A Secondary Electron (SE) detector or “Everhart Thornley”
detector is an imaging mode for SEMs and leverages surface interactions with the sample. The
SE mode produces detailed topographical images of a material surface. A Backscattered
Electron (BSE) detector makes use of high-elastic scattering where electrons return directly
towards the incident beam. BSE images contain information based on relative planar density.
For each sample, a microstructural image was collected in both SE mode and BSE mode to take
advantage of the benefits from both detectors. Additionally, a EBSD scan was performed for
each sample to analyze grain size and grain distribution using band contrast images and inverse

pole figures.
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3.3 Pre-Indented Image Collection

The flow chart depicting the image collection process for all indentation micrographs is
shown in Figure 24. This process was followed for all three image types including high
magnification, EBSD, and low magnification micrographs. The measurement tool in the Tescan
software was used to create a select area image for indentation. A measurement from a fiducial
mark was taken, and the center of the region was imaged. The distances from the
measurement tool were used to pinpoint the region that was imaged on the SEM, allowing for

indents to be accurately placed with the Vickers microhardness tester.

SEM software
Measurement tool

Low Magnification Image

Figure 24 Pre-indentation micrograph collection process.
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3.3.1 High Magnification Individual Pre-Indent Imaging

Following the diagram outlined in Figure 24, 10 images of the pressed powder, CS spray
direction, and CS transverse direction samples were collected in both SE and BSE mode. A
sufficient magnification was needed to properly analyze grain refinement, but low enough to
allow for enough room for error when aligning the sample on the microhardness indenter with
its low magnification 40x optical lens. After several test images a FOV of 60 um was chosen.

Figure 25 shows a CS spray direction micrograph taken with a 60 um FOV in BSE mode.

Typical Size of Indent

Figure 25 High resolution pre-indentation image taken in BSE. CS spray direction shown. Arrow indicates the
typical size of a single indent - 22x22um.
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3.3.2 Electron Back Scattered Diffraction Pre-Indent Imaging

A pre-indent EBSD scan was performed for each CS specimen with a 175 um FOV. This
size was used to capture an array of nine indentation marks but leave room for error during
indentation alignment. The same method from Figure 24 was employed to create a select area
for microhardness tests. An example of a pre-indented EBSD pole figure is shown in Figure 26

with an arrow indicating the size of a typical indent mark (22x22 pum).

Figure 26 Example showing pre-indented EBSD pole figure with 175 um field of view of CS specimen in Spray
direction. Arrow indicates the typical size of a single indent - 22x22 um.
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3.3.3 Low Magnification Secondary and Backscattered Electron Pre-

Indent Imaging

The last pre-indented image collection method used was BSE and SE imaging modes to
collect micrographs in a lower magnification to allow for a larger data set. 185 um FOV images
were collected allowing room for an array of 12 indentation marks. Figure 27 shows a BSE
micrograph of pre-indented microstructure with annotation of single indent size with respect to

the FOV.

Typical Size of Indent

Figure 27 Backscattered electron micrograph of pre-indented microstructure (185 um field of view). Arrow
indicates typical size of a single indent - 22x22 pum.
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3.4 Physical Measurements: Microhardness

Figure 28 illustrates the indentation process for aligning samples on the microhardness
tester using the identifier image collection process referenced in Figure 24. All microhardness
tests were taken using a Shimadzu HMV-G microhardness tester with a Vickers indenter. The
Vickers indenter is used for ductile metal as opposed to the Knoop indenter which is reserved
for harder and more brittle materials. Each sample was indented using 245.2mN force and held
for a period of 10 seconds. The hold time allows the material to deform completely in the
selected region before a measurement is taken. It should be noted that additional indents
besides the initial 10 were not taken for the pressed powder specimen since the material was
used for control due to its large homogenous grain structure, and the results showed a low

enough standard deviation that it was deemed not necessary.
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Figure 28 Target indent location identification flow chart using HMV-G Microhardness tester.

62



3.4.1 Process for Correlating Pre and Post Indent Images

Figure 29 illustrates the process of superimposing the post-indented images over the
pre-indented micrographs. This process was used for all imaging techniques including high
magnification, EBSD, and low magnification arrays. PowerPoint was used to combine both pre
and post-indent images into one figure. The post-indentation image was first placed over the
pre-indented micrograph and the transparency was adjusted to allow for the pre-indented
imaged to be seen underneath. Microstructural features were lined up, and an outline was
applied around the perimeter of the indent. The remaining microstructure within the outline

was used for analysis to calculate the area fraction of HDR captured within the indent.

Pre-Indented -
Image of
Microstructure [EEINRT

Figure 29 Flow chart showing process for superimposing post-indented image over pre-indented micrograph.
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3.5 Scanning Probe Microscopy

All SPM imaging and atomic force measurements were performed using a Shimadzu
SPM 9700HT. Each specimen was transferred from SEM stubs to SPM aluminum disks and the
125 um stage was used to allow for a sufficient scanning window across each sample.
Topographical images of the samples were first generated in dynamic mode using tapping to
avoid interference with the polished surface while optimizing the parameters necessary for
quality imaging. Images were collected in tapping mode to extract surface characteristics about
the material. The contact probe was then used to create force curves and nanomechanical
maps of the material. Two nanomechanical maps were collected on both transverse and spray
direction CS samples for comparison. Each map contained an HDR and LDR with 2x2 um

windows and 8x8 pixel density for a total of 4 maps.

