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ABSTRACT 

 

In this dissertation work, the processing-microstructure-property relations are examined 

for cold spray deposited AA2024 and AA7075.  Unlike traditional thermal spray technologies, 

powders are never melted during the cold spray process.  This approach allows for heat-sensitive 

materials such as 2000 and 7000 series aluminum alloys to be used for repair of components 

damaged by corrosion or fatigue.  While a small body of literature for cold spray of AA7075 and 

AA2024 exists, further understanding on processing-microstructure relationships is needed and 

improvements to deposition characteristics, microstructure and mechanical properties are 

necessary for successful application.  This dissertation examines four aspects of the cold spray 

process applied to AA2024 and AA7075.   

First the effects of processing parameters on process efficiency, deposit microstructure, 

and deposit properties of AA2024 and AA7075 are examined.  Spraying with helium is found to 

be more cost effective than nitrogen or any mixture of nitrogen and helium and generally results 

in higher quality deposits.  A novel heat treatment method is developed to solution heat treat gas-

atomized AA2024 and AA7075 powders prior to deposition.  This approach is found to 

significantly improve deposition efficiency of powders and homogenize the deposit 

microstructure by solutionization of segregated solute.  The influence of the deposit geometry on 

the development of residual stresses are investigated for AA2024 and AA7075 using neutron 

diffraction.  Generally compressive residual stresses are found in deposits and deposit geometry 

is found to significantly effect the magnitude of residual stresses evolved.  Finally, the effects of 

heating the substrate/deposit using an in situ laser during deposition are assessed.  Laser assisted 
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cold spray is found to improve deposition efficiency and improving ductility of AA7075 deposits 

but can result in significant heat damage to the substrate material. 
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CHAPTER 1:  INTRODUCTION TO THE COLD SPRAY PROCESS 

1.1 Additive Repair with Cold Spray 

In 2017 it was estimated that corrosion of US military aircraft costs $2.6 – $2.8 billion 

annually [1].  To minimize weight to improve aircraft performance, it is necessary to use alloys 

with a high strength-to-weight ratio.  Due to their relatively low cost and high strength-to-weight 

ratio, high strength aluminum alloys, in particular 2000 and 7000 series alloys, are used 

extensively for structural aircraft components [2,3].  However, these alloys are highly sensitive 

to pitting corrosion and stress corrosion cracking, especially in the presence of chloride ions [4].  

The formation of sharp surface defects from corrosion will resulted in accelerated fatigue crack 

initiation.  Because of this, frequent inspection of parts for corrosion damage is necessary.   

When corrosion damage is observed, material removal is often necessary to prevent 

further damage to the component.  This removal of material will result in lower overall strength 

of the component.  While it may be possible to repair a component several times this way and 

refilling removed material with epoxy, eventually the strength of the component will be reduced 

to the point it must be scrapped.  It would be desirable to additively replace this removed 

material to extend the lifetime of a component.  However, the highest strength aluminum alloys, 

for example AA2024 and AA7075, are unweldable by traditional fusion welding or thermal 

spray techniques due to solidification cracking and loss of strength due to over-aging of 

precipitates [5,6].  

Because cold spray is a solid-state, low heat input process, cold spray has potential for 

use in additive repair of damaged components made of unweldable alloys.    Despite the 
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relatively recent development of the cold spray technology, cold spray has already seen 

numerous applications for repair in military and commercial and military environments.  A list of 

components repaired with cold spray by the Army Research Laboratory awaiting final 

qualification is given in Table 1 and a list of components repaired and returned to service by 

Naval Air Systems Command is given in Table 2. 

Table 1.  A list of pending military components awaiting final qualification by the Army 

Research Laboratory [7]. 

Component  Quantity Repaired 

UH-60 Sump 21 

UH-60 Main Gearbox Housing 50 

F-15 AMAD 10 

F-16 ADG 4 

B-1 Hydrotubes TBD 

AH-64 Static Mast Support 70 

AH-64 Nose Gearbox 15 

AH-64 Input Flange 200 

LA Class Submarine Stern Tube 1 

Stryker Armored Vehicle TBD 

TOTAL 371+ 

 

Table 2.  List of total number of components repaired and returned to service by NAVAIR as of 

January 10, 2018.  It is estimated a cost of $17.1 million was avoided with a technology 

investment of $4 million [8]. 

Component Quantity Repaired  

F/A-18E/F/G AMAD Main Housing 

(Hyrdraulic Pad) 

14 

F/A-18E/F/G AMAD Hydraulic Gear Shaft 47 

F/A-18E/F Brake Carrier 83 

F/A-18A/B/C/D AMAD Gearbox Housing 

(PTS Axis) 

12 

F/A-18A/B/C/D/E/F APG-73 Radar Rack 

Assembly 

21 

F/A-18A/B/C/D Outboard Wheel Bolt Spot 

Face 

0 

F/A-18E/F/G AMAD Main Housing (Internal 

Gear Damage) 

6 

H-1 Combining Gear Box 12 

TOTAL 195 
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Some of the first fielded repairs for military aircraft were repairs of corrosion damage to 

magnesium gearboxes on rotorcraft [9].  These repairs do not bear any load but restore the 

original dimensions of the component to prevent leaking of transmission fluid.   

