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ABSTRACT 

Evaluation of Cold Spray Processing as a Novel Approach of 

Fabricating Bulk Nanocrystalline Al Alloys  

by 

Andrés Rodela 

This dissertation presents studies directed towards the design, characterization and 

analysis, of bulk nanostructured (BN) and bimodal aluminum alloy 5083 (AA5083) 

fabricated by cold spray processing (CSP).  The results of the CSP samples were 

compared to the microstructures and properties of BN materials obtained using 

conventional powder consolidation techniques.  Additionally, a proprietary non-

cryogenic ball milling (NCM) technique was evaluated as a more cost effective 

alternative to cryogenic ball milling (CM) for processing nanocrystalline powder.  

Motivating factors for this research include the degradation of mechanical strength as a 

result of long term exposure of the nanocrystalline powder to elevated temperatures 

during conventional hot-processing techniques, removal of residual surface oxide that can 

prevent full density of the final product, and a more time and cost effective means of 

producing BN materials.  CSP is an advantageous alternative to conventional bulk 

powder processing techniques as it is a low-temperature, high-velocity spray deposition 

technique that has been found to retain, if not further refine, the microstructure of the 

deposited powder, is capable of breaking up surface oxide resulting in clean metal 

bonding, and is capable of producing near-net-shape parts that require little post 

processing to achieve a final product.  Furthermore, the NCM process does not use liquid 
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nitrogen during milling operations, which results in significant cost savings compared to 

CM.  It was found that the nanocrystalline powders produced using the NCM process 

were comparable in size, morphology, and grain size to the nanocrystalline powders 

developed using CM.  It was further determined that NCM AA5083 exhibited a higher 

average hardness and potentially higher thermal stability compared to CM AA5083.  

These results indicate that NCM is as effective as CM in developing nanocrystalline 

microstructures.  Analysis of the bulk CSP samples revealed that the average grain size 

was smaller compared to BN materials fabricated using conventional techniques, and also 

exhibited a higher hardness.  The tensile strength of the CSP samples was found to be 

low compared to the conventionally processed counterparts and is attributed to the 

presence of microstructural defects arising from incomplete particle bonding.  Analysis of 

bimodal bulk CSP AA5083 revealed that the intended bimodal microstructure was not 

retained as the conventional grain sized powder undergoes significant grain refinement 

during deposition.  Though areas of ductile failure were observed in the fracture surfaces, 

an overall lack of ductility and strength was found and attributed again to microstructural 

defects.  These findings suggest that CSP is a viable alternative for processing BN 

materials. 
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Chapter 1: Introduction 

1.1 General Overview and Research Objectives 

The goals of the research presented in this dissertation are to evaluate cold spray 

processing (CSP) as a novel bulk fabrication technique for bulk nanostructured (BN) 

materials and to evaluate a proprietary high-energy non-cryogenic ball milling (NCM) 

process as an alternative to cryogenic ball milling (CM).  Most processing routes used for 

BN materials involve a two-step process powder metallurgy process in which gas-

atomized metal powder is milled to refine the grain size down to the nanoscale (1-100 

nm) and then consolidated using conventional powder metallurgy consolidation 

techniques such as hot-isostatic pressing (HIPing), cold-isostatic pressing (CIPing), or 

spark plasma sintering (SPS) to form a bulk solid.  There are several issues encountered 

during conventional consolidation techniques, the first being that HIPing and SPS expose 

the nanocrystalline powder to elevated temperatures for a period of time.   Exposing 

nanocrystalline materials to elevated temperatures can result in grain growth, leading to a 

reduction of the mechanical properties expected from a nanocrystalline material.  

Exposing the powders to elevated temperatures can also result in unwanted high 

temperature reactions from occurring and negatively affect the mechanical integrity of 

the bulk solid.  The second issue that arises with conventional bulk processing 

techniques, particularly CIPing, is that they do not necessarily result in surface oxide 

break-up, which can prevent full density from being achieved in the bulk structure.  In 

order to achieve full density and high strength, clean metallic bonds between neighboring 

particles are required to mitigate the formation of porosity or entrapped oxides that can 
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act as stress concentration sites.  The third issue that arises with conventional bulk 

processing techniques is that they generally require considerable post processing 

machining to yield a final product.  This process is generally very expensive and can 

result in considerable material waste.   

The studies presented herein aim to provide the foundational evaluation of NCM and 

CSP as means of bridging the gap that separates BN materials and commercial 

applications.  By doing so, a paradigm shift in BN material processing can be realized by 

introducing a rapid manufacturing technique that is capable of delivering material 

properties achieved using conventional bulk processing techniques.  The goals of these 

studies are addressed in three distinct studies: the first being the evaluation of a 

proprietary NCM process to produce nanocrystalline Al alloy 5083 (AA5083) that is 

comparable to nanocrystalline powder produced by CM.  The advantage of the NCM 

process is that it does not use liquid nitrogen (LN2) during milling, resulting in 

considerably reduced costs to produce nanocrystalline powder.  The second study focuses 

on evaluating the microstructures and mechanical properties of BN AA5083 fabricated 

using CSP.  CSP was selected because it is a low temperature, high velocity spray 

deposition technique that limits the exposure of the nanocrystalline powder to elevated 

temperatures and results in the break-up of the native surface oxide layer surrounding the 

particles.  These advantages are posited to result in the better retention of the developed 

nanocrystalline microstructure and a less porous final product.  The metrics of evaluation 

of the CSP samples are the microstructures and properties achieved using conventional 

processing techniques, and similarities and differences are discussed in detail.  For this 

study, samples were cold sprayed using the CM and NCM powders that were analyzed in 
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the first study.  The third study focuses on evaluating whether the ductility of BN CSP 

samples is enhanced using a bimodal microstructure.  Bimodal microstructures are those 

that consist of blends of nanocrystalline and conventional coarse grained material in order 

to engineer optimal strength and ductility in BN materials.  Bimodal microstructures have 

been found to be effective at enhancing the ductility of conventionally processed BN 

materials, and the goal of this study is to evaluate if the same enhancement is observed in 

the CSP samples.  The bimodal samples were engineered using various weight 

percentages of coarse grained AA5083 powder, herein identified as “as-received” 

AA5083, and blended with a balance of nanocrystalline AA5083 prior to spraying. 

The broader impact of this research is the potential shift in the large scale use of BN 

materials as the processes described in this dissertation show good comparison to BN 

materials processed using conventional techniques.  As this research lays the foundational 

studies for these samples, it is expected that continued research and optimization of the 

processes described herein will enable the use of BN materials in a wide range of 

structural or commercial applications. 

1.2 Collaborative Efforts 

This project consisted of the collaboration of multiple institutions and the collective 

expertise of all involved to achieve the goals mentioned above.  The team at Rice 

University directed research activity and was accountable for overseeing the design, 

processing, and evaluation of the samples produced for these studies.  CM powder was 

produced in collaboration with the research groups of Dr. Enrique J. Laverina and Julie 

M. Schoenung at the University of California at Davis (UCD).  Drs. Lavernia and 
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Schoenung are considered to be the authorities on CM and many bulk processing 

techniques and were instrumental in assisting with the production of CM powder for 

these studies.  Cold spraying was performed in collaboration with Victor K. Champagne 

and Aaron Nardi of the Army Research Lab (ARL) and United Technologies Research 

Center (UTRC), respectively.  The ARL Center for Cold Spray is considered to be one of 

the world’s premier cold spray facilities and the collaborators there were instrumental in 

conducting simulation and process design for the samples produced for these studies.  

NCM powder was provided by Dr. George E. Kim of Perpetual Technologies, Inc. and 

was invaluable in providing insight into the NCM process.   
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Chapter 2: Background  

 

2.1 Introduction 

 

The purpose of this Chapter is to provide an overview of the current state of 

nanocrystalline materials research and a general background on nanocrystalline materials, 

methods of developing a nanocrystalline microstructure, conventional bulk processing 

techniques, and cold spray processing and its potential application as a novel method for 

processing bulk nanocrystalline materials.  The Chapter concludes with a summary 

focusing on areas in which this work aims to contribute. 

Research activity in the area of nanocrystalline materials has increased dramatically over 

the past 10 years, with 2,223 publications in 2004 and 5,314 in 2014 listed on 

ScienceDirect [1].  As processing and consolidation techniques continue to improve, it is 

reasonable to assess that publications on the topic of nanocrystalline materials will only 

continue to increase.  The driving force for the continued increase in research activity is 

the superior mechanical properties of nanocrystalline materials compared to conventional 

polycrystalline counterparts [2], which makes nanocrystalline materials attractive for 

applications that require high strength and low weight.   
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2.2 Nanocrystalline Materials 

 

2.2.1 Overview of Nanocrystalline Materials 

 

Nanocrystalline materials are polycrystalline materials that have an average grain size 

between 1-100 nm (1-100 x 10-9 m) [2, 3].  Materials with grain sizes between 100-1000 

nm are typically referred to as ultra-fine grained materials (UFG), and are considered to 

be a “transitional grain size” between nanocrystalline grains and conventional 

polycrystalline materials.  UFG materials have attracted significant research interest as 

they not only exhibit mechanical properties on the order of that achieved in nano-grains, 

but also allow for considerable ductility above what is achieved with nano-grains [4].  By 

reducing the average grain size to the nanoscale, the volume of grain boundaries within 

the material increases to as high as 50% [3, 5], and with the increase in grain boundary 

volume comes a significant increase in strength.  The relationship between grain size and 

strength was initially characterized by Hall [6] and Petch [7], who independently 

described the correlation of yield strength to grain size in what is now known as the Hall-

Petch Relationship.  The relationship they found is mathematically represented by 

equation 2.1 below: 

 

𝜎! =   𝜎! +   
𝑘
𝑑
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2.1 

Where σy is the yield strength, σ0 is the stress required to move dislocations, k is the 

material specific Hall-Petch coefficient, and d is the average grain diameter.  This 

relationship is shown graphically in Figure 2.1, which illustrates the relationship between 

grain size and yield strength.  As can be seen, the yield strength of the material 

experiences significant enhancement as the average grain size approaches 100 nm.  The 

change in slope observed at grain sizes smaller than 100 nm can be attributed to the 

breakdown of conventional dislocation pile-ups at grain boundaries [8]. 

 

Figure 2.1- Schematic representation of Hall-Petch behavior in a polycrystalline material 

illustrating the increase in strength with decreasing grain size.  This image is adapted 

from Kumar et al. [8]. 
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Also evident in Figure 2.1 is that grain size strengthening is not infinite, and at grain sizes 

smaller than 10 nm, there is a decrease in yield strength. A number of theories as to why 

this phenomenon occurs have been presented and include dislocation based models [9-

11], diffusion based models [12, 13], and grain boundary shearing models [14, 15],  For 

the purposes of this dissertation, grain sizes less than 10nm are not expected as the 

minimum grain size attainable in aluminum (Al) is approximately 22nm [16], which is 

based on the thermodynamic balance of the generation of dislocation and recovery, and 

has also been found to scale inversely with the melting temperature of the material [16-

22]. 

 

2.2.2 Development of a Nanocrystalline Microstructure 

 

Numerous methods have been developed to generate nanocrystalline microstructures 

including inert-gas condensation [23, 24], electrodeposition [25], and rapid solidification 

[26, 27] and thermochemical approaches [28].  These techniques are known as “bottom-

up” methods as they build nanostructured materials from the atomic level up.  Methods 

that have generated much more research interest are “top-down” approaches that refine 

the microstructure of a material, typically a powder, such as mechanical attrition (MA) 

[19, 20, 29-37], high-pressure torsion (HPT) [38, 39], and equal-channel angular pressing 

(ECAP) [40-43].  Of the “top-down” approaches, mechanical attrition is the most popular 

due to its technological simplicity and relatively inexpensive equipment [44].  MA 

methods are utilized in the studies presented later in this dissertation for the reasons 
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stated above as well as having the ability to develop large quantities of homogenous 

metal powder in a single run. 

 

2.2.3 Grain Refinement by Mechanical Attrition 

 

Mechanical attrition (MA), or ball milling, refines the microstructure by the breakdown 

of larger grains through severe plastic deformation caused by the repeated impacts of the 

grinding media in the mill [19].  The process of grain refinement during mechanical 

attrition occurs in five major stages: particle flattening due to plastic deformation, particle 

welding, formation of equiaxed particle morphology, random welding of particles, and 

finally steady-state deformation [45].  The microstructural changes that occur during 

these stage were first identified and characterized by Fecht et al. [29], and are listed 

below: 

 

i. Localization of deformation within shear bands consisting of arrays of high-

density dislocations. 

ii. Annihilation and recombination of the dislocations into small-angle grain 

boundaries (SAGBs). 

iii. Randomization of individual crystallites with respect to their neighbors to form 

high-angle grain boundaries (HAGBs). 
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Another mechanism for grain refinement during mechanical attrition has been proposed 

by He et al [46] and suggest that strain fatigue fracture induced by the cyclic impact 

loading in random directions, and cold welding, are responsible.  However, despite 

numerous publications on the topic, there is still a lack of a comprehensive model for 

grain refinement during mechanical attrition [47].   

 

2.2.4 Effect of Process Control Agent (PCA) on Ball Milled Powder 

 

Ball milling is generally performed with the aid of a process control agent (PCA).  The 

primary purpose of the PCA is to mitigate excessive cold welding by modifying the 

surface tension of deformed particles and impeding the contact of clean metal surfaces 

[48].  However, there is concern that the atomic species of the PCA, particularly organic 

PCA’s such as stearic acid (SA) [CH3(CH2)16CO2H], may affect the final chemistry of the 

alloy and prevent complete consolidation or cause cracking during subsequent 

consolidation processes [49-51].  This is due to the tendency of organic PCA’s to 

decompose during milling; which introduces impurities, particularly hydrogen, into the 

powder resulting in the degradation of the mechanical properties [52-54].  To help 

mitigate the negative effect of entrapped impurities, the milled powder must be degassed 

prior to consolidation to remove residual PCA.  This is most readily accomplished using 

a combination of elevated temperatures and high vacuum (10-6 Torr) [51, 53].   
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2.2.5 Characteristics of Nanocrystalline Powder Processed Using Cryogenic Ball Milling 

(Cryomilling) 

 

It has been found that reducing the temperature of the mill to LN2 temperatures (-196°C) 

can significantly reduce the amount of time needed to achieve steady-state grain 

refinement by accelerating the fracture processes [45].  This mechanical attrition method 

is known as cryogenic ball milling or cryomilling (CM), and has been used to develop 

nanocrystalline microstructures in a number of various alloys [46, 47, 55-66].  The low 

temperature of the CM process suppresses dislocation annihilation, limits cold welding of 

particles, and protects the powder being milled from oxidation due to the nitrogen 

atmosphere [45, 67].  An example of an attritor used for CM and a schematic of the 

milling chamber are shown in Figure 2.2 below. 
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Figure 2.2- a) Schematic of the milling chamber used for CM illustrating the arrangement 

of the attritor arm, grinding media, rotation, and LN2 source and b) Photograph of a 

Szegvari S-1 attritor used for CM at UCD.  This image is adapted from [68]. 

 

The average grain size as a function of milling time using CM has been reported in the 

literature, and a plot showing the experimental results is shown below in Figure 2.3.  Also 

shown in Figure 2.3 is the variation of microstrain as a function of milling time.  As can 

be seen, the grain size of the material decreases as a function of time, and begins to 

plateau after approximately 8hrs.  The microstrain initially increases as the dislocation 

density increases with initial particle deformation, eventually dropping off as steady-state 

grain refinement is achieved and the dislocation density drops [67].  Due to the fact that 

very little grain refinement occurs at milling time exceeding 8hrs, the CM and NCM 

	   	  a b
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powders for these studies were milled for 8hrs in order to provide a direct comparison to 

each other and to the published literature.   

 

 

Figure 2.3- Variation of grain size and microstrain as a function of milling time.  This 

image is adapted from [67]. 