3.6 Area Fraction Analysis Process Using Image-J

To assess percentage of HDR captured withing the indent region, Image-J software was
used. Image-J is a processing program where micrographs can be manipulated and analyzed
using a variety of different tools. Figure 30 shows the process of area fraction analysis for a high
magnification CS spray direction indent. The process begins with setting the scale of the image
with reference to the number of pixels. Next, the total area of the indent is measured using the

indent outline created previously. Third, the polygon selection tool is drawn around the HDRs
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and finally, a percentage is calculated by dividing the area of highly deformed grains by the total
area of the indent. It should be noted that this method is subjective, and the region captured
within the outline is only an estimation. Porosity and regions where particles that failed to

adhere were also avoided during outlining. This process was repeated for all CS images.

‘{ Imagel _ %
e gEd“ Image Process Analyze Plugins Window Help
O|off | /| «[tk|\|Alo|old| =l /s~ | | |»

Polygon seldctions

Figure 30 Image-J analysis software with cropped high magnification indent outline. Arrow indicates the polygon
selection tool and regions of highly deformed grains outlined by the tool.
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Chapter 4: Results and Discussion

4.0 Results Introduction

The results are presented in the following order. First, an assessment of the results and
issues associated with the polishing procedure. Second, characterization of the microstructure
of each sample type including pressed power, CS spray direction and CS transverse Direction.
Then the remaining section are divided into the type of experiment conducted. The 3 types of
experiments were the High magnification images, EBSD, and Low magnification images, each
with their respective indent pattern. The purpose of this order was to initiate the data analysis
with the most accurate assessment of grain size compared to microhardness by analyzing the
high magnification series of indents first. Then, decrease magnification slightly but still employ
a more powerful characterization technique using EBSD. Lastly, then use the low magnification
images to assess area fraction with the largest data set. The last method explored for

microstructural characterization was imaging and nanomechanical testing using a SPM.

4.0.1 Polishing Procedure Discussion

Many of the resources available for mechanical polishing use methods established for
industrial metals which allow for a wider tolerance in surface finish. Polishing severely
deformed high purity (99.92%) copper to a finish capable of resolving sub-micron grains with

EBSD required a much more nuanced approach. Removing the strain imparted by grinding
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while avoiding smearing and particle pullout was a major point of contention. Typically, a
vibratory polishing step is used to gently smooth the surface to a final mirror finish, but
chemical etching proved to be a problem. The nature of vibratory polishing requires the metal
to bathe in a polishing solution for hours at a time. Typical final prep solutions contain colloidal
silica or a combination of silica and aluminum. These solutions resulted in either an insufficient
polish or significant grain boundary etching rendering the sample useless for mechanical
testing. Several methods were attempted to achieve the high-quality finish needed for EBSD
and the result required use of an ion mill for a final polishing method. Although a more
conservative procedure than prescribed by the manufacturer was used, a reduction in hardness
was still seen after non-ion milled specimens were tested with the microhardness tester. The
reduction in hardness was most significant in the sprayed direction of the CS material with
approximately 25% reduction. However, since this reduction in hardness was consistent
through all specimens surveyed a correlative assessment was still possible with the images and

hardness data generated.

A second issue stemmed from the required use of the ion-mill for final polishing. Since
the instrument requires samples to fit on 12.7mm SEM stub an additional source of possible
error arose during the indentation process. After removing mounted samples from their epoxy
pucks, the gravity induced flatness on the opposite site of the puck established during the cure
was lost. Since the HMV-G requires a flat specimen to generate quality indents a method for
leveling the specimens for indentation was also necessary. This leveling procedure was done by
hand using tape to elevate the sides of the sample out of focus on the 40x HMV-G Lens. Since

67



each indent array was not taken during at the same time, the sample was re-leveled each time
a new indent or array was taken. This re-leveling left room for uncertainty as it was impossible
to ensure the same degree of flatness was established each time the sample was placed on the

indenter stage.

4.1 Microstructure of Cold Sprayed Material

Figure 31 shows the spray direction CS sample in SE mode. Several aspects about the
microstructure can be seen in the image. First, a clear circular outline can be seen from a splat
particle with distinct jetting regions containing highly deformed grain structure. Second, several
areas within particle boundaries show low deformation characterized by “Pancaking”. Figure 32

shows the same sample in BSE mode with twinning and lack of adhesion indicated by arrows.
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Figure 31 SE micrograph of CS material oriented in the spray direction. Arrows indicate the characteristic high
and low deformation regions. Also indicated are two particles that retained their circular shape after splat.
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Lack of
Adhesion

Figure 32 BSE micrograph of CS material in the spray direction. Arrows indicate regions during deposition where
particles did not completely adhere as well as twinned grains spread throughout the microstructure.

Figures 33 and 34 show micrographs of the same copper CS deposits taken in the transverse
direction or orthogonal to the spray direction. From this view several other characteristics
about the material can be seen. The layering of particles as the bulk structure builds upon itself

is evident, as well as several highly deformed regions exhibiting micron and nanometer grain

size.
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LDR
HDR

Particle
Stacking

Figure 33 SE micrograph of CS material in transverse direction. Arrows indicate particle stacking regions as well
as low deformation and high deformation regions.

Figure 34 also highlights a region outside of any obvious HDR but exhibits a structure that
appears to be a bent crystal also called a “Tie Dye” Region. The region is relatively large
compared to the size the particles which measure roughly 10-20 um in diameter. A possible
explanation for this microstructure is due to the immense plastic strain imparted during the CS
process. Several particles stacking with high impact forces may lead to these bent crystal
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regions and high localized temperatures may have caused some dynamic recrystallization

during deposition as well.