 

Figure 1.  Low pressure cold spray repair of a magnesium sump gearbox using pure aluminum 

on a SH-60 Seahawk.  Image from ESTCP Final Report on Cold Spray Repair of Magnesium 

Components by B. Gabriel et al [10]. 

Cold spray has been used numerous times for non-load bearing “dimensional restoration” 

repairs but use of cold spray for load-bearing or structural repairs is an ongoing area of research 

and development [11].  Cold spray deposits do not necessarily exhibit properties comparable to 

wrought material, and a greater understanding of the adhesion, fatigue, fracture, and tensile 

behavior of cold spray deposits and how this relates to processing conditions is necessary for 

more widespread application of cold spray.  
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Figure 2.  Repair or chafing wear on AA6061 aircraft skin panels using high pressure cold spray 

by MOOG, Inc.  Image from Moog Cold Spray Aerospace Applications presented at CSAT 2018 

by C. Howe [12]. 

1.2 The Cold Spray Process 

Cold spray is a solid-state additive process for producing metal coatings.  This process 

was invented in the mid-1980s.  This process came about from the observation that aluminum 

powder (a component of rocket fuel) in wind tunnels would deposit along the walls at a 

temperature of 280K, far below the melting point of aluminum [13].  Since this time, the field of 

cold spray has seen rapid growth.  A search of the term “cold spray*” in Web of Science 

excluding all irrelevant disciplines with number of publications per year (non-cumulative) is 

shown in Figure 3.  Cold spray has expanded from deposition of pure aluminum and pure copper 

to a wide range of metals and non-metals, including tungsten, cobalt superalloys, polymers, 

metal matrix composites, cermets, and metallic glass [14–19].   
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Figure 3.  Publications per year in the field of cold spray since the year 1985. 

A schematic of the cold spray process is shown in Figure 4.  The cold spray process 

relies particles (usually metal) colliding with a substrate at supersonic velocities (300 m/s – 1200 

m/s), resulting in deformation and bonding on impact [20–22].  A jet of supersonic gas is used to 

accelerate particles via drag to these velocities.  In cold spray this jet of gas is created by 

expanding heated, high pressure gas through a converging-diverging (De Laval) nozzle.  As the 

gas cools and expands in the diverging section of the nozzle, the gas will accelerate to supersonic 

velocities [23].  It should be noted that although the process is referred to as “cold” spray, 

relatively high process temperatures can be used in the process.  For example, a VRC Gen III 

high pressure cold spray system can achieve a maximum gas temperature of 900°C.  However, 

during expansion and acceleration of the gas, this temperature will be much lower by the time 

the particle collides with the substrate.  Although it has been suggested that heating of the 

powder by the gas jet may improve deposition characteristics [21], the primary reason gas is 

heated is to increase particle velocity.  The reason the process is referred to as “cold” spray is 

because the process is a solid-state and hence issues associated with fusion-based additive 
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processes such as solidification cracking, solute segregation, oxidation, and thermal damage to 

the substrate can be avoided. 

 

Figure 4.  Schematic of the cold spray process.  (A)  High pressure gas is passed through a 

powder feeder (B) and heater (C).  The heated gas and powder is injected into a nozzle (D), 

which accelerates powders to supersonic velocities, producing a deposit (E) onto a substrate (F).    

Typically, either nitrogen, compressed air, helium, or a mixture thereof is used as the 

propellant gas in cold spray.  Due to the relatively low temperatures encountered during cold 

spray, the inertness of the gas is rarely a concern.  Compressed air and nitrogen offer the benefit 

of relatively low cost but achieve much lower velocities than helium. Helium is used not due to 

its inert nature, but due to its low molecular mass.  Gases with a lower molecular mass will 

achieve higher velocities in the nozzle, which will result in a greater particle impact velocity.  

Helium has the lowest molecular mass of any gas other than hydrogen, which is highly 

flammable.  Although the use of compressed air or nitrogen has been found to be economical for 

deposition of relatively soft materials such as pure aluminum and copper, it is often necessary to 

use helium to achieve velocities necessary for bonding [24].  