 

CM has been found to be effective at dispersing various nanoscale oxides, nitrides, and 

oxynitrides, which have been identified as being responsible for the high thermal stability 

and contribute to the strength CM nanocrystalline materials [51, 57, 67, 69-74].  The 

dispersoids act as Zener Pinning points, which obstruct the movement of grain 

boundaries [57, 70].  It has been found that cryomilled Al alloys exhibit excellent thermal 
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stability, with minimal grain growth observed to temperatures up to approximately 0.7Tm, 

where Tm, is the melting temperature of the alloy. 

As mentioned in the section 2.2.4, the milled powder must be degassed prior to 

consolidation, which requires that the nanocrystalline powder retain its nanostructured 

characteristics following degassing.  The thermal stability of CM powder is well 

documented, however, for the purposes of these studies, a novel high-energy milling 

(NCM) process is being evaluated.  In order for the NCM process to be a competitive 

alternative to CM, it must exhibit similar, if not enhanced, thermal stability compared to 

CM AA5083 powder.  Investigations regarding the thermal stability of NCM AA5083 

powder will be presented in Chapter 3. 

 

2.2.6 High Energy Non-Cryogenic Ball Milling 

 

The NCM process approach described in this dissertation is a proprietary, high-energy, 

room temperature ball milling method developed by Perpetual Technologies, Inc.  Unlike 

CM, NCM does not use LN2 during the milling process, instead making use higher strain 

energy to refine the grain size and maintain a nearly equiaxed particle morphology.  The 

mill used for NCM is a proprietary planetary style mill, shown in Figure 2.4.  The mill 

developed by Perpetual Technologies, Inc. uses twin-milling chambers, which rotate in a 

direction opposite of the main central axis.  The rotational speed of the milling chambers 

can be selected by choosing appropriate gear ratios.  By rotating the milling chambers in 

the opposite direction of the main carrier, high centrifugal forces are generated, which 
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forces the powder to the walls of the camber and causing the grinding balls to impact the 

powder in a manner depicted in Figure 2.5. 

The NCM process developed by Perpetual Technologies, Inc. required several iterations 

and design changes to achieve a power morphology similar to that obtained by CM.  The 

evolution of the powder morphology after the multiple design and process iterations is 

shown in Figure 2.6.  Most notable in the micrographs is the change in particle 

morphology as it changes from flake-like to nearly equiaxed following the most recent 

design. 

 

a) 
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b) 

Figure 2.4- a) Photograph of mill used for NCM process, courtesy of George E. Kim and 

b) schematic of milling apparatus shown in the photograph showing the rotation of the 

main carrier and milling chambers [75]. 
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a) 

 

b) 

Figure 2.5- Schematic representations of a) the movement of grinding media within the 

milling chamber, relative to the rotation of the milling chamber and main carrier and b) 

impact of powder particles between hard grinding media.  These images are adapted from 

[76] and [30], respectively. 
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a) 

  

b) 

Figure 2.6- Powder particle morphology a) before optimization and b) after 

optimization of high-energy attritor NCM powder morphology.  Of importance is 

the change in particle morphology that occurs as the initial particle morphology 

was flake-like while the morphology attained now is more equiaxed [77]. 
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One of the key differences, aside from not using LN2 during milling, between the NCM 

and CM process is the difference in relative strain energy imparted to the particles by the 

milling process.  Since the NCM mill is not cooled with LN2 during milling, the particles 

must sustain more severe deformation in order to refine the grain size and fracture the 

particles to attain an equiaxed morphology.  Figure 2.7 shows the strain energy 

comparison between NCM and CM processes as a function of ball-to-powder ratios.  As 

part of the investigations presented in this dissertation, the residual microstrain resulting 

from each milling process will be measured and compared to determine if the scenario 

depicted in Figure 2.7 is an accurate representation of the strain energy associated with 

each process. 
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Figure 2.7- Strain energy comparison between cryogenically and non-

cryogenically milled powder [77]. 

 

2.2.7 Conventional Bulk Processing Techniques and Resulting Properties 

 

There are several powder metallurgy (PM) methods used to consolidate BN materials,.  

Based upon a the number of publications found in the literature that focus on bulk 

nanostructured materials, the most common bulk consolidation techniques are HIPing [4, 

55, 56, 59, 62, 63, 69, 78-83], CIPing [83-85], and SPS [86-88].  HIPing is the most 

common method of densification used as the combination of heat and pressure has 

resulted in nearly fully dense samples (99.8% of theoretical value of 2.66 g/cm3) [4], 
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however, consolidating bulk samples at elevated temperatures without experiencing grain 

growth is difficult [4, 83].  This is due to the fact that HIPing is a diffusion-controlled 

process, which requires the movement of atoms and grains in order to yield a low 

porosity finished product [89].  In addition to this, issues arising from native or residual 

surface oxide surrounding the powder particles preventing full consolidation are also 

important to the ductility and mechanical integrity of BN materials [89-92].  In order to 

mitigate this effect, HIPed samples are often hot extruded following HIPing to achieve 

full density. 

Consolidating nanostructured materials using CIPing has shown to maintain a smaller 

average grain size, however, achieving full density is often a problem as the formation of 

clean metal-to-metal bonds is difficult to achieve if the native oxide layer surrounding the 

particles is not interrupted, which again, can result in lower ductility [90].  Often, and 

particularly for BN materials processing, the CIPed samples are often hot extruded to 

fully consolidate the sample.  Though the as-CIPed samples result in a smaller average 

grain size, the hot extrusion process inevitably results in grain growth [82-84].  One 

means of circumventing the issue with disrupting the oxide layer has been proposed in 

which the freshly milled powders are immediately consolidated before having the 

opportunity to oxidize [93], though in practice this is difficult to accomplish.   

The mechanical properties of BN materials, specifically the strength and hardness, 

achieved using the various bulk consolidation techniques are considerably higher 

compared to conventionally grain sized (coarse grained) materials [94].  Several studies 

[56, 95] have found that the tensile strength of consolidated cryomilled Al-Mg alloys is 

up to four times greater than coarse grain alloy, as is shown in Figure 2.8.  However, as is 
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also evident in Figure 2.8, enhanced tensile strength comes at the expense of ductility 

[79, 96, 97].  As a result of the loss of ductility that accompanies nanocrystalline 

materials, bimodal microstructures are often engineered to obtain an optimal combination 

of strength and ductility [79, 80, 98].   

 

2.2.8 Bimodal Microstructures for Ductility Enhancement 

 

The bimodal microstructure can be engineered by adding a specified weight percentage 

of coarse-grained powder to a balance of nanocrystalline powder and blending the 

mixture of powders to obtain a homogenous mixture; or the bimodal microstructure can 

form in-situ during consolidation as a result of grain growth during processes such as 

HIPing and SPS [56, 81, 99].  Regardless of whether the coarse grains are intentionally 

dispersed, or form as a result of grain growth, the resulting ductility enhancement is 

significant.  It has been seen that by adding as little as 30% coarse grained material, the 

ductility compared to the pure nanocrystalline material can increase as much as four 

times, with minimal impact on the tensile strength as is shown in the tensile test curves in 

Figure 2.9 below.  This is due in part to the relatively low loading of coarse-grained 

material that allows for strength of the nano-scale grains to prevail in the overall 

performance of the material.   

There are several theories as to how bimodal grain structures enhance the ductility, the 

most prominent are that the coarser grains can support dislocation motion, absorb or blunt 

advancing crack tips, or act as a crack bridging mechanism [45, 80, 100] as shown in 
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Figure 2.10 below.  However, despite the lack of experimental evidence for the 

enhancement of ductility achieved with a bimodal microstructure, the underlying fracture 

and failure mechanisms responsible for the enhanced ductility are still relatively 

unknown due to a lack of non-empirical observations [98, 100-102].  

 

 

Figure 2.8- True stress-true strain tensile tests showing the results of A) coarse grain 

AA5083, B) cryomilled, HIPed, and extruded AA5083, C) cryomilled and in-situ 

consolidated Al-5%Mg, and D) cryomilled, CIPed, and extruded AA5083.  This figure 

shows the effect on tensile strength and ductility of bulk nanostructured materials 

compared to conventional coarse-grained materials.  This image is adapted from [90], 

whose author indicates tensile curves A, B, and D being included from [103].  
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Figure 2.9- Tensile behavior of nanocrystalline, 15% coarse grained, and 30% coarse 

grained Al-7.5Mg.  Note the increase in ductility with increasing coarse-grained content.   

This image is adapted from [80]. 
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Figure 2.10- Schematic representation of a crack advancing through a bimodal material.  

Cracks can propagate easily through nanocrystalline regions but can be absorbed or 

blunted by coarse grains.  This image is adapted from [56]. 

 

2.2.9 Summarizing Nanostructured Materials 

 

Significant steps have been taken in order to introduce bulk nanostructured materials to 

commercial applications.  However, many if not all, conventional bulk processing 

techniques expose nanocrystalline powder to elevated temperatures, and result in bulk 

compacts that require significant machining or post-processing to achieve a finished part.  

With what has been discussed to this point, it should be evident that a processing method 
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that does not expose the nanocrystalline powder to elevated temperatures for extended 

periods of time and requires minimal post-processing work to achieve a finished product 

should allow for the gap that separates bulk nanostructured materials from large-scale 

commercial application to be bridged.  One such technique is cold spray processing 

(CSP), which will be for focus for the remainder of this Chapter. 

 

2.3 Cold Spray Processing 

 

2.3.1 Introduction to Cold Spray Processing (CSP) 

 

CSP is a low temperature, high velocity spray deposition techniques that uses kinetic 

energy, instead of thermal energy, to bond metal particles together to make high density 

deposits [104-110].  The process was discovered at the Institute of Theoretical and 

Applied Mechanics at Novosibirsk, Russia during wind tunnel experiments in which it 

was discovered that above a critical velocity, Cu particles would adhere to a substrate 

[104].  The major advantage of CSP compared to other thermal spray processes is that the 

particles do not undergo melting during the process [104, 111], which is particularly 

attractive for nanocrystalline powders.  A representative schematic of a typical cold spray 

system is depicted in Figure 2.11 below. 
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Figure 2.11- A schematic of a typical cold spray system with key features identified.  

This image is adapted from [112]. 

 

CSP also has the advantage of being an additive manufacturing process in that it builds 

bulk materials in a layer-by-layer manner [113].  Presently, CSP is used by the Army 

Research Lab (ARL) in a number of applications including the application of wear 

resistant coatings, anti-microbial coatings, dimensional restoration and repair of worn 

components, and to produce near-net shape components [114].  Several bulk structures 

that have been deposited using CSP are shown below in Figure 2.12. 
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Figure 2.12- Bulk free-form samples fabricated using CSP and different metals.  This 

image is adapted from [113]. 

 

2.3.2 Theory of CSP 

 

CSP operates by accelerating a carrier gas to supersonic speeds in a converging-diverging 

de’Laval type nozzle.  The metal powder, typically 1-100μm in diameter [112], is 

introduced into the gas stream at the inlet of the nozzle and directed towards a substrate.  

Above a certain critical velocity (VCrit), which can range between 300-1200m/s [115] 

depending on the characteristics of the material, the particles will strongly bond to the 

substrate and to each other [104].  Particles with velocities below the critical velocity will 

have insufficient kinetic energy to bond and particles with velocities above the erosion 
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velocity (VErosion) will cause cratering [116].  Pressurized helium (He) or nitrogen (N) are 

often used as the carrier gases due to their aerodynamic properties and their ability to 

protect the metal powder from oxidation or other unwanted thermal reactions [104, 109, 

111, 117, 118].  The carrier gas is often heated to help increase the velocity of the gas 

through the nozzle.  Heating the gas does increase the temperature of the particles, 

however, the temperatures to which the gas is heated are well below the melting point of 

the particles being deposited and the time in which the particles are exposed to the higher 

temperature gas is brief, meaning the particles stay well below the temperature of the gas 

[108]. 

 

2.3.3 Bonding Mechanisms for CSP 

 

Being that CSP is a relatively low temperature, solid-state process, several theories have 

been proposed as to how particles bond during CSP in the absence of melting.  The first, 

and most widely accepted theory proposes that the oxide layer surrounding the particles 

is broken up or disrupted, resulting in clean metal-to-metal bonding [108, 112, 119, 120]. 

It has been found in the case of Al particle impacts that the pressure generated within the 

particles immediately following impact can reach as high as 20GPa [106] and the strain 

rates can be as high as 109/s [107].  The impact of the particles and the deformation 

associated with them has also been found to result in localized heating at the interface 

surfaces [116], though the heating is not substantial enough to induce melting or 

significant microstructural changes.   
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Evidence supporting the break up of the oxide layer surrounding the powder particles has 

been presented by several recent studies [121-123].  However, it is not to be 

misunderstood that the surrounding oxide layer is completely removed as a result of the 

high-energy impacts of the particles; instead, the oxide layer breaks up, and the oxides, 

which are not at the immediate surface of the particle-substrate interface, can be 

dispersed and entrained within the boundary layer, as depicted below in Figure 2.13.  

Furthermore, a study by Li et al. [123] has found a strong correlation between the 

cohesive strength of the particle bonds and oxygen concentration, with lower oxygen 

content particles having a higher cohesive strength compared to particles with higher 

oxygen concentrations.  This finding suggests that limiting the exposure of the feedstock 

powder to oxygen prior to spraying should result in more cohesive particle bonds.   

 

 

 

Figure 2.13- Schematic representing surface oxide break-up during a cold spray particle 

impact.  According to this schematic, the oxide in contact between the particle and 
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substrate is not completely removed, but is instead broken up and dispersed along the 

boundary layer.  This image is adapted from [123]. 

 

2.3.4 Parameters Affecting CSP 

 

A number of factors related to the metal particles and cold spray system set-up affect the 

quality of the deposit formed.  Factors related to the metal powder itself include average 

particle size, size distribution, and morphology, and substrate characteristics can have 

significant impacts on the amount of porosity present after spraying [117, 124-126].  

Typically, harder particles result in limited plastic deformation, which can also lead to 

higher levels of porosity [117].  These material parameters have direct effects on the 

system parameters such as gas pressure, velocity, temperature, and stand-off distance 

required to achieve a fully dense deposit [127-129].   

 

2.3.5 Recent Work on Cold Spraying Nanocrystalline Materials 

 

There have recently been several studies in which CSP was used to deposit 

nanocrystalline thin-films (thickness < 300 μm) [85, 130-133].  In almost every study, 

high-density (low porosity) thin-films were deposited with either CM or NCM powder 

and the results show that the nanocrystalline microstructure of the powder is retained 
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following deposition.  Any porosity that was observed in the high-quality nanocrystalline 

deposits was localized near the top of the film, and has been attributed to a lack of 

compressive force caused by repeated particle impacts.  In addition to the retention of the 

nanocrystalline microstructure, it was found that the hardness of the deposit was 

approximately 2.56GPa [130] and 2.72GPa [132] for CM and NCM deposits, 

respectively.  It has also been noted that gas-atomized powder undergoes significant grain 

refinement during deposition due to the high strain rates, and has been shown to result in 

a microstructure in the UFG regime [134].  This result is of particular interest as it 

indicates that CSP may also be used as a means to develop nanocrystalline or UFG 

microstructures without the need for an intermediate milling step.   