Tie-dye

Figure 34 BSE micrograph of CS material shown in transverse direction. Arrows indicate tie-dye region.

Figure 35 is a high magnification BSE image depicting the same type of tie-dye region. The
abrupt change in microstructure from the right side of the image to the left is also apparent.
Several grains of uniform size are distinctly separate from the tie-dye zone.
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Figure 35 BSE micrograph of CS material with arrows indicating tie-dye region next to contrasting grain structure
— (transverse direction).

4.1 Characterization of Pressed Powder Material

SEM micrographs of the pressed powder material in BSE and SE mode are shown in
Figure 36 and Figure 37 respectively. In Figure 36 several features of the microstructure are
apparent. Firstly, multiple large grains are present with some reaching 100 um in diameter.

Secondly, the microstructure is relatively homogeneous and twinned grains are also present
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throughout the microstructure appearing within large (<100 um) grains. Porosity can be seen

resulting from the hot isostatic pressing process.

Figure 36 BSE micrograph of powder pressed specimen. Arrows indicate porosity as well as twinned grains
throughout the microstructure.
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Figure 37 SE micrograph of pressed powder showing less topography than the sprayed material.

Figure 37 illustrates the lesser degree of topography of the pressed powder when
compared to the sprayed material. Both specimens were prepared using the same polishing
procedure, but the surface topography more apparent in the sprayed material. This may stem
from differential milling rates of the sprayed microstructure when ion milled or preferential

mechanical polishing due to the inhomogeneous sprayed microstructure.
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4.2 EBSD Results and Analysis — Cold Spray

EBSD characterization was performed using both Tescan MIRA and Tescan AMBER
SEMs. Figure 38 shows a band contrast and inverse pole map for a mixed deformation region
on a transverse direction CS sample. Multiple interparticle regions exhibiting high deformation
can be seen. Additionally, intragranular strain represented by color gradients have also been
labeled. These tie-dye gradient regions are indicative of bent crystals as the Kikuchi index
rotates along the length of these regions rather than changing crystallographic direction
entirely. These high strain regions are not present in the pressed powder maps and therefore
likely stem from the immense strain imparted during the CS process. Figure 39 shows band
contrast and EBSD pole figures for the CS sample in the spray orientation. Both figures exhibit
similar levels of deformation in the HDR, however, the HDR’s also do not appear to be
dominated by any orientation. There also does not appear as many tie-dye regions in the spray
direction pole figure either. Impact forces causing deep penetration and particle stacking may
be the result of these bent crystals in the transverse orientation, whereas the spray direction

HDR’s are dominated by jetting.
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Figure 38 CS sample oriented in the transverse direction. (Top) Band contrast image with high deformation
region highlighted. (Bottom) Inverse pole figure in Z-direction - Arrows indicates tie-dye regions.
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Figure 39 CS sample oriented in the spray direction. (Top) Band contrast image with arrow indicating high
deformation region. (Bottom) Inverse pole figure in Z-direction.
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4.3 EBSD Results and Analysis — Pressed Powder

Characterization of the pressed powder microstructure specimen is shown in Figure 40
with band contrast image and inverse pole figure oriented in the Z-direction. The figure exhibits
typical copper microstructure with large grains <25 pum and twinning making it ideal for a

control group specimen.

Figure 40 EBSD figures for pressed powder. (Top) Band Contrast. (Bottom) Inverse Pole Figure in Z-Direction.
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4.4 High Magnification Images and Indentation of Cold Spray Material

The high magnification images and associated indents were each analyzed in Image-J
and area fraction assessment data was calculated. In this section, only the highest indent and
lowest microhardness value indent are shown for each CS specimen. The remaining indent
micrographs are shown in the appendix. Figure 41 is a CS spray direction sample with a
hardness outline over the original microstructure as described previously in Figure 29. Upon
initial observation it’s clear the higher microhardness value indent contains a larger fraction of
highly deformed grains within the indent region. Using Image-J analysis software the area
fraction of the HDR compared to the area of the entire indent was calculated. The Vickers
microhardness value for indent #9 was calculated as 90.1 HV and the area fraction of high
deformation grains was 7.46%. Figure 42 shows the lowest indent of the 10-indent spray
direction high magnification array with a Vickers hardness value of 78.5HV and an area fraction
of HDR of 2.05%. In Figure 42 the large grain located in the center of the LDR encompasses
about 21% of the indent. There is also a large stacking fault connected to the grain with similar

size grains around it which may influence microhardness.
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Figure 41 Indent #8 shown in BSE from the high magnification images with outline of indent over pre-indented
microstructure (Spray Direction CS) - Arrow indicates high deformation region.
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Figure 42 Indent #2 shown in BSE from the high magnification images with outline of indent over pre-indented
microstructure (Spray Direction CS) — Arrow indicates low deformation region.

Figure 43 illustrates a direct comparison between the high (a.) and low (b.)
microhardness value CS spray direction indents. Both indents appear to have the same
misshapen perimeter with a larger portion of the deformation emanating from the left side of
the indent. This may be a result of sample misalignment during indentation. Furthermore,
larger grains appear to be present in the lower valued indent post-indentation indicating the

depth portion unseen in the pre-indent images may contain a larger fraction LDR as well.
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Figure 43 (a.) High and (b.) Low, HV values for 10 high magnification image and indent series on spray direction
CS Specimens - Images taken in BSE.