Although cold spray has successfully demonstrated for metals, polymers, ceramics, and 

composites, deposition of metal particles onto a metal substrate will be discussed in this section. 
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In cold spray of metals, it has been found there is velocity window within which powders can be 

deposited.  With insufficient velocities, particles will not deform sufficiently to form a 

metallurgical bond with the underlying material.  With excessively high velocities, erosion of the 

underlying material will begin to occur, which at high enough velocities can result in net mass 

loss [22].  While this will vary with material, insufficient velocity is of much greater 

technological interest due to limitations of the maximum particle velocity that can currently be 

achieved. 

Although there is some disagreement on the exact mechanism of bonding during cold 

spray, most studies have suggested that the criterion necessary for metallurgical bonding to occur 

in cold spray is onset of adiabatic shear instabilities [20–22,25–32].  When a particle collides 

with a substrate and deforms, heat will be generated due to friction.  As the cold spray bonding 

process has been found to occur within 100 ns, there is no time for heat to dissipate into the 

powder/substrate, and the conditions may be considered adiabatic.  As the particle deforms, this 

will also result in strain hardening.  If the rate of thermal softening exceeds the rate of strain 

hardening, this can result in the formation of adiabatic shear bands, which are frequently 

indicated by non-uniform deformation [33].  Although the effects of peening can make this 

behavior difficult to observe in bulk deposits, evidence of such behavior has been observed many 

times in study of single particle impacts [28,34–38].  

The velocity of a particle required to bond with the underlying substrate is referred to as 

the critical velocity.  Materials with a lower critical velocity are typically easier to deposit using 

cold spray.  The critical velocity has been found to be negatively correlated with density and 

positively correlated with yield strength [21].  The empirical relations developed by Assadi et al 

[21] may not be sufficient for accurate prediction of critical velocity, but they do suggest that 
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materials with a high strength to weight ratio will likely be more difficult to deposit than 

materials with a low strength to weight ratio.  However, any materials with a high strength to 

weight ratio such as AA2024, AA7075, and Ti-6Al-4V are commonly candidates for cold spray 

repair as these alloys rely on a fine dispersion of precipitates for strength that a high heat input 

from traditional additive process will coarsen. 

It is often necessary to use helium rather than compressed air or nitrogen to achieve 

sufficient particle velocity for deposition.  Although there have been studies on the effects of 

cold spray processing parameters on the deposition efficiency of AA6061 [39,40], the author is 

unaware of any studies on the effects of processing parameters on the deposition efficiency and 

microstructure of cold spray deposited AA2024 and AA7075, two of the most commonly used 

aluminum alloys for aerospace applications.   

Fine metal powders are used as the feedstock material for the cold spray process.  The 

quality and microstructure of the cold spray deposit is expected to be influenced by the 

microstructure of the feedstock powder.  Prior to this dissertation work, there were no papers on 

the effects of powder heat treatment on deposition of particles; however, there was work 

characterizing the microstructure of gas atomized aluminum powders [41–44] and a general 

understanding heat treatment of powders could improve deposition quality [45].  Since the 

beginning of this research, there has been a patent filed by United Technology Research 

Corporation [46] and one publication in a peer-reviewed journal [47] related to heat treatment of 

aluminum powders for cold spray in addition to the patent [48] and publication [49] derived from 

this dissertation on the subject. 

Due to the high degree of deformation that occurs in the cold spray process, cold spray 

deposits will be severely cold worked.  This will result in significant reductions in the ductility of 



 

9 
 

deposits [50,51].  In addition, incomplete bonding of particles on deposition has been found to 

result in reduced ductility and strength [25,52].  To move from dimensional restoration to 

structural cold spray repairs, improvements in the quality of deposited materials are necessary.  

In addition to the introduction of a high degree of cold work, deformation of particles 

during cold spray will result in the evolution of residual stresses during the cold spray process 

[53].  These residual stresses can potentially affect the fatigue life, adhesive strength, and 

resistance to stress corrosion cracking of cold spray repairs.  However, this has not been a 

thoroughly researched area and there are no studies in the literature on the residual stresses in 

AA2024 and AA7075 deposited with helium. 

1.3 Cold Spray at the University of Alabama 

All cold spray deposits for this dissertation were produced at the University of Alabama.  

A VRC Gen III High Pressure Cold Spray System (Gen III) (VRC Metal Systems, Rapid City, 

SD) was used to produce cold spray coatings.  The Gen III can achieve a maximum system 

pressure of 1000 psi (6.89 MPa) and maximum heater temperature of 900°C.  The Gen III is 

configured to use either nitrogen or helium as the process gas.  Additionally, the Gen III system 

can be used to spray with mixtures of nitrogen and helium.   

Because metal powder can be harmful for respiratory health and as aluminum powder is 

particularly flammable, dust collection systems are necessary for health and environmental 

safety.  Often a designated spray booth is used for this reason.  As a spray booth is both 

expensive and occupies a large space, VRC designed a compact, low cost system to meet our 

requirements.  This was achieved by integrating a CNC controlled robotics system with the cold 

spray applicator inside of a downdraft cabinet.  A picture of the VRC Gen III and the downdraft 
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cabinet is shown in Figure 5 and a picture of the inside of the downdraft cabinet is shown in 

Figure 7.   