 

2.3.6 Objectives of Present Research 

 

This Chapter has established relevant background information necessary to provide the 

reader with an overview of the field that the present research elaborates upon.  Though 

the properties of CM Al powder are fairly well understood, there is relatively little known 

about the properties of NCM Al powder.  As such, developing an understanding of the 

characteristics of Al powder processed using the NCM method is needed to make an 

objective comparison of the two processes.  Should the properties of the powder achieved 

through the NCM process compare to those achieved through CM, then a lower cost 

alternative processing means would allow for large scale introduction of nanocrystalline 

powder for future bulk processing endeavors.  Furthermore, in regards to CSP, it is the 
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goal of the present studies to characterize analyze the properties of bulk deposited 

nanocrystalline and bimodal AA5083 and compare the properties to those obtained using 

conventional powder metallurgy consolidation processes.  These studies are intended to 

expand on existing knowledge obtained in studies focusing on the cold-spray deposition 

of nanocrystalline thin-films in an attempt to understand if and how the properties 

translate across the thin-film to bulk size scale.  Through these efforts, a foundational 

data set of material properties will provide a pathway for further development and 

optimization of CSP as a novel technique for fabricating bulk nanostructured materials.   
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CHAPTER 3: Comparative Analysis of Microstructures and Properties 

of Cryogenic and Non-Cryogenically Milled Nanocrystalline Aluminum 

Alloy 5083 (AA5083) 

 

3.1 Introduction 

Powder metallurgy (P/M) routes are often employed in the processing of bulk 

nanostructured (BN) materials due to the cost effectiveness of P/M processing routes and 

their ability to yield near-net shape final products [93, 135].  As discussed in the previous 

Chapter, there are numerous “top-down” and “bottom-up” approaches to generating 

nanocrystalline microstructures in a material and from a practical standpoint, ball milling 

is most often used because it is capable of yielding relatively large quantities of 

homogenous nanocrystalline powder in a single processing run [3].  A popular ball 

milling technique used to process nanocrystalline aluminum alloys is cryomilling (CM), 

which involves milling a slurry of gas atomized metal powder and liquid nitrogen for a 

specified period of time to achieve a desired average grain size [45, 57, 59, 62, 63, 136, 

137].  Milling at cryogenic temperatures allows for a more rapid grain refinement process 

compared to milling room temperature, as the low temperature promotes particle 

fracturing, leading to a finer particle size distribution and reduces the effects of recovery 

during milling by suppressing dislocation annihilation [45].  However, despite these 

advantages, the CM process is not a cost effective means of producing bulk quantities of 

nanocrystalline powder due to the large volume of liquid nitrogen consumed during a 
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typical run.  A report by Ye et al. established liquid nitrogen accounts for more than a 

quarter of the total cost of the milling operation [138].  In addition to this, milling in the 

presence of nitrogen mitigates oxidation of powder particles and introduces nitrogen to 

the microstructure however this is not necessarily a negative aspect as nitrogen 

containing dispersoids have been found to aid in the thermal stability of cryomilled 

powders [56, 57, 69, 70, 72, 73].  Mitigating oxidation of the freshly milled powder is 

important in subsequent consolidation steps as residual surface oxidation can prevent 

complete bonding between particles from occurring resulting in porosity in the bulk 

structure [89-92, 139]. 

The goal of the studies presented in this chapter is to evaluate a non-cryogenic milling 

(NCM) process and compare the microstructures and properties of the powder to 

nanocrystalline powder prepared using CM; for the purpose of having a more cost 

effective alternative to CM for large scale production of BN materials.  The NCM 

process used for this study was developed by n-Werkz, Inc. in partnership with Perpetual 

Technologies, Inc.  The analysis performed on the powder samples focuses on 

maintaining an objective comparison of the powders produced from each process, while 

providing the first complete analysis of the properties and microstructures developed 

following the proprietary NCM process.  Discussion is also provided in regards to the 

differences in CM and NCM powder that may affect the aerodynamic properties of the 

particles for cold spraying. 
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3.2 Experimental Procedures 

 

Aluminum alloy 5083 (AA5083) was selected for these studies for a number of reasons, 

chief among them being the availability of literature data on powdered and bulk 

nanostructured AA5083 or close derivatives of the alloy composition.  By utilizing an 

alloy system that has substantial reference data on its cryomilled properties and 

microstructures, it is possible to make direct comparisons of the milling processes 

themselves by minimizing variables associated with a different alloy composition.  

Furthermore, AA5083 is used heavily in industries that require high corrosion resistance, 

such as aerospace and marine applications. Lastly, the 5000 series Al alloys are not 

readily strengthened by heat treatment, which allows for the near isolation of the 

strengthening mechanisms associated with grain size reduction.  The elemental 

composition of the alloy is detailed in Table 3.1 below.  For these experiments, gas-

atomized powder was purchased from Valimet, Inc. in Stockton, CA.  A representative 

scanning electron microscope (SEM) of the as-received powder is shown in Figure 3.1. 
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Table 3.1- Chemical composition of AA5083. 

Element Wt. % 

Mg 4.0-4.9 

Mn 0.4-1.0 

Zn 0.4 max 

Cr 0.5-0.25 

Si 0.4 max 

Cu 0.4 max 

Fe 0.4 max 

Ti 0.15 max 

Al Balance 
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Figure 3.1- As received, gas atomized AA5083 purchased from Valimet, Inc. 

 

CM was performed at the University of California, Davis (UCD) in collaboration with the 

research groups of Prof. Enrique J. Lavernia and Prof. Julie M. Schoenung.  Additional 

cryomilled AA5083 was provided by Prof. Mathieu Brochu at McGill University in 

Montreal, Quebec, Canada.  Dr. George Kim provided non-cryogenically milled (NCM) 

powder produced by N-Werkz in Verdun, Quebec, Canada.  Following milling, small 

samples of each type of powder were sent to Rice University for analysis.  The remaining 

CM powder was hot vacuum degassed at UCD and NCM powder was degassed at 

Pittsburgh Materials Technology, Inc. (PMTI), following the same degassing schedule 

utilized by UCD.  The degassing schedule can be found in Appendix I. 
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The experimental procedure for CM has been previously described in the literature [45, 

59, 136].  The specific procedure followed for cryomilled powder prepared at UCD is as 

follows: 

 

1) To the attritor bowl was added 30kgs of 0.25in diameter stainless steel balls.  The 

lid of the bowl was bolted down and the flow of liquid nitrogen (LN2) was started in 

order to cool the mill.  The mill is shown in Figure 2.1 with key features identified. 

2) 1kg of as-received AA5083 powder was divided into two Nalgene bottles, each 

containing approximately 500g of powder.  Figure 2.2 shows an SEM micrograph of the 

as received AA5083 powder 

3) To each Nalgene bottle was added 1g of stearic acid (C18H36O2) as a process 

control agent (PCA) to obtain a 0.2wt% concentration.  The bottles were vigorously 

shaken to mix in the stearic acid with the AA5083 powder. 

4) The Nalgene bottles containing the AA5083 powder and stearic acid were then 

placed in a LN2 to cool in order to minimize powder rejection due to a temperature 

gradient between the mill and powder charge.  This step is shown in Figure 2.3. 

5) Once the mill and Nalgene bottles reach LN2 temperature (77K), add the powder 

charge was added to the mill, and the mill was turned on and set to rotate at 180 RPM.  

Milling was performed continuously for 8hrs.   

6) After 8 hours, discharge port of the mill was heated using a heat gun and dried to 

remove residual moisture.  The discharge port is then opened to allow the LN2 and 

aluminum powder to be released and collected in stainless steel collection buckets.  The 

collection buckets were then transferred to the airlock of a glove box to allow all the 
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nitrogen to boil off.  Vacuum was pulled in the airlock to prevent oxidation of the clean 

powder. 

The primary concern during CM is the risk of the Al powder combusting due to the 

highly exothermic oxidation reaction of Al with H2O to form Al2O3 and H2 gas.  As such, 

specific attention is focused on ensuring that the milled powder does not come into 

contact with an oxygen-containing atmosphere.  As a precaution, a class D fire 

extinguisher (powder metal) should be readily available during all stages of metal powder 

handling, particularly after the powder has been milled and does not have a passivated 

Al2O3 layer around the particles. 	  

 

Figure 3.2 Photograph of cryomilling attritor with key features identified.  The 

“low temperature thermocouple” controls the minimum level of LN2 in the attritor 

and the “high temperature thermocouple” controls the maximum level of LN2 in 

the attritor.  The two thermocouples serve as constant feedback sensors to 
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maintain the level of LN2 during cryomilling. 

 

 

Figure 3.3 Two Nalgene bottles containing 500g each of AA5083 powder and 1g 

each (0.2wt%) of stearic acid cooling to LN2 temperature (77K) prior to 

introduction to the cryomill. 

 

The experimental process used for the NCM powder was similar, albeit without using 

LN2.  For the NCM process, 0.2wt% was added to the powder and mixed prior to 

introduction to the mill.  After the stearic acid and Al powder were thoroughly mixed, the 

powder charge was then added to the mill and the mill was backfilled with argon to 

prevent further oxidation of the powder during milling.  Milling was performed 

continuously for 8hrs, after which the mill was slowly opened to allow for the slow 

passivation of the power within the mill.  The controlled passivation of the milled powder 
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is necessary to mitigate explosion risks associated with the oxidation reaction of Al to 

Al2O3.  The powder was then collected and sent to Rice for characterization. 

Analysis of the CM and NCM powder was accomplished using scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), Vickers microhardness 

analysis, thermal gravimetric analysis/differential scanning calorimetry (TGA/DSC), and 

X-Ray Diffraction (XRD).  SEM was used to image particle morphologies and observe 

apparent particle size distributions and TGA/DSC was used to determine the recovery 

and recrystallization temperatures of the cryomilled and non-cryogenically milled 

powder.  Grain size measurements were done using both XRD and TEM analysis.  

Average grain size and microstrain were calculated using powder XRD; utilizing the 

Scherrer approximation to determine the average grain size and the Hall-Williamson 

method to determine the residual strain resulting from the milling processes.  TEM was 

used to confirm the average grain size obtained using XRD as well as determine the 

presence of dispersoids within the microstructure.   

 

3.3 Results and Discussion 

 

3.3.1 Cryomilled and Non-Cryogenically Milled AA5083 Morphology 

 

Following 8 hours of milling, both the CM and NCM processes resulted in equiaxed 

particle morphologies, as shown in Figure 3.4 below.  The most apparent difference in 
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the particle morphology generated by each milling process is the surface roughness of the 

powder particles.  Figure 3.4b and 3.4d show higher magnification SEM micrographs of 

CM and NCM particles, respectively.  As can be seen, the surface morphology of the CM 

powder appears to be heavily fractured, crevassed, and porous, which is consistent with 

surface analysis performed by Ye et al. [86].  This morphology results from the repeated 

cold welding, fracturing of the particles during CM.  By comparison, the surface 

morphology of the NCM powder has a more angled and flattened appearance.  This is 

most likely due to the higher energy impacts of the grinding media with the particles and 

that milling at room temperature promotes more particle work hardening during the 

milling process.  This would result in a fatigue-like particle fracture mode described by 

Suryanarayana [76] as opposed to a low temperature brittle fracture mode observed in 

CM particles.  Furthermore, it has been described that CM is able to yield higher 

dislocation densities (up to 1017/m-2) [45, 72] compared to lower measured dislocation 

densities achieved during room temperature milling (1013 - 1016/ m-2) [30], suggesting that 

the NCM particles can undergo further deformation than the CM particles before 

fracturing occurs. 
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a) 

 

b) 

 

c) 

 

d) 

Figure 3.4- Representative SEM micrographs of a) CM AA5083 powder b) detail of 

individual CM particles c) NCM AA5083 powder and d) detail of NCM particles.  Note 

that the CM particles look much more fractured and jagged compared to the NCM 
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particles, which appear more flattened and smooth. 

 

3.3.2 Grain Size and Residual Strain of CM and NCM AA5083 

 

Prior to performing any XRD experiments on AA5083 powder, the calibration and 

instrument broadening of the diffractometer was established using a LaB6 NIST standard.  

To determine the instrument profile, the powder LaB6 sample was scanned from 0° to 

150°.  Given the nature of the sample, any broadening in the X-ray peaks is associated 

with instrument broadening.  The baseline XRD plot of the as-received AA5083 powder 

is shown below in Figure 3.5.  The XRD plots of CM and NCM AA5083 are shown in 

Figure 3.6a and Figure 3.6b, respectively.  From the XRD plot of the as-received powder, 

the calculated lattice spacing for AA5083 is .407nm, which is in agreement with 

previously published results for the lattice spacing of AA5083 [132].  Using the Scherrer 

approximation, the average grain size of the CM and NCM powder was found to be 30.8 

± 7.3 nm and 30.5 ± 6.9 nm, respectively.  The results coincide with results published in 

the literature for a milling time of 8 hours [67].  The fact that the average grain size 

achieved in both the NCM and CM process is similar, and consistent with historical data, 

is significant in that it shows LN2 is not necessary to efficiently refine the microstructure 

into the nano-regime for this particular Al alloy.   
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Figure 3.5- XRD pattern of the as-received AA5083 powder showing peak indexes. 
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a) 

 

b) 
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Figure 3.6- XRD plots of a) CM AA5083 and b NCM AA5083.   

 

Residual strain was estimated using the Hall-Williamson method to de-convolute the 

peak broadening contributions of crystallite size and microstrain.  This is accomplished 

by taking the total derivative of Bragg’s Law, shown below. 

 

𝑛𝜆   =   2𝑑𝑠𝑖𝑛𝜃    

                                                          (3.1) 

Taking the total derivative yields: 

0.9𝜆
𝑡𝑐𝑜𝑠𝜃 =   𝛽!"  

                                                     (3.2) 

Which is the Scherrer formula, where βXS is the peak broadening (2Δθ) due to crystallite 

size, and t is the crystallite thickness.  Similarly, the strain contribution to broadening can 

be estimated by the following equation, which is again obtained by taking the total 

derivative of Bragg’s Law: 

2𝜀𝑡𝑎𝑛𝜃 = 𝛽!  

              (3.3) 

Summing the contributions of broadening due to crystallite size and strain and 

multiplying by the cosine of the angle yields the Hall-Williamson approximation shown 

below: 
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𝛽!𝑐𝑜𝑠𝜃 =   
0.9𝜆
𝑡 + 2𝜀𝑠𝑖𝑛𝜃  

(3.4) 

By plotting cosθ on the y-axis and sinθ on the x-axis, the contributions of size and strain 

become apparent.  The equation above resembles the equation of a line (y = mx + b) in 

which “b” would represent the crystallite size and 2ε would be the slope of the line.   

Referring to Figure 3.7, the 2θ positions of the (111) peak of the as-received, CM, and 

NCM powder was 38.2468°, 38.316°, and 38.2198°, respectively.  The shift to a higher 

2θ angle is indicative of a residual compressive strain while a shift to lower 2θ angle is 

indicative of a residual tensile strain. The exact origin and interpretation of this finding is 

still under consideration, but can be resolved by a rigorous residual stress analysis study, 

which is suggested for future work.  Also evident in Figure 3.7 is the relative intensity 

and breadth of the (111) peaks of the milled powder relative to the as-received powder.  It 

is expected, following milling, that the peak profiles should be stunted (less intense and 

broader), however, comparing the (111) peak profile of the CM and NCM, it is evident 

that the NCM process is considerably less intense than that of the CM (111) peak.  This 

suggests that the NCM process generates more inhomogeneous microstrain compared to 

powder produced using CM.   

Further analysis of the microstrain generated by the CM and NCM processes is provided 

by the application of the Hall-Williamson method to de-convolute size and strain 

contributions to peak broadening.  It was observed, on average, that the NCM powder 
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exhibited more residual microstrain compared to CM powder.  Figures 3.8 and 3.9 show 

the estimated residual microstrain for CM to be 0.176% and for NCM 0.306%, 

respectively, which is consistent with microstrain values reported by others [67].  This 

finding further supports that the NCM process generates not only higher residual 

microstrain, but also a more inhomogeneous dispersion of microstrain within the 

particles.  This is feasible as the deformation of the particles in NCM is subject to the 

random impacts of the grinding media, which may result in the incomplete deformation 

(or total grain refinement) of every particle in the milling chamber.  This would certainly 

result in a wider dispersion of microstrain within the particles.  However, the strain 

analysis presented here should not be considered to be all-inclusive.  A more detailed and 

thorough residual strain analysis should be performed to further understand the 

microstrain developed during NCM. 
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Figure 3.7- Detail of the (111) peak of as-received AA5083 (red), CM AA5083 (green), 

and NCM AA5083 (maroon).  Note that the CM and NCM peak is shorter and broader 

compared to the as-received peak, which is expected for nanocrystalline materials. 