Figure 44 is the highest microhardness value (Indent #2) of the transverse CS high
magnification micrographs with a value of 110HV. Conversely, Figure 45 shows the lowest of
the transverse individual indents (96.5HV) for the high magnification figure comparison. The
area fraction assessment for Indent #2 vs Indent #9 is 7.30% and 6.75% Respectively. Figure 46
shows a side-by-side comparison between these two indents and the arrow indicates an area
that poorly adhered in the upper right quadrant of indent #9. This lack of adhesion could be a
result of not reaching the necessary CV or other missed process parameters and may explain
the difference in microhardness between the indents despite the small difference in HDR area

fraction.

83



Figure 44 Indent #2 shown in BSE from the High magnification images with outline of indent over pre-indented
microstructure (Transverse Direction CS) - Arrow indicates low deformation region.
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Figure 45 Indent #9 shown in BSE from the high magnification images with outline of indent over pre-indented
microstructure (Transverse Direction CS) - Arrow indicates low deformation region.
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Figure 46 (a.) High and (b.) Low, HV values for 10 high magnification image and indent series on Transverse
Direction CS Specimens. Arrow indicates lack of adhesion on figure (b.) Images taken in BSE.

4.4.1 High Magnification Images and Indentation of Pressed Powder

Indent test regions in the pressed powder material consisted of two micrographs taken
prior to indenting. The grain sizes in the pressed powder microstructure were uniform and large
enough that multiple indents could be captured in one pre and post image, improving process
efficiency. Figures 47 and 48 shows indents 1-10 superimposed over the original image. The
hardness data shows low variability no particular microstructural features correlated to level of
microhardness. For this reason, it was deemed that no further indentation was necessary for

the pressed powder specimen.
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47.9 HV

47.6HV

45.1 HV

47.6HV

44.8 HV

Figure 47 Indents 1-5 from the high magnification images with outlines of indents over pre-indented
microstructure (pressed powder). Image taken in BSE.
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46.2 HV

45.9 HV

47.0 HV

47.9 HV

45.9 HV

Figure 48 Indents 6-10 from the high magnification images with outlines of indents over pre-indented
microstructure (pressed powder). Image taken in BSE.

88



4.5 Spray Direction and Transverse Direction Cold Spray EBSD and

Indentation Arrays

Figures 49 and 50 are CS spray direction 3x3 indent array outlines over EBSD band
contrast and inverse pole figures respectively. It's important to note that the same
microhardness array is overlayed on both figures. Each indent is labeled with their associated
hardness values and numbered 1 through 9. From a visual assessment of both images a general
trend can be seen that indent regions with more HDR’s tend to result in higher values of
hardness. For example, when visually comparing the highest valued indent in the array (#2 -
91.7 HV) and the lowest valued indent (#1 - 80.4), its clear indent #2 has a higher fraction of
HDR captured within the indent region. This HDR on indent #2 is indicated with arrows in Figure
44 and represents the largest single HDR captured within a single indent in this array. It’s also
important to note that while the entire HDR in indent #2 did not fall within the indent, the
effect of the highly deformed grains may still have played a role in inhibiting dislocation motion
during intending, thus resulting in higher hardness. Grain orientation does not appear to have
as much of an affect as level of deformation. When observing the inverse pole figure in Figure
50 no crystallographic direction appeared to correlate with the level of microhardness. Each
indent captured appears to contain a relatively even distribution of directions except for indent
#7 and indent #6 containing a large proportion of 101 oriented grains. However, the widely
different hardness values and lack of general trend suggests that orientation does not play a

role in level of microhardness.
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Figure 49 Band contrast EBSD figure showing CS spray direction. Outlines of each Vickers microhardness indent
and their associated microhardness values are indicated. Arrows indicate HDRs captured within the 3 indents
with the highest microhardness values in the array.
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Figure 50 Inverse pole figure in Z-direction showing CS spray direction specimen. Outlines of each Vickers
microhardness indent and their associated microhardness values are indicated.
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An EBSD scan and 3x3 indentation array was also performed on a CS sample oriented in
the transverse direction. Figures 51 and 52 show the CS transverse direction 3x3 indent array
outlines over EBSD band contrast and inverse pole figures respectively. A visual assessment of
these figures yields different results than the spray direction sample. Firstly, grain size appears
to be more evenly distributed in the transverse orientation than the sprayed direction and the
overall microstructure also appears to contain smaller grains on average as well. When
comparing the highest microhardness indent to the lowest (#1 vs #9) there does not appear to
be any significant differences in fraction of highly deformed grains captured within the region.
Furthermore, comparing the next highest and next lowest indent (#5 vs #8) shows a slightly
inverse trend. With the lower valued indent containing more HDR than the higher
microhardness value indent. Grain orientation in the transverse direction was also taken into
consideration. The pole figure in Figure 52 shows a greater level of homogeneity in the
distribution of crystallographic directions than the spray direction specimen. For this reason,
correlating grain orientation to microhardness was even more difficult in the transverse
direction and no concrete assessments could be made. Lastly the microhardness values in the
transverse EBSD data set were overall higher than the spray direction with less variance. This
reduction in variance and increase in microhardness appears to be correlated to the even

distribution of grain size and overall smaller grain structure.
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Figure 51 Band contrast EBSD figure of CS transverse direction specimen with outlines of 3x3 indent array and
their associated Vickers microhardness values.

