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Abstract 
A combination of experimental and computational methods is used to explore the 

microstructure and mechanical behavior of cold sprayed 6061 aluminum alloy and Ti-6Al-4V 

alloy and their substrate materials. A variety of microscopic methods are used for 

characterization of the microstructure. The indentation size effect and characteristic length of 

strain gradient plasticity for the substrate materials are determined. An FEA simulation 

describes the behavior of a worn Berkovich nanoindenter. Stress strain is studied 

experimentally in the substrate materials for future comparison with bulk cold-sprayed 

materials. Abaqus FEA models are used to simulate a single particle impact for a particle with 

an oxide layer using a linear Johnson-Cook plasticity model and a bilinear Johnson-Cook 

plasticity model. The implications of the results are discussed for cold spray processes. 
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Chapter 1: Background and Scope 

1.1  Background 

1.1.1 Cold Spray Overview 

Cold spray (CS), also called Cold Gas Dynamic Spray (CGDS), is an additive manufacturing 

technology which alloys for dense deposition of materials at temperatures below their 

respective melting points. The process accelerates micro-sized particles to high velocities 

(typically 300 m/s to 1200 m/s, but dependent upon the material) to adhere to various 

substrates (Moridi et al. 2014, Schmidt et al. 2006). CS has the benefit of avoiding residual 

tensile stresses and oxidation issues for various materials which may be produced using 

thermal energy technologies. The technology is also able to approach produce deposits 

approaching 99% density in some materials and can have mechanical properties near that of 

wrought materials (Champagne and Helfritch 2014). CS has been used in industry to coat 

various metal substrates with thin layers of other metals as well as dimensional repair in 

corroded or damaged metal parts (Champagne 2008). Research has been conducted into use of 

CS technology for composites, polymers, and ceramics (Moridi 2014). The CS process has much 

higher deposition rates than most other additive manufacturing techniques and has been 

employed for the creation of near net shape parts (Pattison et al. 2007). Cold spray has the 

disadvantages of poor surface finish and dimensional control as well as high cost of helium used 

for the higher velocity sprays. 

 

Figure 1: Relative deposition efficiency and part fidelity of various additive manufacturing processes  
(Pattison et al. 2007)  

1.1.2 Powder Production 

The powders produced for cold spray make use of many of the existing methods of powder 

production for thermal spray and sintering processes. Atomization processes are often used for 
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metallic and polymer powders for a more consistent spherical shape, while mechanical crushing 

processes are frequently used for high temperature alloys and ceramics (Niekov, 2009). 

 

Figure 2: Gas Atomization Process (Zheng et al. 2009)  

Production of refractory metal powders typically involves hydriding for purposeful 

embrittlement and crushing or milling of the bulk material. The subsequent powders have 

oxides removed by heating with magnesium and the hydrides removed by chemical leaching 

(Yang, 2019, Neikov, 2009). 
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1.1.3 Cold Spray Parameters 

Cold Spray is a technology which allows for the deposition of various materials at a high rate 

and high density through the use of a fine particle spray at high velocities. This process deposits 

the solid state particles at well below their melting points and only provides extremely localized 

heating to the substrate surface being sprayed onto. In order to adhere to the surface of a 

substrate the particle velocity must hit a critical velocity which is high enough to keep the 

particle from rebounding from the surface. Velocities above the critical velocity will provide 

better adhesion to the surface up to a limit. Particles in experiments with explosives and micro-

asteroid impacts with velocities from 1000 ς 3000 m/s have caused super-deep penetration 

(defined as penetration distances 103-104 times the particle diameter) and damage to the 

surfaces they contact (Klinkov et al. 2005). Typically critical velocities range from 300 to 1200 

m/s depending upon the specific properties of the powder feedstock and the substrate. The 

basic components of cold spray technology are the following (Moridi et al. 2014, Champagne 

and Barnett 2012, Kay and Karthikeyan 2016): 

¶ Solid powder feedstock 

¶ High pressure supply gas 

¶ Nozzle- typically convergent-divergent to increase gas and particle velocity 

 

Figure 3: Simplified diagram of components in cold spray process (Champagne 2010). See appendix A1.1 
for more complete diagram.  