 

 



	   52	  

 

Figure 3.8- A Hall-Williamson plot for CM AA5083.  The average grain size shown in 

this plot is 29.2nm with a measured strain of 0.178%. 
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Figure 3.9- A Hall-Williamson plot for non-cryogenically milled AA5083.  The 

calculated average grain size for is shown to be 57.9nm with an average strain of 0.306%. 

 

The measured grain size using TEM was found to be in close agreement with the average 

grain size obtained using XRD.  The measured grain size of the cryomilled powder was 

44 ± 15.5nm, whereas the measured grain size of the non-cryogenically milled powder 

was 26 ± 10.9nm.  The CM grain size obtained via XRD and TEM measurement are in 

agreement with values found in the literature following 8 hours of milling as well [67, 

70].  The reason for the discrepancy between the measured and XRD calculated average 

grain sizes is that XRD provides an average of many thousands of powder particles.  The 

grain size measured in the TEM was averaged over only a small number of particles, 

which may not be representative of the entire lot of powder.  Additionally, only the edges 

of powder particles were found thin enough to be electron transparent.  The edges of 

powder particles may not serve as an accurate representation of the distributed grain size 
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throughout individual particle.  Despite this, due to the average grain size of the NCM 

powder being comparable to that obtained by CM for equivalent milling times, it is 

reasonable to state that NCM is just as effective at refining the microstructure as CM. 

 

 

a) 

 

b) 

Figure 3.10- Representative dark field TEM micrographs of a) a cryomilled particle edge 

and b) a non-cryogenically milled powder particle.  The grains that appear bright are 

oriented in a direction that satisfies the Bragg condition for the selected diffraction spots 

used to form the images.   
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3.3.3 Thermal Stability of CM and NCM AA5083 

 

The recovery and recrystallization behavior of CM and NCM powder was determined 

using differential scanning calorimetry (DSC).  These physical processes are intimately 

related to the thermal stability of the material, as recovery is the point at which residual 

stresses are relieved and recrystallization is the formation of a new crystalline 

microstructure in a heavily deformed material.  It has been observed that appreciable 

grain growth does not occur in CM AA5083 at temperatures below 0.45 Tm, even after 

extended annealing times [67, 69].  The importance of understanding the thermal stability 

of nanocrystalline materials, and for specificity, this Al alloy, is that the PCA used during 

milling to prevent agglomeration of the particles needs to be removed through a thermal 

degassing process to aid in the densification of the material during consolidation.  For 

these studies in particular, the goal was to understand how the thermal stability of NCM 

AA5083 powder compares to that of CM AA5083 powder; which is understood to resist 

grain growth due to the presence of finely dispersed nitrides, oxynitrides, and hydroxides 

as well as the segregation of Mg and other impurities to the grain boundaries [67, 70, 

140].  To establish a baseline DSC plot, a 30mg sample of the as-received powder was 

heated from room temperature to 450°C at a rate of 10°C/min using Ar as the purge gas.  

The resulting DSC heat flow curve is shown in Figure 3.11.  There are no peaks observed 

in the heat flow curve indicating that the powder is in an annealed state as a result of the 

gas atomization process. 
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Figure 3.11- Heat flow of as-received AA5083 powder measured using the 

TGA/DSC.  The large exothermic peak of 100 °C is the evaporation of water. . 

 

Following the establishment of the baseline heat flow curve, 30mg samples of CM and  

NCM powder were heated following the same schedule used for the as-received powder.  

The resulting DSC heat flow curves are shown in Figures 3.12 and 3.13, respectively.  

The DSC heat flow curve for the CM powder showed two exothermic peaks, one at 

285°C and one at 366°C.   The DSC heat flow curve for NCM powder showed an 

exothermic peak at 369°C and an endothermic peak at 422°C.  The shift of the peaks to a 

higher temperature indicates that the NCM powder may resist grain growth to a higher 

temperature than CM powder.  XRD analysis of the annealed NCM powder post 

annealing revealed that the grains did in fact grow to sizes in excess of 100 nm, 

indicating a nearly 4-fold increase in grain size post annealing.   

	  Temperature	  (°C) 
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Figure 3.12-Detailed DSC heat flow curve from the first anneal of CM AA5083 

powder.  Two exothermic peaks (285°C and 366°C) were observed with the lower 

temperature peak corresponding to recovery and the higher temperature peak 

corresponding to recrystallization.   

 

 

 

	   Temperature	  (°C) 
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Figure 3.13- Detailed DSC heat flow curve of the first anneal of NCM AA5083.  

The non-cryogenically milled powder had two prominent heat flow peaks, with 

the lower peak being exothermic and the higher temperature peak being 

endothermic. 

 

In order to ensure that the exothermic peaks observed in the TGA/DSC curves of the CM 

and NCM AA5083 were associated with recover and recrystallization, the samples were 

immediately reheated following the same procedure.  The second annealing process 

resulted in curves (Figure 3.14) that were identical to those obtained from the as-received 

powder indicating that the stored energy within the samples had been relieved indicating 

the exothermic peaks that were observed in the first anneal corresponded to recovery and 

recrystallization.   

	  
Temperature	  (°C) 
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Figure 3.14- DSC heat flow curve after the second annealing process.  The 

absence of any peaks on the heat flow curve indicates that the sample is in an 

annealed or relaxed state. 

 

There are three relatively simple methods that can be used to calculate the activation 

energy of thermal processes; the Kissinger method [141], Ozawa method [142], and 

Boswell method [143].  Each method determines the activation energy by plotting DSC 

natural logarithm of the heating rate versus the peak positions (TP).  By varying the 

heating rate, a shift in DSC peak position is observed, and the resulting slop of the 

resulting line is the activation energy of the thermally activated process.  The plots in 

Figure 3.15a and 3.15b show the Kissinger, Ozawa, and Boswell plots for calculating the 

activation energy of the recovery and recrystallization peaks for CM powder, 

respectively.  The average activation energy for recovery in the CM powder was found to 

	   Temperature	  (°C) 
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be 68.4 kJ/mol, which is comparable with the previously published values of 5.6 kJ/mol 

by Tellkamp et al. [70], 25 kJ/mol by Roy et al. [69], and 120 kJ/mol by Zhou et al. [72].  

The activation energy of recrystallization was found to be in closer agreement with 

published results, with the activation energy of recrystallization for the CM powder in 

these studies being 116.9 kJ/mol compared to 142kJ/mol by Tellkamp [70], 125 kJ/mol 

by Roy et al. [69], and 190 kJ/mol by Zhou [72].   

Detailed analysis provided by Tellkamp et al. [70] suggests that the relatively low 

activation energies associated with the recrystallization exotherm are consistent with 

what is expected for a highly deformed material.  That is, the internal driving force for 

grain growth is very high, and only requires minimal thermal energy to effect grain 

growth.  Furthermore, the activation energy associated with recrystallization is very close 

to the activation energy for lattice self-diffusion of Al (143.3 kJ/mol) [144], which would 

be consistent with a recrystallization or grain growth process.  Tellkamp further explains 

that the lower activation energies are indicative of high unstable grain boundaries, further 

providing evidence that the driving force needed to enact recrystallization is relatively 

small.  Given this, a detailed analysis of the NCM particles is needed after annealing to 

determine the extent of grain growth to establish the thermal kinetics associated with 

grain growth in the NCM material.  
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a) 
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b) 

Figure 3.15- Activation energies of a) recovery and b) recrystallization, calculated using 

the Kissinger, Ozawa, and Boswell methods.   

 

The activation energies for recovery and recrystallization of the NCM powder proved to 

be more difficult to ascertain.  The DSC curves for heating rates of 2°C/min, 5°C/min, 

and 10°C/min are shown in Figure 3.16a-c, respectively.  As can be seen in the DSC 

curve at 2°C/min, only a very shallow endothermic peak is observed.  At 5°C/min, the 

endothermic peak becomes slightly more pronounced, and shifts to a higher temperature.  

At 10°C/min, both and exothermic and endothermic peak appear at higher temperatures 

compared to the CM powder.   
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a) 
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b) 

Figure 3.16- Endothermic peaks observed in TGA/DSC experiments at heating rates of a) 

2°C/min and b) 5°C/min.  Note also that the position of the endothermic peak moves 

towards higher temperatures with increasing heating rate. 

 

 

The endothermic peak observed only in the NCM AA5083 powder has been the source of 

some controversy in terms of it’s physical origin.  There are several theories presented in 

the literature that provide a platform for experimentation, however, to date, no one single 

theory seems to stand out above the rest.  The efforts to understand the origin of the 

endothermic peak were structured around testing the available theories to evaluate the 

most likely scenario.  The first theory as to the origin of an endothermic peak has been 
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presented as the relaxation of atomic planes to their equilibrium position following severe 

plastic deformation.  Recalling the lattice spacing of the as-received AA5083 powder 

(0.4071nm), the lattice spacing of the NCM powder was calculated to be 0.4073nm, 

which is slightly larger.  The theory proposed as to the origin of the endothermic peak  

provided by Qin et al. [145], suggests that after milling, the d-spacing of the (111) planes 

would be slightly smaller than the equilibrium position.  Upon heating, the planes would 

“relax” back to their equilibrium positions, which would manifest as an endothermic peak 

in the DSC.  However, comparing the spacing of the (111) planes in the NCM and as-

received powder, it is seen that the d-spacing of the NCM powder is larger than that of 

the as received powder (0.23520nm vs. 0.23504nm).  XRD was performed on NCM 

powder that was heated to a temperature between 340°C and 390°C, which is the 

temperature range that the endothermic peak appeared.  It was observed that the (111) d-

spacing was reduced in this temperature range (Figure 3.17a-d).  The XRD pattern of the 

NCM powder collected after heating to 500°C shows that the (111) d-spacing was 

0.23433nm, which is smaller than the equilibrium position.  This result is surprising, as it 

is in direct opposition to the theory proposed by Qin et al.  Another theory proposed for 

the origin of the endothermic peak is the desorption of hydrogen and the subsequent 

hydrogenation of the Mg rich phases [146, 147].  Particularly, Liu et al. observed 

endothermic peaks arising within the temperature range that the endothermic peak was 

observed in these studies (Figure 3.17), suggesting hydrogen desorption and interaction 

with Mg rich phases may be occurring.  However, more rigorous TEM investigations are 

required to establish why hydrogenation would be occurring in the NCM powder only.   
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Figure 3.17- a) Mass spectroscopy and b) DSC curves of various Mg and Al hydride 

reactions detailing desorption and decomposition of the respective hydrides.  Note that 

the DSC curves show a prominent endothermic peak correlating to the dissociation of H2 

from Mg.  In this Figure, endothermic peaks are identified as “up”.  This Figure is 

adapted from [147]. 

 

 

 

	  

	  

a) 

b) 
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3.3.4 Hardness of Cryomilled and Non-Cryogenically Milled AA5083 

 

The hardness of the cryomilled and non-cryogenically milled AA5083 powders was 

measured using a CSM Instruments NHT2 tabletop nanoindenter with a Berkovich 

pyramid tip.  The nanoindenter was chosen over a Vickers microhardness indenter due to 

the smaller size of the nanoindenter tip, which would provide more accurate and 

repeatable results.  Typical load-displacement curves obtained for cryomilled and non-

cryogenically milled powders can be seen in Figures 3.18a and 3.18b, respectively.  The 

experiments were carried out in a constant load configuration to provide a direct 

comparison of indentation depth, and consequently, hardness.  The average measured 

hardness of cryomilled and non-cryogenically milled powders can be found in Table 3.2.  

The hardness of the NCM powder was measured to be 4.13 ± .49GPa while the hardness 

of the representative CM particles was 0.91 ± 0.19GPa.  The reason for the difference in 

hardness is attributed primarily to the finer dispersion of oxides in the NCM powder 

compared to the CM powder.  Figure 3.19 is a TEM EDS scan of O Kα1 spectra showing 

a fine dispersion of oxygen signatures in addition to larger oxide particles.  Rokni et al 

[132] claim to have not seen oxides or other dispersoids within the grains, however, they 

do not present the oxygen spectra in their findings.  Instead, they attributed the high 

hardness of the particles solely to work hardening and grain size contributions, however 

based on the EDS spectra collected on the powder analyzed for this study, it is believed 

that there is a strengthening contribution due to dispersed oxides. 
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b) 

Figure 3.18- a) Representative constant load-displacement curve obtained from 

nanoindentation measurements on cryomilled AA5083 and b) representative constant 

load-displacement curve obtained from nanoindentation measurements on non-

cryogenically milled AA5083. 
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Table 3.2 Average hardness values obtained for cryomilled and non-cryogenically milled 

AA5083.  For comparison, the hardness of conventional AA5083 is shown. 

Powder Type Hardness (GPa) 

Cryomilled AA5083 0.91 ± 0.19 

Non-Cryomilled AA5083 4.13 ± .49 

Conventional AA5083 0.85 

 

 

 

a) 
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b) 

Figure 3.19- a) secondary electron TEM micrograph showing the area analyzed and b) O 

Kα1 scan showing a mixture of finely dispersed and large oxides within the sample. 

 

3.3.5 Consideration of Morphology and Properties of CM and NCM AA5038 for CSP 

 

It is known that characteristics such as particle hardness, size, and morphology impact the 

deposition characteristics during cold spraying [117, 124].  In regards to aerodynamic 

properties of particles during cold spraying; smooth, spherical particles typically result in 

lower drag, resulting in a lower velocity per the aerodynamic drag equation.  Comparing 

the CM and NCM particles, the NCM surface morphology is relatively smoother and less 

2μm 

O	  Kα1 
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spherical than the CM powder particles, which may necessitate each powder being 

sprayed using different spray parameters to account for the difference in particle 

morphology.  Size distribution of the particles, particularly at the larger end of the size 

threshold, also needs to be minimized as a wide variability in particle size can result in 

more porosity due to particles not acquiring enough kinetic energy to cause bonding 

[117].  

The powder morphology resulting from each milling process being more or less equiaxed 

is beneficial for cold spray processing, as was described in the background section of this 

dissertation.  Though CSP is generally regarded as a low temperature process, localized 

heating does occur during particle impact, though the degree of heating usually does not 

exceed the annealing temperature of the material [111]  As such, there would be little 

concern that grain growth would occur during CSP, however, any post processing heat 

treatments aimed at further densify the bulk cold sprayed samples would require that the 

nanocrystalline material be thermally stable to mitigate grain growth..  The hardness of 

the particles being cold sprayed has been found to be significant in the porosity content of 

the cold sprayed product as higher hardness particles require more kinetic energy to cause 

deformation, as was discussed in the previous chapter.  The relative hardness of the CM 

and NCM particles and the influence on porosity concentration in the cold sprayed 

samples may justify further investigations and optimization of the spray parameters to 

accommodate the hardness differences. . 
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3.4 Conclusions 

 

This Chapter has presented characterization aimed at comparing the CM and NCM 

processes for developing a nanocrystalline microstructure in AA5083.  To provide the 

most direct comparison of not only the powders used in these studies, but as well to 

historical data, CM and NCM operations were conducted for 8 hours.  It was found that 

after 8 hours of milling, the average grain size of the powders milled using CM and NCM 

was 30.8 ± 7.3nm and 30.5 ± 6.9nm, respectively, indicating that the NCM process can 

readily be used to produce nanocrystalline powder that is comparable to that produced by 

CM.  The particle morphology generated by each process was found to be different, with 

the CM powder particle morphology appearing more fractured and crevassed compared 

to the smoother, and angled morphology of the NCM powder particles.  This difference is 

attributed to a different fracture mechanism associated with a room temperature fatigue 

based fracture of NCM particles as opposed to a low temperature brittle type fracture 

associated with CM.  The residual strain of the NCM powder was found to be nearly 

twice the residual strain generated during CM, which again is attributed to the higher 

energy of the NCM process.  It is also evident from XRD data that the dispersion of 

microstrain may be more inhomogeneous in NCM due to the nature of the 

particle/grinding media interaction within the mill, though further studies focused on 

residual strain measurements are recommended.  The thermal stability of the NCM 

powder was also found to be comparable, if not higher than the thermal stability of the 

CM powder.  The exact reason for this is yet unknown and requires further investigations 

in order to determine the mechanism at work.  However, it is thought that the higher 
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energy of the NCM process can more readily break up and disperse native surface oxides 

and incorporate them into the particles and achieve a finer distribution of oxide particles 

within the grains.  The hardness of the NCM particles was found to be harder than that of 

the CM particles, the primary reason being more work hardening is induced during the 

NCM process due to the higher energy of the process.  It is also thought that the finer 

dispersion of oxides would also contribute to the higher hardness, as a finer dispersed 

oxide phase would provide for a much more tortuous path for dislocation motion. 
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CHAPTER 4: Evaluation and Comparison of Bulk Nanostructured 

AA5083 Fabricated Using Cold Spray Processing 

 

4.1 Introduction 

 

This chapter presents comparative analysis of BN materials fabricated using CSP to BN 

materials fabricated using conventional powder consolidation techniques.  The goal of 

this study was to evaluate the microstructures and mechanical properties of BN materials 

fabricated using a low temperature, high kinetic energy spray process to determine 

whether the properties obtained are comparable or offer an enhancement over what is 

achieved using conventional PM techniques.  BN materials are typically consolidated 

using conventional PM technique such as HIPing or SPS [4, 45, 55, 56, 69, 70, 81, 86, 

148].  These processes expose the nanostructured powder to high pressures and elevated 

temperatures to allow for diffusion to occur between the particles, resulting in a dense 

bulk structure.  However, as discussed in the previous Chapter, the driving force for grain 

growth in nanostructured materials is very high, and requires only minimal thermal 

energy to begin the processes of recovery and recrystallization.  Due to this, grain growth 

is often observed in HIPed and SPS samples, resulting in a microstructure that resides in 

the ultra-fine grained (UFG) regime [130].  Furthermore, as previously discussed the 

presence of surface oxide surrounding the particles consolidated using HIPing or SPS can 
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inhibit full densification and lead to defects within the microstructure; possibly resulting 

in lower mechanical properties than would be expected [89, 91, 92, 123, 149].   