 

Figure 5.  The VRC Gen III High Pressure Cold Spray System and downdraft system. 
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Figure 6.  Elements of high pressure cold spray at the University of Alabama mapped to the 

schematic in figure 4. 

 

Figure 7.  Inside the downdraft system with the (A) robotics, (B) 15 kW gas heater, (C) the 

applicator/nozzle, and (D) downdraft vents. 
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A unique feature of the VRC Gen III system is the ability to control the nozzle either 

robotically or manually by hand.  Although handheld low pressure cold spray systems are 

common, most high pressure cold spray systems are robotically controlled as the gas heater is 

moved along with the nozzle [54].  However, with the VRC system the heater is separate from 

the applicator and nozzle, allowing for handheld manipulation of the nozzle.  In work outside the 

scope of this dissertation, the author has found the use of hand-held cold spray to result in 

deposits of overall lower quality and less consistency when compared to robotically controlled 

cold spray.  However, the use of handheld cold spray allowed for repair of complex geometries 

without the need to program robotics.  Because this dissertation is focused on the fundamental 

processing-microstructure-properties relationships, robotically applied cold spray deposits will 

be used throughout this work to avoid operator inconsistency.  

Unless stated otherwise, all cold spray deposits produced in this work are deposited using 

a double-back raster pattern.  A rectangular deposit is produced by traversing the nozzle in a 

raster shaped pattern.  At the end of a layer, the z position of the nozzle is raised by a set amount 

to account for buildup of the deposit, and the nozzle retraces the raster in the opposite direction.  

This process is repeated until a desired number of layers is deposited.  
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Figure 8.  Schematic representation of the double back raster pattern.    

As discussed previously, most cold spray systems consist of a heater immediately above 

the cold spray nozzle.  In the VRC Gen III system, the applicator and nozzle are connected by 5’ 

hose to the heater, which will result in some heat loss between the heater and the nozzle.  

Additionally, unheated gas is used to inject powder into the nozzle, so the effective process gas 

temperature will be lower than the temperature set in the heater.  For this reason, all process gas 

temperatures reported in later chapters are measurements taken by a thermocouple at the top of 

the nozzle, rather than measurements of the temperature of the gas in the heater, as is commonly 

done in the literature. 

1.4 Physical Metallurgy of Heat Treatable Aluminum Alloys 

 The 2000 series and 7000 series aluminum alloys are heat treatable aluminum alloys.  

The primary strengthening mechanism in these alloys is the formation of a fine dispersion of 

strengthening precipitates.  In 2000 series alloys, this is either due to the formation of the θ phase 
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in Al-Cu alloys (e.g. AA2014) or the S phase in Al-Cu-Mg alloys (e.g. AA2024).  In 7000 series 

alloys, this is due the formation of η precipitates in Al-Zn-Mg (e.g. AA7004) and Al-Zn-Mg-Cu 

alloys (e.g. AA7075).  The addition of copper to Al-Zn-Mg alloys does not change the 

precipitate structure, but increases the stability of the precipitates, allowing for higher 

temperatures to be used during tempering, which is beneficial for avoiding stress corrosion 

cracking [3].   

 The compositions of AA2024, AA7075, and AA6061 are listed in Table 3.  Although the 

focus of this dissertation is on the deposition of AA2024 and AA7075, deposits are produced 

with AA6061 in Chapter 3 for comparison with AA2024 and AA7075.  AA6061 is a 6000 series 

aluminum, which means it is a heat-treatable Al-Si-Mg alloy that forms second phase β 

precipitates [3]. 

Table 3.  Composition in weight percent of aluminum alloys AA2024, AA7075, and AA7075 

[3]. 

Alloy Zn Cu  Mg  Si Cr Mn 

AA2024 - 4.4 1.5 - - 0.6 

AA7075 5.6 1.6 2.6 - 0.23 - 

AA6061 - 0.27 1.0 0.6 0.19 - 

 

To achieve maximum strength due to precipitation hardening, it is necessary to form a 

fine dispersion of second phase precipitates.  This is done by a solution heat treatment followed 

by aging.  The alloy is heated to above its solvus temperature until all solute atoms are 

homogeneously distributed throughout the alloy.  The alloy is then rapidly quenched such that 

the formation of coarse precipitates does not occur during quenching [55].   

Following solution heat treatment, the alloy will be aged to form a fine dispersion of 

second-phase strengthening precipitates to increase strength.  When an alloy is at room 

temperature, this is described as “natural aging.”  To achieve maximum strength in aluminum 
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alloys, it is necessary to age alloys at an elevated temperature, which is described as “artificial 

aging”.  However, the use of excessively high temperatures during artificial aging will result in 

reductions in strength due to over-aging [55].  A summary of the nomenclature for the different 

tempers used for samples throughout this work is given in Table 4. 