93



Figure 52 Inverse pole figure in Z-direction of CS transverse direction specimen with indent outlines of 3x3 array
and their associated Vickers microhardness values.
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4.6 Low Magnification Images and Indent Arrays

Figures 53 and 54 are the low magnification 12 indent arrays taken on CS spray and
transverse direction specimens respectively. The patterns in the microstructure identified in the
individual indent images as well as the EBSD images allowed for inferences to be made about
the underlying microstructure captured within each indent outline. The characterization
process at high magnification supports the validity of the Image-J analysis performed on these
micrographs. A percentage for area fraction was also assigned to each indent and the
associated data for these arrays are listed in Tables 9 and 10. When visually comparing the
highest value of microhardness (Indent #9) to the lowest value (Indent #7) the trend is further
established. Indent #7 contains mostly LDR’s with nearly half the region encompassing only a

few grains. Indent #9 resulted in a value of 89.4 HV and shows significant evidence of HDR.

The CS transverse direction low magnification array shown in Figure 54 resulted in less
variability in microhardness than the spray direction with a standard deviation of 2.9 and 4.01.
However, a correlation between hardness and grain size was less apparent in the transverse
direction since most indent regions contained a variety grain sizes with no clear outliers. This is

supported by the previous characterization at lower magnification.
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Figure 53 BSE Micrograph of 12 microhardness indent outlines for CS spray direction specimen. Each outline is
numbered with their associated microhardness value.
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Figure 54 BSE Micrograph of 12 microhardness indent outlines for CS transverse direction specimen. Each outline
is numbered with their associated microhardness value.
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4.7 Hardness and Area Fraction Results

The following are microhardness values and statistical data associated with the various
arrays collected for the experiment. The data is shown in separate tables first, then combined
into graphs shown in Figure 55. All indentation data collected during the experiment is shown in
the appendix which includes values conducted on CR material that were not used for this
statistical analysis due to errors with the indentation or polishing process. The fraction of HDR
in each indent mark region was measured using Image-J and reported as percentage of the
entire indent region. The information gathered from the high magnification images was used as
a predictive tool to assess the deformation captured within the larger arrays due to the low
detail in the large array image. The pressed powder indent images were not measured for area
fraction results as the grain size was uniform, and the hardness values showed the lowest
variability in the data. The indent number for each table corresponds to the number on each

respective figure.
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4.7.1 Associated Microhardness Data for High Magnification Images

The data in Tables 4-6 are microhardness values associated with the high magnification

micrographs.

Table 4 Associated Vickers microhardness data for CS Spray direction high magnification images.

Indent Vickers Area Statistics
Number Hardness Fraction %

Value
1 82.3 4.39 Average 82.8
2 78.5 2.46
3 83 5.48 High 90.1
4 78.5 2.05
5 87.9 6.13 Low 78.5
6 82.3 491
7 80.4 3.68 Standard 3.77
8 90.1 7.46 Deviation
9 81 3.41 Variation 4.55
10 84.3 5.56 Coefficient

Table 5 Associated Vickers microhardness data for CS Transverse direction high magnification images.

Indent Vickers Area Statistics
Number Hardness Fraction %

Value
1 103 8.46 Average 102.4
2 110 7.30
3 105 8.12 High 110
4 100 5.13
5 108 9.94 Low 96.5
6 104 10.98
7 102 4.47 Standard 4.50
8 97.4 6.56 Deviation
9 96.5 6.57 Variation 4.40
10 98.2 4.92 Coefficient
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Table 6 Associated Vickers microhardness data for Pressed powder high magnification images.

Indent Vickers Statistics
Number Hardness

Value
1 45.1 Average 46.5
2 47.9
3 47.6 High 47.9
4 47
5 44.8 Low 45.1
6 47
7 46.2 Standard 1.12
8 47.9 Deviation
9 459 Variation 241
10 45.9 Coefficient

4.7.2 Associated Microhardness Data for EBSD Images

Tables 7 and 8 contain the microhardness data associated with the arrays placed on the

regions scanned by EBSD.

Table 7 Associated Vickers microhardness data for CS Spray direction EBSD images.

Indent Vickers Area Statistics
Number Hardness Fraction

Value %
1 80.4 1.64 Average 86.2
2 91.7 7.03
3 83 4.97 High 91.7
4 83 4.87
5 87.9 5.58 Low 80.4
6 90.1 6.45
7 84.3 5.56 Standard Deviation 3.75
8 88.6 6.02
9 87.1 5.58 Variation Coefficient | 4.35
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Table 8 Associated Vickers microhardness data for CS Transverse direction EBSD images.

Indent Vickers Area Statistics

Number Hardness Fraction

Figure Value %

1 94.2 4.87 Average 96.0
2 94.1 4.12

3 99.1 4.83 High 102
4 93.2 4.87

5 93.2 6.40 Low 91.7
6 96.5 7.77

7 91.7 4.79 Standard Deviation 3.59
8 100 5.11

9 102 4.44 Variation Coefficient | 3.74

4.7.3 Associated Microhardness Data for Low Magnification Images

Tables 9 and 10 are the microhardness data associated with 4x3 indent arrays assessed

with low magnification micrographs.

Table 9 Associated Vickers microhardness data for CS Spray direction low magnification images.