Each of these inputs can be changed in order to alter the process depending on the desired 

outcome. For example, the nozzle type can be solely convergent for lower speed impacts such 

as those used for polymer deposits (Champagne and Barnett 2012). Additionally, the supply gas 

is commonly changed between air, nitrogen, and helium depending upon the desired speed and 
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constraining costs. Particle size, shape, and material type can be changed in order to fit the 

desired application, but typical size ranges are reported in Figure 4 below. 

 

Figure 4: Typical powder diameters for different materials (Raoelison et al. 2018)  

1.1.4 Mechanism of Cold Spray Bonding 

The mechanism responsible for bonding in the cold spray of metals is still under debate. The 

impact phenomena differ at varying particle sizes and velocities as shown in Figure 5. At very 

low velocities (<100 m/s), the particles may be collected on the surface due to van der Walls 

and electrostatic forces, but strong bonds are not formed. At faster speeds still below the 

critical velocity, the particles simply rebound from the substrate surface. Larger particles are 

more likely to rebound at these low speeds, but very large (1-10mm) particles may leave plastic 

prints on the surface after rebounding. So-called hypervelocity impacts turn particles to liquid 

upon impact and form severe shockwaves. At these speeds the damage done by smaller 

particles is less than by larger particles. Super deep penetration (defined as penetration 

distances 103-104 times the particle diameter) is possible at velocities of 1000 ς 3000 m/s 

(Klinkov 2005). 
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Figure 5: Particle impact response at different velocities  (Klinkov 2005)  

Experiments observe a critical velocity for bonding in which the kinetic energy of the particle is 

usually much lower than the energy which would be required to melt the particle. As a result, it 

is believed that the bonding is mostly or entirely solid-state (Grujicic 2004). The critical velocity 

for a perpendicular CS impact is primarily a function of the spray material, powder quality, 

particle size, and particle impact temperature (Schmidt 2006). Two primary theories for the 

bonding mechanism have emerged. One school of thought believes adiabatic shear instability is 

responsible (Assasi 2003, Grujicic 2004), while the other believes a hydrodynamic plasticity 

process is responsible and adiabatic shear instability is not necessary. In the latter theory, 

jetting removes oxides and surface asperities to enable metallic bonding (Hassani-Gangarai 

2018, 2019). In the second theory, the bulk speed of sound in the material provides a strong 

correlation with the critical velocity. 

 

Figure 6: Proposed shock wave bonding mechanism  (Hassani-Gangarai 2018)  
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1.2 Unresolved Issues 

There are many boundaries to be overcome before cold spray can be used to its full potential as 

a method for spraying structural materials. The cost of spraying with helium can be prohibitive 

for many applications, while spraying with other gases such as nitrogen often result in inferior 

mechanical properties. Many new materials continue to be sprayed through CS processes. 

However, development of the optimal spray parameters is still often a trial and error process. 

Better understanding of the bonding process and modeling of that process will allow for 

optimal spray parameters and mechanical properties to be predicted. More established cold 

spray materials such as aluminum and copper have tweaked process parameters to get better 

tensile properties, but fracture, fatigue, corrosion, and wear are just beginning to be studied 

(Moridi 2014). For repairs and additively manufactured parts to be used in structural situations, 

fracture and fatigue properties in CS must be understood. Likewise, for CS coatings to be 

trusted for long term service on critical components (Keech et al. 2014), wear and corrosion 

properties must be well understood.  