Table 4.  A summary of the different tempers used for aluminum alloys used throughout this 

work [2]. 

Temper 

Designation 

Description 

O Temper The alloy has been heated at an elevated temperature to fully recrystallize the 

alloy, eliminating all cold work present in the metal. 

W Temper The alloy has been solution heat treated and no precipitation due to either 

natural or artificial aging has been allowed to occur. 

T3 Temper The solution heat treated alloy has been cold worked then aged at room 

temperature for a specified amount of time to increase strength due to 

precipitation. 

T4 Temper The solution heat treated alloy has been aged at room temperature for a 

specified amount of time to increase strength due to precipitation. 

T6 Temper The solution heat treated alloy has been aged at an elevated temperature for a 

specified amount of time to achieve maximum strength due to precipitation. 

H2X 

Temper 

The alloy has been heated at an elevated temperature to recover or partially 

recrystallize the alloy to reduce but not entirely eliminate cold work present. 

 

1.5 Aims and Scope 

In this dissertation work, the processing-microstructure-properties relations of cold 

sprayed AA2024 and AA7075 will be investigated.  This work will be subdivided into four 

sections as are described below.  

In the first section, the effects of cold spray processing parameters, for example gas 

temperature, gas composition, gas pressure, and standoff distance, in cold spray of AA2024 and 

AA7075 are examined.  The effects of these processing parameters on deposition efficiency and 

microstructure are investigated.  These results are applied to determine an optimal set of spray 

conditions to produce the highest quality deposits with the lowest consumable cost.  To the 
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author’s knowledge, there have been no such studies on the relationships between basic 

processing parameters and the deposition of AA2024 and AA7075, and this is a gap in the 

literature the author seeks to fill. 

In the second section, the effects of heat treatment on powders prior to deposition are be 

investigated.  AA7075 and AA2024 are alloys that derive their strength from the formation of a 

fine dispersion of second phase precipitates, but it has been found that gas atomization of these 

alloys produces a cellular microstructure with solute atoms segregated along cell boundaries 

[49].  In this work, a novel furnace is designed and constructed to solution heat treat powders 

without sintering prior to cold spray.  The effects of solution heat treatment of powders on 

deposition efficiency, microstructure of powders before and after deposition, and the mechanical 

behavior of deposits are examined.  In addition, the effects of aging heat treatments on otherwise 

un-treated powders is examined.  A patent application has been filed and a paper has been 

published in literature base on this work [48,49] 

In the third section, the residual stress in AA2024 and AA7075 cold spray deposits are measured 

using neutron diffraction.  Residual stress measurements are taken for both a refilled groove and 

free-standing deposit geometry.  The refilled groove geometry is a geometry similar to what 

might be encountered in cold spray repair of a corroded fastener hole.  The effects of the groove 

geometry on the residual stresses developed during cold spray are investigated.  In the free-

standing deposit geometry, the effects of the robotics pathing on the residual stresses are 

examined.  

In the fourth section, laser assisted cold spray is used to deposit AA7075.  To the author’s 

knowledge there are only seven such installations in the world, so the integration of a 4-kW 

diode laser with the cold spray system and the calibration of the pyrometer is described in detail.  
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The effect of laser heat input on deposition efficiency, microstructure, and properties is 

examined.  The efficacy of using in situ heating with a nitrogen propellant gas as potential 

replacement for use of helium propellant gas is considered.  Finally, the effects of in situ laser 

heating on the stress-strain behavior of cold sprayed AA7075 is examined. 
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CHAPTER 2: OPTIMIZATION OF COLD SPRAY PARAMETERS FOR AA2024 AND 

AA7075 

 

2.1 Introduction 

During the deposition process, only a fraction of particles will successfully bond with the 

underlying substrate upon collision.  This fraction expressed as a percentage is referred to as the 

deposition efficiency (DE).  A higher DE allows for less waste of feedstock powder and a higher 

deposition rate with the same volume of gas.   

It is necessary for the particles colliding with the substrate to have sufficient velocity for 

bonding to occur.  It has been suggested that the necessary criterion for bonding to occur is the 

onset of adiabatic shear instabilities between the deforming particle and substrate surface [20].  