Indent Vickers % HDR Statistics
Number Hardness

Value
1 85.7 5.42 Average 82.11
2 79.1 2.20
3 83 3.80 High 89.4
4 81 3.80
5 81 4.14 Low 73.2
6 79.1 3.18
7 73.2 1.33 Standard 4.01
8 84.3 4.88 Deviation
9 89.4 6.43 Variation 4.89
10 82.3 4.35 Coefficient
11 84.3 5.78
12 83 4.14
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Table 10 Associated Vickers microhardness data for CS Transverse direction low magnification images.

Indent Vickers % HDR Statistics
Number Hardness

Value
1 98.2 4.56 Average 98.9
2 99.1 4.88
3 96.4 6.72 High 103
4 102 7.65
5 99.1 5.69 Low 94
6 103 7.39
7 103 9.00 Standard 2.90
8 98.2 7.81 Deviation
9 94.8 6.76 Variation 2.93
10 99.1 6.90 Coefficient
11 99.9 5.35
12 94 5.00

4.7.4 Combined Microhardness Data.

Table 11 shows the overall microhardness data for all indentation conducted for the
study with associated statistics. The average for CS spray direction, CS transverse direction, and
pressed powder, were 83.54, 98.9, and 46.53 respectively. The data demonstrates the spray
direction samples overall showed the most variability in microhardness as well as overall lower
values than its transverse direction counterpart. Additionally, the powder pressed specimen

demonstrated the least variability and lowest microhardness overall.
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Table 11 Microhardness data totals and statistics.

Specimen Type Average High Low Standard | Variance
Deviation

Cold Spray Spray-Direction 83.54 91.7 78.5 4.13 4.95

Cold Spray Transverse-Direction | 98.9 110 93.2 2.90 2.93

Pressed Powder 46.53 47 45.1 1.12 2.41

Graphed in Figure 55 are the comparisons between Vickers Microhardness and the area
fraction of HDR’s encapsulated within each indent mark. The pressed powder specimen was not
considered for area fraction analysis. Graph (a.) shows all three imaging techniques for the
spray direction CS specimen, and Graph (b.) shows the same comparison but for the transverse
direction CS specimen. Graph (a.) clearly demonstrates a linear trend with hardness increasing
as HDR increases, while graph (b.) does not show any correlation between area fraction of HDR

and microhardness.
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Figure 55 Graph comparing Vickers microhardness to percentage of high deformation captured within the indent
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4.7.5 Considering the Volume of an Indent

To understand why the spray direction contains both a higher variability in
microhardness as well as lower average microhardness, a visualization of the microstructure
depicting the volume captured within in the indent region is helpful. Using the known Vickers
indenter angle of 136° and mean indent diagonal width of 22.5 um, an average depth of 4 um
was calculated. Figure 56 is an illustration of a transverse direction micrograph with the side
profile of a potential indent shown. The indent in this case would be placed on the spray
direction surface of the material. The arrows indicate the preferential particle stacking that is
often exhibited in the transverse direction micrographs, leading to a possible explanation of the
lower hardness reported in the spray direction. This particle stacking creates isolated regions of
low deformation as the center of the particles exhibit the least grain refinement due to lack of
jetting. It also creates isolated regions of high deformation, but these encompass a smaller total
area. Indents placed in the spray direction that enter the center of particles will likely encounter
more center particle regions below and thus a lower volume fraction of HDR. Indents placed in
between stacked particle boundaries may continue to encounter some level of HDR as the
indent penetrates further but retain a majority of LDR in the volume of the indent region
lending to the lower microhardness in the spray direction. This explanation is further reinforced
by considering the reverse of this scenario. The transverse direction indentation data exhibited
lower variability and higher hardness overall. This data is supported by the transverse direction
surface containing more regions of HDR as well as no effect from the shown preferential

particle stacking.
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Figure 56 Transverse direction CS BSE micrograph with cross sectional visualization of potential indent placed on
the spray direction surface. Arrows indicate the preferential powder particle stacking seen in the transverse
direction sample.

4.8 Scanning Probe Microscopy

Figures 57 and 58 show deflection images generated in tapping for CS Spray orientation
and CS Transverse orientation samples respectively. Both figures also show an isometric view of
the sample surface better illustrating the topography of the samples. The largest height
variance across the length of the spray sample was 2.26 um and the largest for the CS
transverse direction specimen was 1.44 um. It is clear however, the height difference across the
sample is mainly due to the sample not lying flat on the SPM disk rather than a feature of the

microstructure. This is clear because the color gradient — which indicates the difference in
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height — changes linearly over the surface with one corner clearly higher than the other.
Despite the major height change occurring due to the leveling issue, these images provide good
insight into the topography of the CS structure. The topography in the transverse specimen is
especially apparent in the height comparison image on the bottom image of Figure 58. A
“wave” like morphology can be seen which may be indicative of preferential milling during the
ion-mill polishing step. Particle boundaries with higher levels of porosity or lack of adhesion
may mill faster than individual grains creating this wave pattern. This preferential milling was
also seen during an attempt at tomography generation using an SEM-FIB. Although these
instruments do not use the same type of beam for milling (Gallium vs Argon) a similar outcome

may have occurred.
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Figure 57 (Top) CS Spray direction deflection image in tapping mode. (Bottom) 3D view of spray direction sample
in tapping mode showing sample height and topography.
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Figure 58 (Top) CS Transverse direction deflection image in tapping mode. (Bottom) 3D view of transverse
direction sample in tapping mode showing sample height and topography.
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4.8.1 Nano 3D Mechanical Mapping