The purpose of the present study is to evaluate the microstructure and mechanical 

properties of bulk nanocrystalline AA5083 samples fabricated using CSP.  This research 

expands upon previous studies in which nanocrystalline Al alloy coatings were deposited 

and evaluated [130, 132, 133]; finding on average that the grain size was on the order of 

what was developed following cryomilling (10-30 nm) and achieving a hardness that had 

not been reported before (261 ± 8 HV) in AA5083 [130].  The differentiating aspect of 

the present research is that larger, bulk samples are being deposited to allow for a more 

direct comparison of the mechanical properties and microstructures to conventionally 

processed BN Al alloys.  

The low temperature of the process helps mitigate grain growth while the high-energy 

impacts of the particles breaks up surface oxides that may be present on the powder 

particles [104, 108, 109, 130].  Additionally, the use of inert carrier gases helps protect 

the metal powder from re-oxidation during deposition.  CSP also has the advantage of 

being a freeform additive manufacturing process [113, 150, 151], which allows for the 

fabrication of custom finished products that require minimal post-processing machining.   

It was found that the average grain size of the deposited film was smaller than that of 

conventionally processed BNMs, therefore the questions we are trying to answer are: will 

the average grain size of the bulk material be maintained smaller relative to conventional 

BNMs using CSP; and will the smaller average grain size translate to better mechanical 

properties i.e. strength and hardness?  In order to answer these questions, the same alloy 
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system described in the previous chapter (CM and NCM AA5083) was used as the 

feedstock powder for these experiments.  The purpose of this was two-fold: we wanted to 

make the most direct comparison of material microstructures and properties between CSP 

and conventional techniques by excluding variables associated with different alloy 

systems, and to investigate whether there is any relevant difference in bulk materials 

fabricated with CM and NCM powder. 

 

4.2 Experimental Procedures 

 

Before cold spraying, the CM and NCM powders were sieved to restrict the particle size 

to 44μm < x < 70μm, and degassed to remove residual PCA, in a manner described by 

Zhang et al. [51].  Models developed at the ARL by Victor K. Champagne’s group and 

previous experimental results focused at characterizing cold sprayed nanocrystalline 

coatings aided in the determination of the particle size distribution [117, 130].  The 

milled powders were passed through a series of metal mesh sieves, beginning with 3, 

#200mesh sieves and progressing to a #325mesh sieve.  The powder retained between the 

last #200mesh screen and #325mesh screen was used for cold spraying.  The sieved 

powders were then sent to Pittsburgh Materials Technology Inc. (PMTI) for degassing.  

Degassing was accomplished using a hot vacuum degassing process.  To accomplish this, 

vacuum was pulled on the canister and the temperature was ramped to predefined 

temperature holds.  The degassing schedule, and schematic for the vacuum system is 
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shown below in Figure 4.1a and Figure 4.1b, respectively.  In this system, the vacuum 

level controls the temperature ramps in the following way: 

1. A vacuum level of 10-6Torr is pulled.  Once this vacuum level is reached, the 

furnace ramps up to the first temperature hold. 

2. As the temperature increases, various hydrogen containing species are evolved 

from the powder.  As this occurs, the pressure in the canister will rise. 

3. As the temperature is held, the rate of species evolvement begins to decrease and 

the pressure will once again approach 10-6Torr. 

4. Once a pressure of 10-6Torr is reached, the temperature controller ramps the 

temperature to the next temperature hold, and the process is repeated.  

Following degassing, the canisters were crimped and welded shut to prevent oxygen 

contamination of the clean, milled powder.  The sealed canisters were then sent to UTRC 

to be cold sprayed. 
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a) 
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b) 

Figure 4.1- a) Degassing schedule used for these studies, and b) schematic of the 

degassing system used to remove residual PCA.  The vacuum level controls the 

temperature ramps.  System schematic adapted from [51]. 

 

The powders were cold sprayed using He carrier gas at 25Bar (362PSI), 400°C., and the 

raster speed of the cold spray nozzle was set at 200mm/s.  The initial spray parameters 

were chosen based on previous studies in which the optimized spray conditions were 

established for cold spraying CM nanocrystalline thin-films [130].  Bulk samples were 

sprayed onto 4x2x0.25in Al6061 substrates.  Following deposition, the samples were cut 

from the substrate, and tensile samples were machined from the deposited material and 

subsequently tensile tested, Figure 4.2. 

Following tensile testing, the fractured samples were sent to Rice for microstructural 

characterization and hardness assessment.  Table 4.1 shows the measured dimensions of 
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the fractured tensile samples received by Rice University.  The fracture surfaces were 

examined in the SEM to observe microstructural features.  A section of each tensile 

sample was thinned and polished for grain size analysis in the TEM.  The sample 

preparation process consists of sectioning a portion of the deposited samples using a low 

speed diamond saw, sample thinning using silicon carbide metallurgical paper to a 

thickness of less than 100μm, punching out 3mm samples and electropolishing them 

using a 25% nitric acid (HNO3) 75% methanol electrolyte.  The electrolyte was cooled to 

-25°C to slow the etching rate and prevent sample contamination.   

Transverse and longitudinal sections of the cold-sprayed tensile samples were polished to 

a 0.3μm surface finish and etched using Keller’s Reagent (2 mL HF, 3 mL, HCL, 5 mL 

HNO3, 190 mL methanol) to reveal inter-splat boundaries. 

Hardness testing was done using a Buehler Microhardness Indenter with a Vickers 

Pyramid tip.  All hardness tests were done with a 500g load. 

 

Table 4.1- Dimensions of NCM and CM AA5083 cold-sprayed samples.  Note that “AR” 

denotes as received and “A” denotes annealed.  Lengths were not measured as the 

samples were already fractured. 

Sample Thickness (mm) Width (mm) Length (mm) 

AR-NCM AA5083 1.53 4.06 - 

A-NCM AA5083 1.44 5.32 - 
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CM AA5083 2.81 10.30 26.69 

CM AA5083 1.95 11.42 22.24 

 

 

a) 

 

b) 
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c) 

 

d) 

Figure 4.2- Photographs of a) as-CSP bulk CSP NCM AA5083 sample and b) annealed 

bulk CSP NCM AA5083 sample after tensile testing at UTRC.  Note the absence of 

necking in in the gauge area indicating brittle fracture.  Photographs c) and d) are pieces 

of the as-CSP CM AA5083 samples. 
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4.3 Results and Analysis 

 

4.3.1 Optical Microscopy 

 

Optical micrographs of polished NCM powder and polished CSP deposited NCM 

AA5083 is shown below in Figure 4.3a and Figure 4.3b-d, respectively.  The 

micrographs show that the CSP samples have a high density, however, there is evidence 

of small porosity distributed evenly in each micrograph, indicated by the red arrows.  

Compared to optical micrographs of HIPed and extruded and SPS fabricated samples 

there appears to be more porosity present in the CSP samples.  Similar porosity was also 

observed, but in a greater extent, in the CSP deposited AA5083 and AA2009 thin films 

presented by Ajdelsztajn et al. [130] and Zhang et al. [133].  Ajdelsztajn et al. reported 

that the porosity, particularly porosity located in the area of the last sprayed surface, is 

attributed to inadequate impact force imparted by the deposition of successive layers of 

powder [130].  It is suspected that a similar phenomenon is experienced in these bulk 

samples, though there was no evidence that porosity preferentially appeared in the last 

sprayed area.  Therefore, the porosity that is observed in these samples is attributed to un-

optimized spray parameters.  Further studies on bulk CSP nanocrystalline samples could 

also incorporate a HIPing or hot extrusion step following cold spraying to further densify 

the material. 
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Figure 4.3. Optical micrographs of a) Feedstock sieved NCM AA5083 b-d) various 

locations on cold sprayed NCM AA5083 samples showing low porosity indicated by the 

red arrows. 
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4.3.2 SEM Analysis of Splat Pattern Morphology 

 

The polished and etched samples were analyzed in the SEM (FEI Quanta 400) for high-

resolution analysis of the longitudinal and transverse splat morphologies.  Figures 4.4a 

and 4.4b show representative SEM micrographs of the transverse (parallel to spray 

direction) and longitudinal (perpendicular to spray direction).  In the transverse view, the 

“pancake-like” morphology of the splats is evident.  Closer inspection of several areas 

shown in Figure 4.5a of the surface reveal instances of intimate particle-particle 

interfaces, indicating that surface oxide has been removed.  For comparative purposes, a 

BS SEM micrograph (Figure 4.5b) of a bronze on bronze single particle deposit is shown 

to illustrate the clean metallurgical interface being described.  Clean contact between 

particles for the scope of the present study is defined as a clean mating between particles 

in which there is no apparent boundary between the particles.  Though this is not a 

quantifiable approach, continuing studies are being planned to evaluate the presence of 

surface oxide between particles using XPS or EDS.  Also observed in these samples was 

an apparent lack of shear instabilities between particles.  This can occur due to the 

particles not achieving sufficient kinetic energy to cause severe plastic deformation.   

However, some areas in which shear instabilities are evident are identified in Figure 4.6.  

A similar microstructure was observed by Ajdelsztajn et al. [130], rationalizing that the 

microstructure is a result of the particles achieving sufficient kinetic energy to flatten the 

particles and break up surface oxide.  It is theorized that the nanocrystalline particles are 

not exhibiting shear instabilities due to the hardness of the particles, which can greatly 

impact the critical velocity needed to cause said shear instabilities [117],  To validate this 
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claim, additional samples should be prepared at varying deposition velocities to evaluate 

the microstructural characteristics.  Further studies should also focus on varying gas 

temperature, nozzle stand off distance, and gas pressure to generate the shear instabilities 

that are characteristic of a strongly bonded cold-sprayed deposit. 

 

   

a) 
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b) 

Figure 4.4- Representative backscatter SEM micrographs of a) transverse and b) 

longitudinal views of CSP NCM AA5083 samples.  Note the “pancake-like” splat 

morphology present in the transverse view and equiaxed splat morphology present in the 

longitudinal view.  These features are typical representations of a cold-sprayed 

microstructure. 
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a) 
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b) 

Figure 4.5- a) High magnification of transverse section shown in Figure 4.4a.  The red 

arrows indicate areas where clean particle bonding is observed.  Clean bonds are 

identified by the lack of a dark interface between particles.  This phenomena is illustrated 

in micrograph b) in which a single bronze particle has been deposited onto a bronze 

substrate showing a clean metallurgical interface. 
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Figure 4.6- Representative high magnification backscatter SEM micrograph showing 

areas of high shear (jetting), identified by red arrows, in the CSP NCM AA5083 samples.  

 

The microstructures of the bulk deposited CSP samples compared to previously reported 

CSP nanocrystalline coatings, show that porosity present in the bulk samples is similar to 

the porosity present in the cold-sprayed CM AA5083 coatings, shown in Figure 4.7a.  

This work is also a significant improvement compared to earlier work in which porosity 

content of up to 10% has been observed in CM AA2618 [117] and AA2009 [133].  It is 

important to consider the composition of the alloy system and its effect on the quality of 

the deposited material.  AA2618 and AA2009 are both precipitation hardenable Al alloys, 

unlike AA5083, which is non-precipitation hardenable.  The micrographs in Figure 4.7, 

demonstrate that the 2000 series Al alloys are less dense, which may be due the effect the 
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precipitates have on the hardness of the deposit and consequently, the deposition 

parameters. 

 

a) 
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b) 
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c) 

Figure 4.7- SEM micrographs of CSP thin-films of a) CM AA5083, adapted from [130] 

b) AA2618, adapted from [117], and c) AA2009 adapted from [133].   

 

4.3.3 Grain Size Analysis of Bulk CSP Nanocrystalline Samples 

 

The thinned and jet-polished samples were analyzed in the TEM (JEOL 2100F) for the 

purposes of determining grain sizes and dispersoids.  Figure 4.8 is a representative TEM 

micrograph showing the CSP NCM AA5083, and CM AA5083 microstructures.  The 

average grain size of the NCM CSP samples was measured to be 94± 40nm and the 

average grain size of the CM CSP samples was measured to be 128 ±67nm.  The average 

grain size in both the NCM and CM samples is smaller than what has been reported using 
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HIPing and extrusion or SPS to consolidate CM powder.  Also of importance is that the 

HIPed and extruded as well as the SPS consolidated materials exhibit a bimodal 

microstructure, which is attributed to non-uniform grain growth during the hot 

consolidation processes [69].  The reason for the large deviations in average grain size 

are that both milling and CSP are stochastic processes, which may not result every 

particle undergoing similar deformation or grain refinement.  This is particularly true for 

any grain growth that occurs during degassing.  The morphology of the bulk CSP 

deposited samples can be described as a mixture of equiaxed and elongated grains, 

consistent with what was found in CSP CM AA5083 coatings [130].  The reason for the 

large deviation is observed is that grain growth in nanostructured AA5083 occurs 

following degassing, as observed by several researchers [51, 70].  Since CSP relies on 

severe plastic deformation (SPD) to achieve particle bonding, grain refinement has been 

predicted to occur by Champagne et al. [112], and has in fact been observed in CSP 

titanium (Ti) deposits as described by Kim et al. [152] and in Al 7075 by Rokni et al. 

[134].  There is no direct means to correlate the amount of grain refinement that occurs, 

so it is expected that some particles will experience more deformation than others, 

resulting in a large distribution of grain sizes.  Table 4.2 shows the measured average 

grain size of the CSP NCM AA5083 sample as well as the annealed CSP NCM AA5083 

sample compared to the average grain size of samples prepared by HIPing and SPS.  

What is evident is that the average grain size of the CSP samples is smaller than the 

average grain size obtained by conventional processing techniques, indicating that the 

mechanical properties, in particular the yield strength and hardness, of the CSP samples 

should be higher compared to conventionally processed BN AA5083. 



	   96	  

Table 4.2- Average grain sizes of as cold-sprayed NCM AA5083, annealed cold-sprayed 

NCM AA5083, and CM AA5083 sample measured in the TEM.  Average grain sizes of 

conventionally processed BN AA5083 are shown for comparison.  Note “nc” denotes 

“nanocrystalline”.   