1.3 Scope of Current Work 

1.3.1 Microstructure of Wrought and Powder 6061 Aluminum Alloy and Ti-6Al-4V 

1.3.2 Indentation Size Effect and Strain Gradient Plasticity Length Scales for 6061 Aluminum 

Alloy, CP-Ti, and Ti-6Al-4V 

1.3.3 FEA Simulation of Nanodentation and Resultant Pile-up 

1.3.4 Stress-Strain Behavior of 6061 Aluminum Alloy and Ti-6Al-4V 

1.3.5 FEA Simulation of Cold Spray Powder Impact With Oxide Layers and Bilinear Johnson-

Cook Plasticity Model 

1.3.6 Fatigue Crack Growth in Wrought 6061 Aluminum Alloy 

1.3.7 Machine Learning of Hardness Images 
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Chapter 2: Literature Survey 

2.1 Microstructure and Physical Metallurgy of Aluminum Alloys 

2.1.1 Bulk 6061 Aluminum Alloy Metallurgy and Microstructure 

6061 aluminum alloy is a wrought alloy comprised of face centered cubic (fcc) aluminum 

primarily alloyed with elements Cu, Fe, Mg, and Si. Different ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ blends will have 

slightly different percentages of those alloying elements and typically contain small amounts of 

other elements such as Cr, Mn, Zn, and Ti (ASTM B209M-14). 

Table 1: Composition of Wrought 6061 Aluminum Alloy Plate 

Chemical Composition 6061 Aluminum Alloy Plate/Sheet ASTM Specification B209M - 14 

Main Alloying Elements 
Others (each 

0.05) 

Al Mg Si Fe Cu Cr Mn Zn Ti Total 

Remainder 
0.8-
1.2 

0.40-
0.8 0.7 

0.15-
0.40 

0.04-
0.35 0.15 0.25 0.15 0.15 

 

As with the rest of the 6000 series aluminum alloys, 6061 primarily uses Mg2Si to provide 

precipitation strengthening. Some 6000 series aluminum dissolve nearly all the Mg2Si, but 6061 

often has supersaturated solution at the solutionizing temperature. 6061 aluminum alloy is age 

hardenable by controlling the size and number of precipitates. Iron, manganese, and chromium 

secondary phases (Fe2Si2Al9, (Fe, Mn, Cr)3SiAl12) often form as inclusions in the material (Hatch, 

1984). 

 

Figure 7: 6061-T6 sheet with insoluble (Fe,Cr)3SiAl12 (lighter gray color) and excess soluble Mg2Si particles 
(darker color). Etched with 0.5% hydrofluoric acid (a) ((Lyman 1972).). 6061- T651 Aluminum etched with 

²ŜŎƪΩǎ ǊŜƎŜƴǘ ǎƘƻǿƛƴƎ ƎǊŀƛƴ ŘƛŀƳŜǘŜǊǎ ƻŦ ŀ ŦŜǿ ƘǳƴŘǊŜŘ ҡƳ (b) (Vander Voort 2004)  

(a) 
(b) 
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Grain sizes in aluminum alloys are heavily dependent upon the processing techniques and heat 

treatment. Different cross-sections of material which has been stressed can cause order of 

magnitude differences in grain size (Nakai and Itoh, 2014). Some specially processed aluminum 

alloys have grain diameters which are hundreds of nanometers (Lee et al. 2002), but most 

range from a few micrometers to hundreds of micrometers as seen in Figure 7b (Easton and St. 

John, 2008). 6061-O alloy undergoes and annealing heat treatment process at 415 oC for 2-3 

hours to reduced stress concentration and reduce precipitation strengthening so that the alloy 

is weaker but more ductile (ASM Volume 4, 1991). Contrarily, 6061-T6 is precipitation 

strengthened to its maximum point.  

2.1.2 6061 Aluminum Alloy Powder Microstructure  

Aluminum alloy powders for use in cold spray are frequently produced by a gas atomization 

process, which can produce spherical powders with chemical compositions similar to the bulk 

alloys. For 6061 gas atomized powders, the particle size typically varies from less than 5 µm to 

around 80 µm, but average diameters for a given feedstock are typically around 25-40 µm 

(Rokni et al. 2013, Bedard et al. 2018, Gavras et al. 2018).  