The reported values from the SPM mapping for young’s modulus were significantly
lower (-1073) than a typical value reported for copper. There were several attempts to locate
the source of the discrepancy by manipulating the sensitivity, approach and release points, tip
radius, cantilever spring constant, calculation model, as well as others. For this reason, these
data were only used as a relative comparison since both transverse and spray direction CS
specimens generated values of similar magnitude. Figures 59 and 60 show deflection images
with highlighted mapping window and nanomechanical map for LDR and HDR respectively on a
CS Spray direction sample. The nano map plots young’s modulus within the outlined region and
a lighter color indicates a higher value. Both nanomechanical maps were taken with 64 points
over a 2x2 um region with the LDR capturing a single grain, and HDR capturing many highly
deformed grains. Despite the LDR in Figure 59 reporting a higher individual value on the legend,
the overall image pattern in Figure 60 is lighter indicating higher average young’s modulus over
the captured area. Figures 61 and 62 show the same type of comparison as the spray direction
with HDR and LDR areas of interest captured in 64-point 2x2 um windows, but on the CS
transverse direction specimen. The results were less definitive for the transverse direction
specimen which is supported by the weak correlation from the indentation experiments. The
LDR region was mostly mixed values with an average value somewhere in the middle of the
range. However, the HDR region reported a maximum value nearly double the LDR region but

with the remaining portion of the map falling on the lower end of the range.
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Figure 59 (Top) Deflection image taken in contact mode with nano mapping window highlighted over single
grain - Spray direction CS specimen. (Bottom) 3D nano mechanical map for grain in highlighted window.
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Figure 60 (Top) Deflection image taken in contact mode with nano mapping window highlighted over many
small grains - Spray direction CS specimen. (Bottom) 3D nano mechanical map for highly deformed grains in
highlighted window.
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Figure 61 (Top) Deflection image taken in contact mode with nano mapping window highlighted over single
grain - Transverse direction CS specimen. (Bottom) 3D nano mechanical map for grain in highlighted window.
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Figure 62 (Top) Deflection image taken in contact mode with nano mapping window highlighted over many
small grains - Transverse direction CS specimen. (Bottom) 3D nano mechanical map for highly deformed grains in
highlighted window.
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Chapter 5: Conclusions and Future Works

Before drawing conclusions on the microstructural effects on microhardness it should
be noted that the possibility of heating during long term ion milling may have affected the
microhardness. The effects of heating from ion milling may have resulted in minor amounts of
recrystallization but should not have affected grain sizes and therefore should not have skewed

the effect of grain size which is the major focus of this study.

Overall, a partial correlation has been established between grain size and microhardness
of CS copper. The increase in hardness with a decrease in grain size was more apparent in the
sprayed directions of the materials. This difference could stem from issues associated with the
sample preparation process or it may be an intrinsic property of CS material. The CS process
produces inhomogeneous structures with high variability in microhardness, however the
transverse direction exhibits less variability than the spray direction. This result correlates to
the difference in microstructure observed in these two orientations. When measured in the
spray direction, the volume captured within the indents may be sampling several LDR’s of
stacked particles beneath the surface lending to its lower hardness. Further research into this
comparison would prove valuable in validating microhardness as tool for evaluating

macroscopic properties for engineering applications.

Correlating between SPM and SEM imaging also proved too difficult to establish an
efficient and repeatable enough procedure. An attempt was made to first image samples on the

SPM in contact mode collecting nanomechanical maps in a region marked with fiduciary
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indicators. The samples were then transferred to the SEM with the goal of imaging the same
region as well as collecting an EBSD scan then indented. This comparison between SPM, EBSD,
and Microhardness would have ideally provided a more complete correlative data set for each

individual indent.

With several methodology questions answered during the experimentation process a
new understanding for multi-instrument correlation for CS material has been established. With
the development of new equipment producing significantly (10x) faster EBSD scans a method
previously impossible may now be performed. The individual indent images with a 60 um FOV
proved the most superior in terms of accurate area fraction assessment. Using updated SEM
equipment, individual indent regions could potentially be scanned using EBSD stitching to
generate a region where a full array could be indented in a single HMV-G session, but each
indent would have its own 60 um FOV pole figure for grain identification and assessment.
Additionally, Aztec post-processing software allows for accurate grain size and distribution
measurement given a small enough FOV is selected. In future works it would be valuable to
refine the ion milling procedure to avoid heating and the reduction in microhardness discussed
previously. Additionally, a continued methodology assessment to alleviate sample preparation
and data generation errors would prove most valuable before establishing a clear

experimentation procedure for this multi-instrument correlative method.
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Appendix

A.1.0 Additional Indentation Images

The following are all the indentation images with the underlying microstructure and

their corresponding post-indentation image taken for the study.

A.1.0.1 Spray Direction Cold Spray High Magnification Images

Figure 63 High Magnification CS pre-indentation images in spray direction with associated microhardness values
(BSE).
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Figure 64 High Magnification CS post-indentation images in spray direction with associated microhardness
values (BSE).

A.1.0.2 Transverse Direction Cold Spray High Magnification Images

Figure 65 High Magnification CS pre-indentation images in transverse direction with associated microhardness
values (BSE).
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Figure 66 High Magnification CS post-indentation images in transverse direction with associated microhardness
values (BSE).
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A.1.0.3 EBSD Array Cold Spray Indentation Images

Figure 67 Post-indentation CS image of EBSD 3x3 Array in spray direction with associated microhardness values
(BSE).
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Figure 68 Post-indentation CS image of EBSD 3x3 Array in transverse direction with associated microhardness
values (BSE).
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A.1.0.4 Low Magnification Indentation Images

Figure 69 Post-indentation CS image of low magnification 4x3 Array in spray direction with associated
microhardness values (BSE).
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Figure 70 Post-indent CS image of low magnification 4x3 array in transverse direction with associated
microhardness values (BSE).