Sample Avg. Grain size (nm) 

CSP NCM AA5083 94 ± 40 

Annealed CSP NCM AA5083 123 ± 51 

CSP CM AA5083 128 ±67 

nc-HIPed and extruded AA5083 *[69] ~305 

nc-SPS ** [86] 47-300 (bimodal) 
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a) 

 

b) 
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c) 
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d) 

Figure 4.8-Representative dark field TEM micrographs of a) CSP CM AA5083 b) CSP 

NCM AA5083 c) as-received CSP AA5083, and CSP AA5083 thin-film, adapted from 

Ajdelsztajn et al. [130].  This micrographs illustrate that the nanocrystalline 

microstructure is retained, and also that the microstructures developed in nanocrystalline 

CPS thin-films are retained in bulk form.  The grains that appear bright satisfy the Bragg 

condition for the selected diffraction spots.  Note that the grains in the as-received CSP 

AA5083 have undergone dynamic recrystallization, yielding a grain size that falls in the 

ultra-fine grain regime (<1000 nm).   
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4.3.4 Analysis of Dispersoids, Precipitates, and Interfaces in CSP NCM AA5083 

	  

The dispersoid and precipitate species present in CMAA5083 are numerous and complex 

[59, 70, 74].  Many of the precipitate and dispersoid phases are attributed to the chemistry 

of the alloy itself, and include Al12(FeMn)3Si (α-AlFeSi), and Al12Mg2(CrMnFe) (T-

phase) [59].  Also present in CM AA5083 are N containing phases such as AlN and 

AlON [64, 68, 70].  Figure 4.9 shows TEM micrographs of dispersoids decorating grain 

boundaries in the CSP CM sample, which have been identified as primarily MgO 

dispersoids. [59].  These dispersoids are responsible for the thermal stability of CM 

powder.  It does not appear that the cold spray process has any effect on the size and/or 

distribution of dispersed particles. 
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a) 

 

b) 

Figure 4.9- BF TEM micrographs of a) CSP CM AA5083 with red arrows identifying 

large oxide dispersoids and b) a higher magnification showing finer precipitates 

decorating grain boundaries. 

 

Good coherence was observed between the aluminum matrix and Al2O3 dispersoids in the 

CSP NCM AA5083 samples, as can be seen in representative high-resolution TEM 

micrographs in Figure 4.10.  Good particle/matrix coherence is taken to mean only 

minimal lattice distortion occurs at the interface.  The Al2O3 dispersoids were observed to 

vary in size from approximately 10 nm to 200 nm, with the large particle size dispersion 

attributed to variations inside the milling chamber resulting in varying degrees of particle 

contact and oxide break up/dispersion.  The observation of good matrix/particle 

coherence is significant in that it suggests that an Orowan strengthening mechanism, in 
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addition to Hall-Petch strengthening, may be contributing to the overall strength of the 

NCM samples [153].  

 

 

 

 

a) 

 

b) 
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c) 

 

d) 

Figure 4.10- a) HRTEM micrograph showing a grain boundary triple point and 

dispersoids b-c) HRTEM micrographs of the matrix/dispersoid interface showing good 

coherence and d) BF TEM micrograph showing dispersed oxides (dark phases). 

 

4.3.5 Correlation of Fracture Surface Features to Tensile Strength 

 

Tensile testing was performed at UTRC on the cold-sprayed NCM AA5083 samples.  

The as-CSP samples failed at 496MPa and 462MPa.  The annealed NCM samples failed 

at 427MPa and 414MPa.  Each sample failed at approximately 0.6% strain.  These values 

are comparable to values reported by Tellkamp et al. and Witkin et al. who reported 

tensile strengths of bulk CM AA5083 to be 462MPa and approximately 600MPa, 

respectively [4, 55].  Examination of the fracture surfaces in the SEM after tensile testing 
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indicates that the samples failed in a brittle manner, specifically, it appears the primary 

crack advanced between the particle splats, shown in Figure 4.11b.  Upon closer 

examination, the following defects were observed on the fracture surface: 

• Partially “splatted” particles 

• Un-deformed particles (no splat) 

• Particle fall-out or cratering. 

Hassan et al. reported findings that the critical stress intensity factor (KIC) for 

nanostructured Al is on the order of 10MPa√m, for a crack root radius of 0 [154], 

essentially showing that minimal external stress is required to drive a crack tip forward.  

This suggests that the fracture toughness of nanostructured Al is intimately related to the 

nature of defects within the microstructure.  Further considering that the inter-particle 

failure mechanism; it appears that the “weak link” in the samples is the inter-particle 

boundaries.  This verifies what was observed in the polished and etched surface in which 

the majority of the particle boundaries did not exhibit clean particle bonds.  This finding 

suggests that further work is required to optimize the spray parameters to ensure that the 

formation of clean particle bonds is achieved. 
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a) 

 

b) 

 

c) 

 

d) 
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e) 

 

f) 

Figure 4.11- a) photograph of annealed NCM CSP sample b) SEM micrograph of 

fractured piece identified by the red box in “a)” c) un-deformed particle d) higher 

magnification of un-deformed particle with evidence of poorly bonded material 

surrounding it e) impact crater left by particle that did not bond and f) formation of 

microcracks due to poorly bonded particles. 

 

4.3.6 Hardness of CSP BN AA5083 Samples 

 

The hardness of the bulk CSP CM and NCM AA5083 samples was measured using a 

microhardness indenter with a Vicker’s pyramid tip.  It is apparent that the hardness of 

the CSP samples, both thin-film and bulk, are significantly higher than the hardness of 

conventionally processed nanostructured AA5083.  This is attributed to the work 
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hardening and grain refinement that occurs during CSP.  The hardness of the bulk CSP 

CM samples was measured to be 2.89 ± 0.26GPa and the bulk CSP NCM samples were 

measured to be 2.65 ± 0.26GPa.  The hardness of the bulk CM CSP sample is 80% higher 

than that of SPS consolidated AA5083.  These values are in close agreement with the 

hardness of the CSP CM and NCM AA5083 thin-films, which were measured to be 2.56 

± 0.07GPa and 2.77GPa, respectively [130, 132].  It was also observed that the hardness 

of the as-CSP AA5083 sample was 1.39GPa, which is 63% higher than the powder in its 

gas-atomized state.  This increase in hardness is attributed to grain refinement during 

deposition.  The hardness results of the CSP samples compared to conventionally 

processed BN AA5083 are shown in Figure 4.12.  It is thought that the reason for the 

slightly higher hardness measurements found in the bulk CSP samples is the build up of 

residual stress as the material is built-up.  However, this will need to be confirmed in 

further studies using a synchrotron radiation source capable of mapping residual stress 

distribution.  

Following hardness testing, the samples were once again analyzed in the SEM to 

characterize the area around the hardness indents.  It was found that small cracks 

originating near the points of the hardness indent were present and seem to follow inter-

particle boundaries (Figure 4.13), providing further evidence that the inter-particle 

boundaries are the weak-link in the material.  Also noted in Figure 4.13 is the presence of 

material flow around the edges of the hardness indents, indicating that the samples do 

exhibit some ductility. 

 



	   108	  

 

Figure 4.12- Average microhardness values of CSP fabricated samples compared to 

conventionally processed BN materials.  Hardness values for samples consolidated using 

SPS and HIPing were obtained from [84] and [56], respectively. 
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Figure 4.13- SEM micrographs of microhardness indents showing evidence of plastic 

flow around the edges of the indents as well as the formation of cracks, which appear to 

follow inter-particle boundaries. 
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c d 



	   110	  

4.4 Conclusions 

This chapter has presented the preliminary evaluation of bulk, cold spray deposited CM 

and NCM AA5083 samples.  Comparing the results obtained from these samples, to the 

results obtained by conventionally processed BN AA5083, and cold sprayed 

nanostructured coatings, the following conclusions can be made: 

• The average grain size of the CSP samples is smaller than conventionally 

processed nanostructured AA5083. The smaller average grain size is attributed to 

the low processing temperature and dynamic recrystallization during particle 

impact. 

• The tensile strength of the bulk CSP was found to be comparable to the tensile 

strength of conventionally processed BN AA5083.  Upon examination of the 

fractured surface of the tensile samples, it was evident that the microstructure 

contained numerous defects.  The presence of defects can significantly impact the 

tensile strength and ductility in BN materials.  These defects, combined with the 

finding that many of the particles did not form clean bonds suggests that further 

optimization of the spray parameters is required, and that after optimization, 

better properties should be achieved. 

• High density was achieved in the bulk CSP NCM and CM AA5083 samples, 

consistent with the density observed in the CSP CM AA5083 thin-film samples.  

It is thought, based on a comparison to cold-prayed deposits of different alloy 

composition, that whether the alloy is precipitation hardenable or not plays a 

significant role in the density that is achieved. 
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• The hardness of the bulk CSP NCM and CM AA5083 samples was significantly 

higher than the hardness of conventionally processed BN AA5083.  The hardness 

of the bulk CM and NCM samples was consistent with previous literature 

reporting on the hardness of cold-sprayed CM AA5083 deposits.  The slightly 

higher hardness of the bulk samples compared to the thin-films is believed arise 

from the build-up of residual stresses during deposition. 
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Chapter 5: Utilization of a Bimodal Feedstock Powder to 
Enhance the Ductility of Cold Sprayed AA5083  

 

5.1 Introduction 

 

Nanocrystalline materials generally exhibit higher mechanical properties, namely yield 

strength, ultimate tensile strength (UTS) and hardness compared to conventional grain 

sized materials due to the Hall-Petch effect.  However, decreased elongation and 

toughness accompanies the increase in strength due to the grains being insufficiently 

large to facilitate dislocation motion [8, 79].  Though the promise of superior strength is 

enticing, the brittleness of nanocrystalline materials renders them null for structural load 

bearing applications.  As a result of this, there have been efforts to enhance the ductility 

of BN materials by means of a bimodal microstructure [79, 80, 98].  A bimodal 

microstructure is characterized as having both nanocrystalline and conventional micron-

scale, grains distributed randomly throughout the microstructure.  The prevailing theory 

as to how this microstructure enhances ductility is that the addition of larger grain sized 

material to a nanocrystalline matrix allows for the larger grain sized material to carry 

plasticity by blunting or absorbing microcracks that may be advancing through the 

microstructure, as shown in Figure 5.1, which demonstrates that a crack may easily 

navigate between and through nanocrystalline grains, but upon meeting a coarse grain, is 

absorbed via plastic deformation of the coarse grain. 
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Figure 5.1- Theory proposed as to how ductility is enhanced in bimodal materials.  This 

figure shows that a crack may readily propagate through nanocrystalline regions and can 

be blunted or absorbed by coarser grains.  This image is adapted from Tellkamp et al. 

[56] 

 

Efforts to demonstrate ductility enhancement by means of a bimodal microstructure have 

generally followed conventional powder processing techniques to consolidate bulk 

bimodal materials.  In these attempts, various alloy systems, including Al-Mg alloys, and 

cryomilled powder was uniformly mixed with conventional gas-atomized powder in 
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weight percentages varying from 0-30% CG by weight [56, 79, 80, 98].  The mixed 

powder was then compacted and consolidated using HIPing and extrusion or SPS.  It was 

demonstrated by Lee et al. that significant enhancement of ductility was observed that the 

ductility of the 30% CG material increased nearly 300% compared to the purely 

nanocrystalline material, while experiencing a reduction of tensile strength of only 100 

MPa [80]. It was also observed that the larger grains present on the fracture surfaces 

following tensile testing, exhibited a ductile failure mechanism (micro-void coalescence) 

[98], confirming that stress transfer does occur between nanocrystalline and coarse 

grains.  In addition to experimental work aimed at evaluating the microstructures and 

properties of bimodal materials, there have also been a number of modeling studies aimed 

at predicting the properties of bimodal materials by treating them as short fiber 

composites [102, 155].  However, despite these successes, conventional processing 

techniques are still used and still face similar challenges described in Chapter 3 of this 

dissertation i.e. grain growth, size limitation, and significant post processing to yield a 

finished part. 

 

The studies presented in this Chapter are intended to provide an evaluation of ductility 

enhancement achieved using a bimodal feedstock powder to cold spray bulk samples..  

This Chapter provides microstructural characterization of bulk cold-sprayed samples 

fabricated using various weight percentages of coarse-grained AA5083 powder with a 

balance of CM or NCM powder.  The coarse-grained content was varied from 30-50% by 

weight in an effort to observe differences in hardness, tensile strength, and ductility.  For 

the remainder of this Chapter, bimodal feed stock mixtures will be denoted as 50/50 and 
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70/30, where the first number is the nanocrystalline powder content by weight.  The 

results of the analysis and characterization on the cold-sprayed bimodal samples 

presented in this dissertation are compared to results found in the literature in which 

bimodal AA5083 was bulk processed using HIPing and or SPS.  

 

5.2 Experimental Procedures 

 

The CM and NCM AA5083 powder used for this study was sieved and degassed using 

the same protocol described in Chapter 4 of this dissertation.  Gas-atomized AA5083 

powder was purchased from Valimet, Inc.  The gas-atomized powder was sieved (#200< 

P< #325mesh) at Valimet prior to shipping.  The before and after sieving SEM 

micrographs are shown in Figure 5.2.  
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a) 

 

b) 

Figure 5.2- SEM micrographs of as CM AA5083 powder before sieving and b) after 

sieving.  Little change is observed between the before and after sieving micrographs 

indicating that the milling process produces powders that are within the size range needed 

for CSP. 

 

The sieved and degassed CM and NCM powder was homogenously mixed in a V-style 

blender with gas-atomized AA5083, in the specified weight percentages, at UTRC prior 

to spraying.  All samples were sprayed using helium as the carrier gas heated to 400°C at 

25Bar (362PSI).  The samples were deposited onto 2in x 4in Al6061 substrates.  The 

nozzle raster speed was 200mm/s and the path the nozzle followed is depicted 

schematically in Figure 5.2.  In order to investigate the effect of substrate temperature on 

the quality of the deposit, the substrate of one 50/50 NCM sample was heated to 400°C.  

However, while spraying this sample, the helium supply was exhausted and a loss of gas 
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pressure was experienced.  In the interest of analyzing the best possible samples and to 

remove the variable of gas pressure loss, the sample with the analysis performed on this 

sample is not being included in this dissertation.  The samples were analyzed using SEM 

for surface characterization, TEM for grain size analysis, the hardness was measured 

using Vickers microhardness indenter with a diamond pyramid indenter and flexural 

testing was performed to gain insight into the strength of the bimodal deposits. 

 

This set of samples consisted of the following compositions of bimodal powder: 

• 50/50 CM and conventional AA5083 

• 50/50 NCM and conventional AA5083 

• 70/30 NCM and conventional AA5083 

• 50/50 NCM and conventional AA5083 with heated substrate 

 

All samples were sprayed at the standard ARL conditions which are He carrier gas heated 

to 400°C at a pressure of 25Bar (362PSI).  However, the helium supply ran out during the 

deposition of the CS-13-226 (50/50 NCM with a heated substrate) sample leaving the 

quality of the deposit questionable.  For the purposes of this study, only the remaining 

samples were analyzed so as to avoid factoring in the loss of gas during spraying in the 

evaluation of the sample.  Figure 5.3 shows a cold spray system set-up at the ARL.  No 

further processing was performed at the ARL following cold spraying.   
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Figure 5.3- A cold spray nozzle set-up at ARL.  Images courtesy of ARL. 

 

Following cold spraying, the samples were characterized and evaluated at Rice 

University.  The bulk samples were then sectioned perpendicular to the long axis of the 

samples using a Buehler low speed diamond saw.  One section from each sample was 

polished to a 0.3μm finish using an Al2O3 suspension in water.  Another section of each 

sample was thinned and polished using 1000 grit silicon carbide (SiC) grit paper to 

approximately 100μm in thickness in preparation for jet polishing for TEM analysis.  

3mm TEM discs were punched out of the thinned sections in preparation for jet polishing 

at Texas A&M (TAMU) and the University of California, Davis (UCD).  The samples 

were jet polished using a 25% nitric acid (HNO3) in 75% methanol (CH3OH), cooled to 

approximately -25°C using liquid nitrogen (LN2).   