 

Figure 8: 6061 Aluminum alloy powder particle size distribution (Gavras et al. 2018)  

Different powder size distributions can be produced by sifting the powders or by altering the 

gas atomization process parameters if desired. Though the chemical composition of 6061 

powders is similar to that of wrought 6061, the microstructure has significant differences. 
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Figure 9: 6061 Aluminum alloy powder morphology and microstructure (Rokni et al. 2013)  

Rokni et al. (2013) found the powder subgrains were primarily equiaxed but contained high 

dislocation densities as a result of residual stresses from rapid cooling. Grain boundaries were 

typically low angle and also have a higher concentration of Mg, Si, and Fe (Bedard et al. 2018). 

2.1.3 Bulk Cold Sprayed 6061 Aluminum Alloy Microstructure  

As the particles undergo significant plastic deformation upon impact, splat diameters generally 

increase from the diameter of the original particle.  The boundaries between splats can be 

clearly identified after etching and deposition porosities have been found around 2% by area 

for pure aluminum (Rech et al. 2010). Since critical velocity and quality are significantly affected 

by oxides present in the particles (Champagne 2018, Hassani-Gangarai 2019), it is possible that 

proper powder handling can further reduce this porosity. 

 

Figure 10: Cross section of sprayed 6061 plate and size distribution of the particle splats (Gavras et al. 
2018)  
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Figure 11: Cross section of cold sprayed 6061 aluminum alloy deposit with red arrows highlighting voids 
and porosity between particles (Rokni et al. 2017) 

A bimodal microstructure and grain size distribution has been reported due to the deformation 

of the particles. Grain diameters in the center of the cold spray sprayed were 1- 10 µm, similar 

to that in the powder before spraying. However, the boundaries of the particle splats contained 

pancaked and ultrafine grains down to around 100 nm (Rokni et al. 2013, 2014, and 2017). 

Lower pressure sprays had expectedly less particle deformation and weaker bonding (Bedard et 

al. 2018). If the deposition was inspected before any post-heat-treatment, a high level of stress, 

dislocations, and crystal lattice distortions were reported, while annealing and T6 heat 

treatments reduced dislocations, grew larger precipitates, and increased grain size (Rokni et al. 

2014). Lamellar grains in the y directions were found be high angle, while the grains in the z 

direction were found be a mix of high and low angles (Rokni et al. 2013). Finally, nanoscale 

precipitates have been detected within the 6061 cold spray deposit. 

 

Figure 12: Nanoscale precipitates in cold spray deposit (Rokni et al. 2013)  
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2.1.4 Bulk Cold Sprayed 6061 Aluminum Alloy Mechanical Properties  

The results have shown that CS deposits of 6061 powder with helium feedstock gas have tensile 

strengths comparable or exceeding that of wrought 6061, while the percent elongation is 

typically only a few percent  in comparison with the 10-25% typically seen in wrought 6061 

(Champagne and Helfritch, 2014, Rokni et al. 2017). Other researchers have found 

approximately 10% reductions of yield strength and tensile strength for CS 6061 compared with 

wrought 6061 (Gavras et al. 2018).  Work by Rokni et al. (2018) found that tensile properties 

within a 5056 CS deposit have significant differences depending upon the direction. The best 

properties were found in the direction or the path of the spray nozzle, while the worst were in 

the layer direction (z). Micro-pillar compression tests found the yield and ultimate tensile 

strengths of the sprayed deposit to be approximately double those in the powder (Bedard 

2018). Fractography conducted on tensile samples 6061 CS deposits found a combination of 

ductile void coalescence and smooth particle-particle separation (Rokni 2017). 