129



A.2.0 Cold Rolled Microstructural Characterization

An attempt was made to characterize 90% reduction CR specimens as a part of this
research and the same experimental procedure was conducted. However, significant errors
likely stemming from sample preparation arose during the process and the resulting
microhardness values were too variable to have any confidence in the data. The figures and

indentation data are shown below.

Figure 71 shows a micrograph of a CR specimen manufactured from the same pressed
powder. The pressed powder compact was rolled until a 90% reduction in thickness was
achieved. The specimen micrographs are oriented in the normal direction in which the pressed
powder compact touched the rollers. Highly deformed grains are present throughout the
microstructure with multiple regions that exhibit similar characteristics as the HDR'’s of CS. The
microstructure appears to be considerably more homogenous than the sprayed material. Most
of the grains within the image fall within 2 to 10 um in size but some were less than a
nanometer. The same tie-dye structure seen in the sprayed material which is indicative of a
bent crystal is also slightly visible and is indicated in Figure 71. The EBSD data also shows the
bent structure with clear gradients visible throughout the image. Figure 72 is a higher
magnification micrograph with the region outlined in Figure 71. In Figure 72, the roughly
polished microstructure is more apparent with a dimple indicated that may be an artifact of

mechanical polishing.
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Figure 71 BSE micrograph of CR specimen oriented in the normal direction. Arrow indicates tie-dye grain
structure.
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Figure 72 SE micrograph of CR specimen. Arrow indicates dimple structure from possible mechanical pullout
during polishing.

A.2.1 Cold Rolled High Magnification Imaging and Indentation

The high magnification images and associated indents showed considerable variability
between microhardness with 63.2 HV for the lowest value and 124 HV for the highest
microhardness value. Figures 73 and 74 are the high magnification images and their respective
indents taken for the rolled material. The high variability in the indent data suggested there was

likely substantial error in the sample preparation process.
132



Figure 73 BSE Micrograph of 8 microhardness indent outlines for CR normal direction specimen. Each outline is
numbered with their associated microhardness value (BSE).
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Figure 74 BSE Micrograph of 2 microhardness indent outlines for CR normal direction specimen. Each outline is
numbered with their associated microhardness value.
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A.2.2 Cold Rolled EBSD and Indentation Arrays

Figure 75 shows an EBSD band contrast image and pole figure for the CR specimen. The
pole figure reveals a considerably different grain structure than the sprayed or pressed powder
materials. The high reduction rolling created flat and elongated grains with bent crystals. The
pole figure also shows the microstructure appears to be separated by three distinct regions
with much of the left side oriented in the 001 crystallographic direction and colored in red. The
center of the micrograph contains mostly purple and blue coloring with heavily shaded
gradients between the 111 and 001 crystallographic directions. The right third of the figure
shows the most similar grain structure to the CS specimens with smaller grains. Figures 76 and
77 contain the 3x3 indent array with outlines over band contrast and inverse pole figures
respectively. The indent values do not appear to show the same linear correlation between

hardness and grain refinement as the CS specimens.
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Figure 75 CR specimen oriented in normal direction - (Top) Band contrast image - (Bottom) Z-Direction Pole
figure.
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Figure 76 Band contrast image of normal direction CR specimen with indent outline for 3x3 array and associated
Vickers microhardness values.
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Figure 77 Z-Direction EBSD Pole figure for normal direction CR specimen with indent outline for 3x3 array and
associated Vickers microhardness values.
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A.2.3 Cold Rolled Low Magnification Indentation Arrays

Figure 78 is the 3x3 array of indents taken in BSE with a larger FOV to capture more
data. This array of indents was taken in a different area of the sample and produced slightly less
variability but lower hardness overall. There is not a clear indicator to which type of grain

structure produces which indent value.

Figure 78 CR specimen with indent outline for 3x3 array and associated Vickers microhardness values (BSE).
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A.2.4 Cold Rolled Hardness Data

The following (Tables 12-14) are the microhardness data and associated statistics for the
CR specimen. Overall, the data was too inconsistent to draw any meaningful conclusions and
future work comparing CS to CR using the suggested improved methodology would prove

valuable.

Table 12 Associated Vickers microhardness data for CR high magnification images.

Indent Vickers Statistics
Number Hardness

Value
1 73.2 Average 92.66
2 63.2
3 107 High 124
4 118
5 73.2 Low 63.2
6 87.1
7 124 Standard 22.09
8 75.5 Deviation
9 88.4 Variation 23.83
10 117 Coefficient
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Table 13 Associated Vickers microhardness data for CR EBSD images.

Indent Vickers Statistics
Number Hardness

Value
1 122 Average 111.3
2 124
3 95.7 High 124
4 124
5 119 Low 95.2
6 95.2
7 116 Standard 12.6
8 95.6 Deviation
9 110 Variation 11.3

Coefficient

Table 14 Associated Vickers microhardness data for CR low magnification images.

Indent Vickers Statistics
Number Hardness

Value
1 76.1 Average 86.24
2 103
3 106 High 106
4 72.6
5 95.6 Low 715
6 94.9
7 76.6 Standard 13.6
8 71.5 Deviation
9 79.9 Variation 15.7

Coefficient
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