The sections polished to a 0.3 μm finish were etched using Keller’s Reagent (190mL 

methanol, 5mL nitric acid, 3mL hydrochloric acid, and 2mL hydrofluoric acid) to reveal 
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the grain boundaries.  The polished and etched samples were viewed in the SEM in 

backscatter mode to provide greater contrast between surface features i.e. grain 

boundaries and splat pattern morphology.   

Vickers microhardness testing was performed on each of the deposited samples.  The 

samples for hardness testing were initially polished (0.3μm finish) and etched with 

Keller’s reagent.  Hardness measurements were taken in both the transverse and 

longitudinal directions of the deposits in order to determine how the hardness of the 

deposits changes with respect to the location within the spray pass.  Furthermore, it was 

thought that by plotting the hardness across various directions and or positions within the 

sample, we might gain insight into how residual stresses may be distributed across the 

sample.  Additional microhardness testing was performed at varying loads (200g-500g) in 

an effort to observe and characterize any cracking that may occur.  Discussion on this 

topic will be provided in a later section. 

The remaining sections of the cold spray deposited samples were machined into 5 mm2 x 

30 mm long bars in preparation for further machining into sub-size tensile specimens.   

 

 

 

 

 



	   120	  

5.3 Results and Analysis 

 

5.3.1 Macroscopic Features of the Bimodal Samples 

 

Each of the samples cold-sprayed using the bimodal feedstock powders are shown in 

Figure 5.4 below.  The average thickness of the deposits varied from approximately 0.5 

cm to 1cm.  A clear line separating the CSP deposited material from the 6061 substrate is 

visible on all the samples.  Visual inspection of the samples did not reveal macroscopic 

cracks or porosity and the cold-sprayed deposits appeared to form a good bond with the 

substrate. 

 

 

a) 

 

b) 
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5.3.2 SEM Analysis of the Deposit Cross-Sections 

 

The samples were sectioned perpendicular to the long axis of the deposited samples to 

analyze the cross sections of the deposits using a Buehler low speed diamond saw 

lubricated with mineral based cutting fluid.  Figure 5.5 shows a representative section 

used for cross-sectional analysis.  The sections were polished and viewed in the scanning 

electron microscope (SEM) using the backscatter detector to analyze surface features.  

 

c) 

 

d) 

 

e) 

 

f) 

Figure 5.4 Digital photographs of a-b) 50/50 CM, c-d) 50/50 NCM and, e-f) 70/30 

NCM cold spray deposited samples. 
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All the samples exhibited microscopic porosity concentrated near the surface of the 

deposits (last sprayed layers), identified in Figure 5.6.  In comparison to the last sprayed 

layers, the first sprayed layers of the sample exhibited low porosity.  This finding is 

consistent with previous work in which it was proposed that repeated particle impacts aid 

in the densification of the deposited material [130].   

 

 

Figure 5.5- Photograph of a representative section taken from the bulk CM AA5083 

sample.  The sample in this photograph is already polished and etched and the deposit-

substrate interface is clearly observed. 
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a) 

 

b) 

Figure 5.6- a) Porosity, indicated by the white arrows showing porosity concentration 

near the surface (last sprayed) area of the 70/30 NCM sample and b) lower 

concentration of porosity, again identified by white arrows, near the center (first 

sprayed) area of the same sample.  Micrograph “b” was taken at a lower 

magnification to emphasize the lower concentration of porosity. 

 

Following initial observation of the samples in the SEM, samples were etched using 

Keller’s Reagent to reveal the boundaries between the spats.  The splat patterns for each 

sample are shown in Figure 5.7, with arrows pointing to the locations of inter-splat 

porosity.  Overall, porosity appeared to be localized between the inter-particle 

boundaries.  This indicates that ideal bonding is not occurring, and can be attributed to 

the spray parameters, and particle hardness.  Also evident in these samples, which was 

also seen in the bulk nanocrystalline deposits, are it appears that the oxide layer has been 
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disrupted resulting in clean particle bonds.  Figure 5.8 shows representative backscatter 

SEM micrographs of areas where a) clean particle bonds were formed and b) where 

particle jetting was observed. 

 

 

a) 

 

b) 

 

c) 

 

d) 
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e) 

 

f) 

Figure 5.7-Backscatter SEM micrographs of a) 500x 70/30 NCM, b) 1000x 70/30 NCM, 

c) 500x 50/50 NCM, d) 1000x 50/50 NCM, e) 500x 50/50 CM, and f) 1000x 50/50 CM.  

The white arrows are identifying porosity observed in the inter-particle boundaries. 

 

Also evident in the SEM micrographs is that many of the particles do not appear to 

exhibit a large particle flattening ratio described by Champagne et al. [127].  Per the 

analysis provided by Champagne et al., it appears that the particles, particularly the 

milled particles, require a greater impact velocity or higher gas temperature to ensure that 

the particles undergo sufficient flattening to cause oxide breakup and clean bonding. 
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a) 

 

b) 

Figure 5.8- SEM micrographs identifying a) locations of clean bonds identified by white 

arrows and b) areas of high shear mixing also identified by white arrows. 

 

5.3.3 Grain Size Analysis and Calculations of Theoretical Yield Strength 

 

The grain sizes of each sample were measured in the TEM and it was observed that the 

average grain size of the two NCM containing samples (50/50 NCM and 70/30 NCM) 

was much smaller than the sample containing CM powder.  The average measured grain 

size for the 70/30 NCM sample was 141 ± 73 nm and the 50/50 NCM sample average 

grain size was 196 ± 124 nm, shown in Figure 5.9.  The 50/50 CM sample average grain 

size was measured to be 241 ± 123 nm.  The smaller average grain size, though not 

nanocrystalline by definition, still falls in the UFG regime, which is still expected to 
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result in enhanced mechanical properties and enhanced ductility [4, 69, 156].  The reason 

for the large grain size dispersion is that CSP is a stochastic process in which not every 

particle that impacts and bonds to the surface experiences the same impact conditions.  

Particles of varying size and morphology will experience slightly different impact energy 

and will experience varying degrees of deformation upon impact.   

There were no large (1 μm or larger in size) grains observed in any of the bimodal 

samples, indicating that the conventional grain sized powder undergoes dynamic 

recrystallization during cold spray deposition consistent with microstructures observed by 

Ajdelsztajn et al. [130] and Kim et al. [152].  For comparison, larger micron scale grains 

observed in bimodal Al-Mg alloy by Han et al. is shown in Figure 5.9, below.  Figure 

5.10 shows a schematic representation of grain refinement occurring as a result of particle 

impact during cold spraying. 
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Figure 5.9-A representative bright field TEM micrograph showing coarse grains and 

nanocrystalline grains in a HIPed bimodal AA5083 sample.  Of particular interest is the 

size difference between the coarse and nanocrystalline grains.  This micrograph is 

adapted from Han et al. [98]. 

 

Coarse	  
Grains 

Nano-‐
grains 
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Figure 5.10- Schematic representation of a Ti particle during cold spray processing as a) 

the particle approaches the substrate b) initial contact with the substrate c) formation of 

material jets d) recrystallization occurring in the adiabatic shear bands formed in the 

jetted material.  Image adapted from Kim et al. [152]. 

 

The TEM micrographs in Figure 5.11 show that a bimodal grain size distribution is not 

retained following cold spraying.  The reason a bimodal microstructure is not apparent in 

the CSP samples is that the coarse grained powder undergoes dynamic recrystallization 

during deposition.  Dynamic recrystallization has been observed by Kim et al. [152] in 

their analysis of cold-sprayed Ti powders.  
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In addition to an average smaller grain size compared to conventionally processed 

bimodal materials, the grain structure of the CSP samples did not exhibit grain texture or 

preferred orientation.  The grain structure appeared to be fairly equiaxed, which is 

preferential due to the fact that the mechanical properties of the bulk samples would not 

be directionally dependent [155].  Also of note is that grain texture was not observed in 

studies performed by Witkin et al. [79], which suggests that subsequent extrusion 

processing of the CSP samples would not result in any preferred orientation of the grain 

structure.  This would allow for further densification of the bulk structure and should lead 

to enhanced mechanical properties. 

 

 

a) 

 

b) 
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c) 

 

d) 

Figure 5.11- a) Dark field TEM micrograph of a selected area of the 70/30 NCM sample, 

b) dark field TEM micrograph of a selected area of the 50/50 NCM sample, c) 50/50 CM 

samples, and d) As-received CSP AA5083.  No micron-scale grains are present in the 

micrographs, suggesting that grain refinement occurs during cold spraying. 

 

Also observed in the 50/50 CM AA5083 sample were dispersoids, approximately 10 nm 

in diameter decorating the grain boundaries (Figure 5.12).  These dispersoids were 

identified as AlMgO and AlON using EDAX, and likely form as a result of the degassing 

treatment [74, 157].  It is thought that these dispersoids aid in the stabilization of the 

grain boundaries and contribute to the thermal stability of the material [64, 70] 
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a) 

 

b) 

Figure 5.12- a) Representative bright field TEM micrograph showing precipitates 

decorating the grain boundary between two grains and b) a higher magnification TEM 

micrograph showing the precipitates in detail. 

 

Table 5.1-Results of EDAX scan of dispersoids shown in Figure 5.8.   

	  

Spectrum In 
stats. 

C N O Mg Al Mn Cu Total  

           

Spectrum 
1 

Yes 11.98 0.77 8.62 3.52 73.95 0.18 0.98 100.00  

Spectrum 
2 

Yes 20.44 0.97 8.09 3.00 66.40 0.22 0.88 100.00  
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Mean  16.21 0.87 8.35 3.26 70.17 0.20 0.93 100.00  

Std. 
deviation 

 5.98 0.14 0.37 0.37 5.34 0.03 0.07   

Max.  20.44 0.97 8.62 3.52 73.95 0.22 0.98   

Min.  11.98 0.77 8.09 3.00 66.40 0.18 0.88   

Note:	  All	  elements	  analyzed	  (Normalized).	  All	  results	  in	  weight	  %	  

	  

 

Based on the analysis provided by Mukai et al. [158], it is possible to calculate the 

theoretical strength increase by considering grain-refinement using the Hall-Petch 

Relationship:  

 

𝜎! =   𝜎! + 𝑘!𝑑!!/!                                               (5.1) 

Where ky is the Hall-Petch Parameter and d is the average grain size. 

 

The stress required to cause dislocation motion (σ0) in AA5083 is 145 MPa [79].  

Depending on the chemical composition of the alloy, ky can vary between 0.13-0.25 

MPa√m [68, 155].  Substituting values for average grain size and ky, the following values 

are obtained for yield strength (σy). The calculated results are shown in Table 5.2, below.  

For comparison, these results are plotted along the measured yield strengths during 

tensile tests of bimodal AA5083 and Al-7.5Mg at various coarse-grain loadings [56, 80, 

155] in Figure 5.10.  Comparatively, the theoretical results at up to 50wt% coarse-grained 
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material are very close to the experimentally obtained values, suggesting that CSP can 

potentially yield a higher strength material due to the combined effect of the low 

temperature processing and dynamic recrystallization.  

 

The strengthening contributions of the dispersed particles can also be calculated using the 

following equation. 

∆𝜎! =   
!.!"!"

!!√(!!!)

!"  (!!!!!
)

!!!!!
                                               (5.2) 

Where G is the shear modulus equal to 25.9 GPa, b is the Burgers vector equal to 0.286 

nm, rs is the average particle radius, r0 is the dislocation core radius approximately equal 

to 2b, and λs is the average particle spacing [158].  Referring back to Figure 5.10, the 

average radius of the dispersed particles is approximately 5 nm and the approximate 

spacing between the particles is 10 nm.  Using these values and the values described 

above, the strength contribution due to the dispersed particles is calculated to be 208 

MPa, which is in agreement with the values calculated by Mukai et al. for Al-5%Mg 

alloy [158]. 

 

Table 5.2- Theoretical yield strength values considering only grain size effects.   

Sample d(nm) σ y (ky = 0.13) σ y (ky = 0.25) 

70/30 NCM 141 491 MPa 810 MPa 
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50/50 NCM 196 438 MPa 709 MPa 

50/50 CM 241 409 MPa 654 MPa 

 

 

5.3.4 Residual Strain Estimation from XRD 

 

The CSP bimodal samples were analyzed with XRD to determine approximate residual 

strain following cold spraying.  This is accomplished by separating the peak broadening 

contributions due to crystallite size and microstrain (Eq. 3).  The broadening due to 

crystallite size can be approximated using the Scherrer formula (Eq. 4), which can be 

derived from Bragg’s Law.  Similarly, taking the total derivative of Bragg’s Law and 

rearranging the terms results in (Eq. 5), which can be used to determine residual 

microstrain.  It is seen that crystallite size varies with the cos(θ) and strain varies with 

sin(θ), the result is a Williamson-Hall plot (Eq. 6).  The slope of the line is the 

microstrain in the sample and the y-intercept is the average grain size.  Figure 5.13 is a 

Williamson-Hall plot for the 50/50 NCM sample and the approximate residual 

microstrain is calculated to be 0.176%.  By comparison, the average residual microstrain 

calculated for the NCM powder was 0.217%.  The drop in residual microstrain can be 

attributed to the thermal annealing that occurs during vacuum degassing.  It was also 

observed that following cold spraying, the X-ray peaks shifted to a slightly larger 2θ 

angle, indicating that the samples are under a net compressive stress.  For reference, the 



	   136	  

2θ angle for the (111) reflection in the CSP 50/50 NCM sample was 38.1978° compared 

to the 2θ angle for the same reflection in the NCM powder, which was 38.2198°.  The 

difference in corresponding d-spacing is .055% (compressive).  This finding suggests that 

the residual stress in the material is not sufficiently high as to cause concern over 

cracking, though a more rigorous residual stress study is suggested for future work. 

 

βT = βS + βD 

      (5.3) 

𝐷 =   
𝑘𝜆

𝛽 cos 𝜃   

                                                               (5.4) 

βs = 2εtan(θ) 

                                        (5.5) 

𝛽 cos 𝜃 =   
kλ
𝐷 + 2𝜀 sin θ   

                                               (5.6) 
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Figure 5.13- Williamson-Hall plot for CSP 50/50 NCM AA5083 sample.   

 

5.3.5 Hardness Measurements of Bimodal Samples 

 

The average hardness of the bimodal CSP deposits is shown below in Table 5.3.  The 

average hardness was obtained by taking random measurements at various locations 

across the deposited material.  The transverse hardness was measured from the substrate 

interface up to the surface at approximately 200μm intervals.  The 70/30 NCM AA5083 

sample exhibited the highest average hardness while the 50/50 CM AA5083 sample 

exhibited the lowest hardness.  These values are in agreement with the average grain size 

of the samples in which it was observed that the 70/30 NCM AA5083 sample had the 
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smallest average grain size and the 50/50 CM AA5083 sample had the largest average 

grain size.  The hardness of the 70/30 NCM sample compared to the 50/50 NCM sample 

shows that the hardness of the bulk material increases with increasing nanocrystalline 

content, which is a trend that has been observed by Lee et al. and is attributed to having 

less coarse grained material to carry plastic deformation [80].  In general, the hardness of 

all the CSP samples was higher than conventionally processed bimodal AA5083, and this 

is attributed to the smaller average grain size, and residual compressive stress imparted 

on the deposit during deposition of the CSP samples.  This finding suggests that the yield 

strength of the CSP samples should be higher than conventionally processed bimodal 

materials, however, further evaluation is required to say with certainty, as there is no 

direct correlation between yield strength and hardness.  The measured hardness of the 

bimodal samples presented herein compared to the hardness of conventionally process 

bimodal materials are plotted in Figure 5.14. 

 

Table 5.3-Average hardness of bimodal CSP samples.  

Sample Hardness (GPa) 

CS-13-223 (70/30 NCM) 2.14 ± 0.28 

CS-13-225 (50/50 NCM) 1.68 ± 0.16 

CS-13-224 (50/50 CM) 1.31 ± 0.13 
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Figure 5.14- Average microhardness values for the CSP bimodal samples compared to 

hardness values of 30% CG and 15% CG bimodal samples reported by Lee et al. [80]. 