When the minimum or “critical” velocity is exceeded, particles begin to adhere, and the DE will 

increase from zero to some larger value. At sufficiently high velocities, DE will also fall due to 

erosion of the substrate [22].  However, due to technological limitations, insufficiently high 

velocity rather than excessively high velocity is usually of greater practical concern for most 

engineering alloys [24].  While increasing gas temperature can be used to increase particle 

velocity, the maximum gas temperature in cold spray of aluminum alloys is limited by the nozzle 

material.  Metallic nozzles are found to clog when using aluminum without an abrasive, limiting 

the selection of nozzle materials to polymers, which do not clog [9,56–58].  The highest 

temperature polymer commercially available is polybenzimidazole (PBI), which has a glass 

transition temperature of 425°C; operation at temperatures higher than this value will result in 

accelerated wear [59].  For this reason, it is often necessary to use helium rather than compressed 
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air or nitrogen to achieve acceptably high DE with high strength aluminum alloys such as 

AA2024 and AA7075.  However, helium is much more expensive than nitrogen or compressed 

air, so the increased cost of gas must be balanced with improvements to DE.  If acceptably high 

DE could be achieved with a mixture of helium and nitrogen/compressed air, this approach could 

potentially be used to reduce gas costs. 

There have been numerous studies on cold spray of AA7075 examining microstructural 

characteristics and mechanical behavior of the deposits [41,42,45,47,49,57,60–70].  

Comparatively fewer studies have been conducted on the deposition of AA2024 

[45,49,63,64,71,72].  While there have been published studies that have examined the effects of 

gas-mixing on pure titanium [73], AA6061 [39], pure aluminum [74], and 15-5PH stainless steel 

[74], the author is unaware of any such studies for AA2024 and AA7075.   Furthermore, the 

author is unaware of any published studies examining the effects of cold spray processing 

conditions on deposition efficiency of AA2024 or AA7075.    

In this work, basic cold spray parameters are systematically varied to examine their 

effects on deposition characteristics and quality of AA2024 and AA7075.  A numerical model is 

implemented to estimate the relative effects of temperature, pressure, and gas composition on gas 

and particle velocity.  Deposition efficiency is measured for varying temperature, pressure, and 

standoff distance to determine optimal spray conditions.  Using these optimized conditions, 

propellant gas composition for AA7075 and AA2024 is varied and the resultant deposition 

efficiencies, microstructures, and properties are reported and discussed. 

2.2 Numerical Modeling of Particle Velocity 

To accelerate particles to sufficient velocity for bonding in cold spray, gas must be 

accelerated to supersonic velocities.  This is achieved by using a converging-diverging nozzle.  
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In the converging section of the nozzle, gas will be increased in pressure and accelerated by the 

Venturi effect.  Before the onset of choked flow, the gas will decelerate in the diverging section.  

As gas pressure increases at the entrance of the converging section of the nozzle, velocity at the 

throat of the nozzle will increase until it is limited by the onset of choked flow when the gas 

reaches the local speed of sound.  For this reason, nozzles with only a converging section cannot 

exceed sonic velocities.  However, use of a converging-diverging nozzle allows for supersonic 

gas velocities by further expansion of choked gas [75,76]. 

Table 5.  Definition of symbols used in equations 1 through 7. 

Symbol Identification Symbol Identification 

Vg Gas velocity Vp Particle velocity 

γ Specific heat ratio Cd Drag coefficient 

R Gas constant ρg Gas density 

p Gas pressure ρp Particle density 

pi Initial gas pressure Rep Reynolds number of particle 

Vgi Initial gas velocity Map Mach number of particle 

A Nozzle cross-sectional area xi Mass fraction of gas i 

At Nozzle throat area 𝜂mix Dynamic Viscosity of a gas 

mixture 

Tg Gas temperature Mi Molecular weight of gas i 

Tgi Initial gas temperature - - 

 

Calculation of particle velocity in a nozzle requires solving the differential equations of motion 

for particles inside the nozzle.  Assuming flow is isentropic and one-dimensional, the velocity of 

gas and particles inside of a nozzle can be numerically estimated with relative ease.  The velocity 

of the gas at any point in the nozzle is given by: 

𝑉𝑔 = √2
𝛾

𝛾−1

𝑅

𝑀𝑔𝑎𝑠
𝑇𝑔 [1 − (

𝑃

𝑃𝑖
)

(𝛾−1)/𝛾

] + 𝑉𝑔𝑖
2  ............................................................. Equation 1. 

Although we can calculate exit gas velocity analytically if we assume exit gas pressure is 

atmospheric pressure, we must calculate gas velocity along the entire length of the nozzle to 



 

21 
 

numerically solve the equations for drag.  To do this, we must calculate the pressure ratio P/Pi 

along the length of the nozzle.  This cannot be done analytically but must be done by numerically 

solving the equation: 

𝐴

𝐴𝑡
= √(

𝛾−1

𝛾
) (

2

𝛾+1
)

(𝛾+1)/(𝛾−1)

/ [(
𝑃

𝑃𝑖
)

2/𝛾

− (
𝑃

𝑃𝑖
)

(𝛾+1)/𝛾

] .............................................. Equation 2. 