 

Figure 13: Tensile properties of wrought and cold-sprayed 6061 aluminum alloy (Champagne and 
Helfritch, 2014)  

Nanohardness testing has revealed that particle interfaces are harder than particle interiors 

(1.8 GPa vs 1.4 GPa), but both are harder than the powder before spraying (1.0 GPa) (Rokni et 

al. 2017). Other researchers have found the hardness and elastic modulus of the CS deposit to 

be similar to that of the wrought material. 
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Table 2: Comparison of 6061 aluminum alloy CS deposit mechanical properties with that of wrought 
6061 (Gavras et al. 2018)  

Alloy  Microhardness  ůY(0.2%)  ůUTS  Elongation  E 
[HV 100 ]  (MPa)  (MPa)  (el%) (GPa)  

Cold-spray 6061 
ï As-sprayed 

105.0 262.0 286.8 2.0 67.5 

Cold-spray 6061 
ï Annealed 

65.7 147.5 195.1 13.0 64.1 

Cold-spray 6061 
ï T6 

120.0 203.4 216.5 1.8 65.1 

Rolled 6061-T6 107.0 291.6 317.1 17.0 70.3 

2.2 Microstructure and Physical Metallurgy of Titanium Alloys 

2.2.1 Commercially Pure Titanium Metallurgy and Microstructure 

Titanium at room temperature exists in a hexagonal close packed (hcp) crystal structure called 

ʰ ǇƘŀǎŜΦ !ǘ temperatures of 8880C and above, the hcp crystal structure of titanium converts 

into a body centered cubic (bcc) crystal structurŜ ŎŀƭƭŜŘ ʲ ǇƘŀǎŜ ό5ƻƴŀŎƘƛŜ нллн). Commercially 

ǇǳǊŜ ǘƛǘŀƴƛǳƳ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ŀƴ ʰ ǇƘŀǎŜ ǘƛǘŀƴƛǳƳ ŀƭƭƻȅ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ŀǎ ƛǘ Ŏƻƴǘŀƛƴǎ ƭƛǘǘƭŜ ʲ 

stabilizing elements (Wanhill and Barter 2012). 

Table 3: Composition of grade 2 commercially pure titanium 

Chemical Composition Grade 2 CP Titanium (R50400)- ASTM Specification B265 - 15 

Main Alloying Elements Others (each 0.1) 

Ti C (max) O (max) N (max) H (max) Fe (max) Total 

Remainder 0.08 0.25 0.03 0.015 0.30 0.4 

Oxygen content controls the tensile properties of CP titanium to a large extent, with larger 

concentrations increasing the tensile strength. Iron serves as a beta stabilizer (Donachie, 2002). 

Grain size can vary depending upon the processing condition and the microstructure is sensitive 

to external factors such as hydrogen or stress as seen in the comparison in Figure 14. Hydride 

needles can often form through hydrogen absorption, producing a very different structure 

shown in Figure 15 below. 
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Figure 14: Varying grain structure of CP titanium etched with KroƭƭΩǎ ǊŜŀƎŜƴǘ ǎƘƻǿƛƴƎ ƭƛƎƘǘŜǊ ŎƻƭƻǊŜŘ 
alpha grains and dark spots of iron-stabilized beta phase (ASM Micrograph Database ti0100 and ti0308)  

 

Figure 15: Hydride needles formed in CP titanium (ASM Micrograph Database ti0310)  

2.2.2 Bulk Ti-6Al-4V Metallurgy  

Ti-6Al-4V (also shortened as Ti64) is a common h -  ̡titanium alloy in which vanadium serves as a 

ʲ ǇƘŀǎŜ ǎǘŀōƛƭƛȊŜǊΣ ǿƘƛƭŜ ŀƭǳƳƛƴǳƳ ǎǘŀōƛƭƛȊŜǎ ʰ ǇƘŀǎŜΦ Other elements are available in small 

percentages which are almost impossible to eliminate, but can be reduced. The Ti64 with 

reduced levels of other interstitial elements is called ELI (extra low interstitial). 

 

 

 






















































































































































































