 

Microhardness tests were also done at varying loads (200g-500g) in 100g increments to 

determine if there was a critical load at which cracking occurred.  The samples containing 

50% CM and 50% NCM material did not crack at any load, and in fact displayed 

evidence of plastic flow around the edges of the hardness indents, shown in Figure 5.15b 

and 5.15c.  Cracks were observed to originate from the corners of the microhardness 

indents in the 70/30 NCM sample at 500g; however, plastic flow was also observed along 

the edges of the hardness indent.  The cracks generally appear to follow the inter-particle 

splats, shown in Figure 5.15d, indicating that the inter-particle bonds are weak.  This 
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same observation was reported in Chapter 4 of this dissertation and is indicative that the 

spray parameters need further optimization. 

 

 

 

 

a) 

 

b) 

Plastic	  flow 

Plastic	  flow 
Substrate interface 
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c) 

 

d) 

Figure 5.15- Backscatter SEM micrographs of a) low mag image showing hardness 

indents from the substrate interface b) Microhardness indent showing evidence of plastic 

flow around the edges of the indent on the 50/50 CM sample (white arrows) c) 

Microhardness indent showing evidence of plastic flow around the edges (white arrows) 

on the 50/50 NCM sample and d) Microhardness indent showing cracks which appear to 

travel through the inter-particle splat boundaries, identified by white arrows. 

 

5.3.6 Tensile Testing 

 

As part of on-going research, sections of the bimodal samples have been machined into 

sub-size tensile samples as shown in Figure 5.16.  Tensile tests were conducted in 

accordance with the ASTM E8 standard.  Average tensile strength and strain for each 

sample are listed in Table 5.4 and the load-strain curves obtained for all the samples are 

shown in Figure 5.17.  The tensile strength of these bimodal samples were approximately 

Plastic	  flow Crack 

Crack 
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half of the strength reported by [79, 80], however the loading of coarse grained powder in 

these samples was much higher than loadings reported previously (30%max).  However, 

referring to Table 5.2, the tensile strengths of the samples of the CSP bimodal samples 

are near the values predicted using a Hall-Petch Parameter of 0.13 MPa√m.  The samples 

failed with little to no necking apparent in the gauge section, indicating that the samples 

failed in a brittle fashion.  This may be attributed to the presence of defects within the 

microstructure as a function of the spray parameters.  

The load-strain curves do not exhibit typical features of an elastic-plastic material, i.e. 

clear elastic region followed by a plastic region.  Close inspection of the tensile curves 

reveals that a small linear region appears on some, but not all of the samples tested.  Also 

observed in all of the load-strain curves is anomalous elongation at the onset of testing, in 

which the strain in the sample increases considerably without an increase in load.   

The results obtained by tensile testing, particularly the large strain, is somewhat 

surprising as the samples did not appear to exhibit any necking or other evidence of 

plastic flow following the tensile testing.  Some of the samples tested also exhibited 

small, but noticeable drops in load during the tests.  These drops are most obvious in 

Sample 3 of Figure 5.17c and are believed to correspond to the propagation of a 

microcrack followed by the absorption of the crack by a larger grain, as the load increases 

rather quickly. 
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a) 

 

b) 

Figure 5.16- a) Sectioned bimodal 50/50NCM sample and b) machined sub-size tensile 

sample. 

 

Table 5.4- Average tensile strength and strain measured in bimodal samples 
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Sample Ultimate Tensile Strength 

(UTS) (MPa) 

Avg. Strain (%) 

50/50 CM 308.7 8.76 

50/50NCM 330 6.71 

50/50NCM heated 336.75 7.42 

70/30 NCM 334.4 7.38 
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a) 
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b) 
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c) 
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d) 

Figure 5.17- Load-strain curves for a) 50/50 NCM sample b) 70/30 NCM sample c) 

50/50 CM samples and d) 50/50 NCM with heated substrate. 

 

5.3.7 Fracture Surface Analysis  

 

The fractured surfaces of the bimodal samples were analyzed in the SEM to identify 

features that may contribute to the brittle fracture of the tensile samples.  The most 

apparent feature observed across all samples was that the fracture appears to navigate 
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around the particles (inter-splat), indicating that the particle boundaries are the weak 

points of the material.  There were several locations on the 70/30 NCM sample that 

showed evidence of micro-void coalescence, indicating that these areas experienced 

localized plastic deformation.  This localized plastic deformation is presumed to have 

occurred in coarse grains; however, it is difficult to say with high certainty from SEM 

micrographs.  The observation of ductile failure in the 70/30 NCM sample suggests that a 

stress transfer mechanism between nanocrystalline grains and coarse grains is occurring.  

This type of failure mechanism has been theorized by Tellkamp et al. [56] and has also 

been observed experimentally by Han et al. [98].  More importantly, this finding suggests 

that higher strength and ductility is achievable using CSP as opposed to conventional 

powder processing techniques.  However, this is contingent upon optimization of the 

spray parameters.  Selected SEM micrographs of each sample are shown in Figure 5.18.  

Also shown in Figure 5.18b are small, un-deformed particles, which indicate that further 

optimization of the spray parameters, and perhaps more importantly, further restricting 

the particle size distribution prior to spraying is required.  
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a) 

 

b) 

 

c) 

 

d) 
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e) 

 

f) 

Figure 5.18 SEM micrographs of fracture surfaces of a) 50/50 CM sample showing crack 

following inter-splat boundaries b) 50/50 NCM showing the presence of small, un-

deformed particles between larger particles identified by the white arrow c) 50/50 NCM 

with characteristic inter-splat failure and secondary cracking identified by white arrows 

d) 70/30 NCM showing evidence of ductile failure mode (micro-void coalescence) e) 

70/30 NCM inter-splat failure and f) ductile failure observed on a coarse grain. 

 

5.3.8 The Role of Particle Size and Hardness on the Bulk CSP Bimodal Samples 

  

The difference in particle size distribution and hardness of the milled and conventional 

AA5083 may play a significant role in the quality of the cold-sprayed deposits.  The 

particle size for these experiments were limited between 44-70 μm, which is considerably 
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larger than the 20 μm optimal particle size determined by Ajdelsztajn et al. [130].  

Additionally, the sieve screens used may not have been sufficiently fine enough to 

remove the “fines” from the conventional AA5083 powder.  The “fines” in the powder, 

identified in Figure 5.19a would not have sufficient mass to reach the critical deposition 

velocity and would not bond to neighboring particles.  Evidence of small, un-deformed 

particles was observed in several locations in the fracture surfaces and etched 

microstructure, shown in Figure 5.19b.  

 

 

a) 

 

b) 

Figure 5.19 a) Fines, identified with white arrows, observed in the as-received AA5083 

powder and b) small, un-deformed particles again identified by white arrows present 

within the cold sprayed microstructure. 

 



	   153	  

5.3.9 Comparison of Bulk Bimodal Cold-Sprayed AA5083 to Cold-Sprayed AA5083 

Coatings 

 

In the analysis reported by Ajdelsztajn et al . However, Zhang et al. reported bimodal 

thin-film deposits with almost no porosity [133].  A potentially significant difference 

between the work presented in this dissertation and Ajdelsztajn et al. to the work by 

Zhang et al. is that both this work and Ajdelsztajn’s work used helium as the carrier gas 

and Zhang used nitrogen as the carrier gas.  It has been shown that helium is more 

effective than nitrogen at accelerating the metal particles than nitrogen due to its lower 

molecular weight and higher specific heat ratio [159]; however, due to the large particle 

size range used in these studies, accelerating the smaller particles beyond the critical 

velocity may not be advantageous.  This is due to the small particles of milled powder 

will be accelerated well beyond the critical deposition velocity and may imbed in the 

layer being impacted instead of bonding. 

 

5.4 Conclusion 

 

Ductility enhancement in bulk nanostructured materials is often accomplished by 

engineering a bimodal microstructure.  The bimodal microstructure can be engineered by 

mixing a specified weight percentage of coarse-grained powder with a balance of 

nanocrystalline powder.  A bimodal microstructure may also arise as a result of the 
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thermal treatments performed to consolidate and densify nanocrystalline powder.  For the 

studies herein, samples of cryomilled and non-cryogenically milled AA5083 were 

blended with 30-50wt% gas-atomized AA5083 prior to cold spraying.  It was observed 

that in both the CM and NCM containing samples, a bimodal distribution of grain sizes 

was not retained following cold spraying; resulting in a broad grain size dispersion in the 

UFG regime.  Recrystallization upon particle impact is attributed for the larger, micron-

scale grains not appearing in the deposit microstructure.  Clean metallurgical bonds were 

present, but were not representative of the majority of the inter-particle bonds, similar to 

what was observed in the cold-sprayed bulk nanostructured samples.  The average grain 

size of the samples sprayed using CM and 50% conventional powder was measured to be 

241 ± 123 nm.  The average grain size of samples sprayed using NCM and 50% 

conventional powder and 30% conventional powder was measured to be 196 ± 124 nm 

and 141 ± 73 nm, respectively.  The average hardness of the CM containing sample was 

the lowest of all the samples, and was measured to be 1.31 ± 0.13 GPa.  The hardness of 

the NCM containing samples (50 and 30wt%) was measured to be 1.68 ± 0.14 and 2.14 ± 

0.28 GPa, respectively.  The higher hardness of the NCM containing samples compared 

to CM containing samples is consistent with the measured grain sizes.  The higher 

hardness of the cold-sprayed samples compared to conventionally processed samples 

shows the potential for increased strength due to a smaller average grain size.  Sub-size 

tensile testing of the samples revealed UTS in the range of 306-337 MPa, and elongations 

between 6.7-8.7%.  There was no apparent correlation between the percentage of 

conventional powder in the feedstock charge to the strength and ductility of the samples.  

SEM analysis of the fracture surface revealed predominantly inter-splat (brittle) failure 
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with localized areas of micro-plasticity.  The areas in which a ductile failure mechanism 

was observed appear to be larger grains, capable of supporting dislocation motion, which 

is consistent with behavior observed by others.  The predominantly inter-splat failure 

suggests that the particle bonds are the weak link in the material, and further optimization 

of the spray parameters is necessary to achieve clean, metallurgical bonds.  It was 

observed that porosity is concentrated near the surface of the samples (last sprayed 

surface) and is attributed to a decrease in compressive forces due to successive particle 

impacts.  The general decrease in hardness is observed in the from the substrate/deposit 

interface to the surface layer which may give insight to residual stress distribution within 

the samples.  The high hardness of the samples shows the potential for increased strength 

above what has been reported in the literature obtained using conventional processing.  

Optimization of the spray parameters is required to identify ideal particle velocities for 

both the milled and gas-atomized powder in order to obtain fully dense samples with high 

strength particle bonds.  Future studies should focus on gaining tighter control on the 

particle size distribution and identifying ideal spray processing conditions.  The samples 

can also be hot extruded to further densify the materials and provide for optimal 

mechanical property enhancement. 
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Chapter 6: Conclusion and Suggestions for Future Work 

 

6.1 Conclusion 

 

This dissertation has established that an additive manufacturing process known as cold 

spray processing (CSP) can be used to fabricate bulk nanostructured (BN) materials that 

possess comparable microstructures and properties to BN materials fabricated using 

conventional powder metallurgy (PM) techniques. This comparison was established 

based on experimental investigations on the microstructures and mechanical properties of 

nanocrystalline and bimodal AA5083 fabricated using CSP.  In a broad sense, the 

findings presented in this dissertation support that CSP, as an additive manufacturing 

technique, could represent a paradigm shift in BN materials processing; allowing for the 

rapid production of BN materials in a more cost-effective, and with less materials waste 

during post-processing.  These components are critical to the adoption of BN materials 

for widespread commercial applications.   

A novel, proprietary high-energy non-cryogenic milling (NCM) process was investigated 

as a means to produce nanostructured metal powder with similar physical and 

microstructural characteristics as powder processed using cryomilling (CM).  It was 

found that AA5083 powder milled using the NCM process was similar in particle size 

and grain size to CM powder.  Compared to CM powder, the NCM powder was found to 

exhibit a higher hardness and an enhanced thermal stability.  This was primarily 
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attributed to a finer dispersion of oxides in the NCM powder as a result of the higher-

energy nature of the process, though more rigorous studies are required to confirm this 

finding.   

The BN CSP AA5083 samples were found to have low porosity and a smaller average 

grain size compared to conventionally processed BN materials.  This is attributed to the 

low temperature of the process as well as recrystallization that occurs as a result of severe 

plastic deformation of the particles upon impact.  As a result of having a smaller grain 

size, the hardness was also significantly improved, with a 63% increase over 

conventionally process BN materials.  The tensile strength of the samples was found to 

be comparable to the tensile strength of conventionally processed BN materials, however, 

the samples failed in a brittle fashion.  Though low ductility was expected due to the fine 

grain size, it was observed that the primary fractures travel between particle splats, 

indicating that complete particle bonding did not occur.  This issue can be caused by un-

optimized spray parameters, and or the PSD being too large. 

In an effort to enhance the ductility of the CSP samples, bimodal mixtures of various 

weight percentages of coarse-grained powder were blended prior to spraying.  Though 

significant enhancement in ductility has been observed in conventionally processed 

bimodal materials, the same enhancement was not observed in the bimodal CSP samples.  

It was found that following cold spraying, the coarse grained powder underwent 

recrystallization, and resulted in an average grain size in the ultra-fine grain (UFG) 

regime (100-1000nm).  The hardness of the bimodal samples was enhanced compared to 

conventionally processed bimodal materials, however the tensile strength was found to 

only be approximately 50% of that attained through conventional processing.  This is 
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attributed to incomplete particle bonding, leading to premature inter-particle failure.  

Despite this finding, some evidence of ductile failure (micro-void coalescence) was 

observed, indicating that stress transfer between the nano and UFG regions is occurring.  

Upon optimization of the spray parameters, this effect should only be enhanced, and the 

mechanical performance of the CSP samples should exceed that of conventionally 

processed bimodal materials. 

This dissertation has opened a pathway for future development of BN materials processed 

using additive manufacturing techniques.  The specific findings presented in these studies 

demonstrate that a cold processing technique is beneficial for retaining the microstructure 

developed during ball-milling, and a more cost effective, non-cryogenic ball milling 

technique is just as effective at producing nanocrystalline powder as cryogenic ball-

milling.  These results enable the more widespread use of BN materials in a variety of 

structural applications. 

 

6.2 Suggestions for Future Work 

 

The following are suggested topics to explore in on-going and future developments: 

• A more rigorous assessment of the dispersoids in the NCM powder.  This study 

should provide more definitive answers as to why the NCM powder is more 

thermally stable compared to CM powder. 
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• Optimization studies with the CSP parameters; specifically investigating 

differences in gas pressure, gas temperature, particle size, and particle size 

distribution.  Specific attention should be paid in adjusting parameters of the 

bimodal powder.  Perhaps co-depositing the powder with a dual nozzle set-up is 

beneficial, with one nozzle optimized for nanocrystalline powder and the other for 

gas-atomized powder. 

• A more rigorous residual stress analysis is required to determine the extent and 

distribution of residual stresses within the CSP samples.  Residual stress may be 

the limiting factor in the size of the samples produced if residual stresses exceed 

the yield strength of the material. 

• Study different alloy systems in an effort to understand the impact of alloy 

chemistry on the properties of the cold-sprayed material. 

• Investigate in-situ annealing processes during cold-spray deposition in an effort to 

alleviate residual stresses, should they be of concern. 

• In-situ TEM mechanical testing to determine deformation mechanisms in 

nanocrystalline and bimodal samples.  A hot-stage TEM holder could also be used 

to identify features contributing to the thermal stability of the NCM powder. 

• Vary the percentage of coarse-grained powder to achieve optimal strength and 

ductility. 

• Investigate bimodal samples fabricated with a precipitation hardenable Al alloy 

(6061 or 7075) to determine whether higher strength and ductility is attained. 
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