Temperature of the gas along the nozzle can be solved for along the nozzle by the 

equation: 

𝑇𝑔 = 𝑇𝑔𝑖 (
𝑃

𝑃𝑖
)

((𝛾−1)/𝛾)

 ............................................................................................ Equation 3 [75].   

After numerically solving for the gas velocity along the nozzle, the particle velocity 

throughout the nozzle can be calculated by numerically solving the differential equation: 

𝑑𝑉𝑝

𝑑𝑡
=

3

4

𝐶𝑑

𝐷𝑝

𝜌𝑔

𝜌𝑝
(𝑉𝑔 − 𝑉𝑝)|𝑉𝑔 − 𝑉𝑝|  ................................................................................... Equation 4. 

The drag coefficient can be solved for by: 

𝐶𝐷 =
24

𝑅𝑒𝑝
[

(1+0.15𝑅𝑒𝑝
0.687)(1+𝑒𝑥𝑝(

−0.427

𝑀𝑎𝑝
4.63+

3

𝑅𝑒𝑝
0.88))

1+(
𝑀𝑎𝑝

𝑅𝑒𝑝
)(3.82+1.28𝑒𝑥𝑝(−1.25

𝑅𝑒𝑝

𝑀𝑎𝑝
))

]    ............................................. Equation 5 [77].  

To account for mixtures of gases, mass-weighted averages of the variables γ and ρ are 

used.  However, the viscosity of mixed gases (used in the calculation of the Reynolds number) is 

more complicated.  The viscosity of a mixture of gases can be solved for by: 

𝜂𝑚𝑖𝑥 = ∑
𝑥𝑖𝜂𝑖

∑ 𝑥𝑗𝜱𝑖𝑗
𝑛
𝑖=1

𝑛
𝑖=1  ................................................................................................... Equation 6. 

Where 𝜱ij is given by: 

𝜱𝑖𝑗 =
1

√8
(1 +

𝑀𝑖

𝑀𝑗
)

−1/2

[1 + (
𝜂𝑖

𝜂𝑗
)

1/2

(
𝑀𝑗

𝑀𝑖
)

1/4

]

2

 ............................................... Equation 7 [39,78]. 

A code was developed in MATLAB® to calculate gas and particle velocity according to 

the outlined procedures and is given in Appendix 1.  Note that this describes the velocity of 
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particles and gas in a nozzle, but do not necessarily reflect true spray conditions as will be 

developed later.   

2.3 Experimental Methods 

Commercially available, inert gas atomized -325 mesh AA7075 powder (average 

diameter 16.9 ± 7.4 μm) and AA2024 powder (average diameter 11.9 ± 7.1 μm) produced by 

Valimet, Inc. (Stockton, CA, USA) were used as feedstock material in this study.  Laser 

diffractometer measurements of both powders provided by the manufacturer are shown in Figure 

9.  No further sieving or thermal processing was applied to powders prior to deposition.  

AA7075-T651 and AA2024-T351 were used as substrates for AA7075 and AA2024 powders, 

respectively.  Prior to deposition, substrate surfaces were sanded with 60-grit silicon carbide 

paper and thoroughly degreased with a detergent followed by rinsing with isopropyl alcohol.  

 

Figure 9.  (A) Cumulative probability density function and (B) probability distribution function 

for AA7075 and AA2024 -325 mesh powders from Valimet.  Note distributions are weighted by 

number rather than mass or volume 

All coatings were produced at the University of Alabama using a VRC Metal System 

(Rapid City, SD, USA) Gen III High Pressure Cold Spray System.  A summary of the varying 

spray conditions used in the section can be found in Table 6. 
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Table 6.  Spray parameters for experiments carried out in this work.  *20 mm is the distance 

between the bottom of the nozzle and the velocity measurements, 200 mm is the distance from 

the bottom of the nozzle and the substrate.  †A powder feed rate of 15 g/min was used for all 

deposits except for AA7075 deposited with 100% helium, for which a malfunction of the powder 

feeder resulted in a feed rate of 50 g/min. 

Variable 

Parameter 

Powder Pressure Tempe-

rature 

Standoff Gas 

Composition 

Power Feed 

Rate 

Standoff  AA7075 460 psi 420°C 5 mm – 

85 mm 

93% He 15 g/min 

Temperature AA7075 603 psi, 

803 psi 

375°C - 

415°C 

20 mm 100% N2 33 g/min 

Pressure AA7075 450 psi – 

803 psi 

415°C 20 mm 100% N2  33 g/min 

Composition 

(Velocimetry) 

AA7075 465 psi 415°C 20 mm / 

200 mm* 

0% He – 

93% He 

15 g/min 

Composition  AA7075, 

AA2024 

465 psi 415°C 15 mm 0% He – 

100% He 

15 g/min† 

 

2.3.1 Standoff Optimization 

To determine the effects of standoff distance on deposition efficiency, a single track of 

AA7075 was deposited with constant spray conditions (415°C, 465 psi, 93 vol. % He, 17 g/min) 

with standoff distances varying between 5 mm and 85 mm traveling at a speed of 2.5 mm/s 

(Figure 10).  The relative deposition efficiency between standoff conditions is then compared by 

measuring the thickness of the deposit.   

 

Figure 10.  AA7075 deposit used to measure relative deposition efficiencies at different standoff 

distances. 
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Note that except for this single experiment, all other reports deposition efficiency in this 

dissertation are absolute deposition efficiency rather than relative deposition efficiency.  Absolute 

deposition efficiency is measured by weighing the amount of powder deposited and the amount 

of powder consumed during the spray.  Because variability in powder feeding was observed, the 

amount of powder fed was measured for every spray rather than assuming a constant powder 

feed rate for a given rotational speed of the powder feeding drum.  Losses due to transfer of 

powder to and from the drum were not found to significantly affect this measurement.  

Throughout the rest of this dissertation work, deposition efficiency is measured using this 

method unless otherwise stated.     

2.3.2 Temperature and Pressure Optimization 

The deposition efficiency of AA7075 at varying temperature and pressure was measured 

to determine the effect of temperature and pressure.  To account for pressure, deposits were 

produced at pressures of 450 psi, 603 psi, and 803 psi at 415°C with nitrogen.  It was not 

possible to spray with lower pressures as the gas heater has minimum gas flow requirements to 

prevent burnout of the resistive heating elements.  To account for temperature, deposition 

efficiency was measured at 375°C and 415°C at 603 psi and 803 psi.  No significant deposition 

was observed at lower temperatures.  Higher temperatures were not used, as temperatures greater 

than 425°C will result in rapid degradation of the PBI nozzle. 

2.3.3 Propellant Gas Composition Velocimetry   

Particle velocimetry measurements were taken using a TECNAR (Saint-Bruno, Quebec, 

Canada) laser velocimeter.  In particle image velocimetry, a laser is shone perpendicular to spray 

plume.  Particles passing through this laser beam will reflect the laser back to a pair of slit, which 

collects a signal.  A schematic of this process is shown in Figure 11. 
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Figure 11.  Schematic of the particle image velocimetry measurement process.  Light from 

the laser is reflected off of the particle at slit (A) and slit (B), which generates a signal.  

Given the distance d between the slits and the time of flight (TOF) between the slits, 

velocity can be calculated. 

For velocimetry, AA7075 powder for various gas mixtures of nitrogen and helium with a 

pressure of 465 psi and temperature of 415°C was used.  Based on the distance between these 

slits and the time between the peaks in intensity, the particle velocity can be calculated.  A PBI 

nozzle 120 mm in length, a 2 mm throat diameter, 4 mm exit diameter, 10 mm inlet diameter, 

and diverging section length of 110 mm was used.  Measurements were taken at 20 mm from the 

bottom of the nozzle.  The distance between the bottom of the nozzle and the substrate during 

velocimetry measurements was 200 mm.   

Mean velocity is reported by estimating the Gaussian distribution parameters of the data 

using MATLAB®.  A minimum of 1000 individual particle measurements per condition was 

taken.  Velocimetry measurements for the condition with 100% helium could not be obtained as 

the peak of the velocity distribution was outside the detection range of the velocimeter (1400 

m/s).  An example of experimental data and a Gaussian fit used to determine mean velocity is 

shown in Figure 12. 
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Figure 12.  An example of velocimetry data taken from the Tecnar with the fit curve used to 

calculate average velocity for 18 mass % helium for AA7075 -325 mesh powder. 

2.3.4 Effects of Propellant Gas Composition on Deposition Efficiency, Microstructure, and 

Properties  

 

Using optimized spray conditions from these previous experiments, deposits were 

produced with varying ratio of helium to nitrogen as the propellant gas during cold spray.  

Although a mostly consistent powder-feed rate was maintained throughout this work, the 

AA7075 deposit produced with 100% helium was measured to have a powder feed rate of 50 

g/min, approximately three times the average feed rate used for all other deposits.  This was due 

to unexpected wear on the powder feeder components.    

Samples were prepared for optical microscopy, scanning electron microscopy, and 

hardness measurements using standard metallographic techniques.  Optical micrographs and 

porosity measurements were taken using a Keyence VHX-1000 Digital Microscope (Itasca, IL, 

USA).  Porosity was determined by gray-image processing of un-etched, polished samples.  

Hardness values were measured using Vickers microhardness with a load of 300 gf and a dwell 

time of 20 s.  Hardness measurements were taken at a depth of half the thickness of the deposit 

and at least 10 measurements were taken per condition. 
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A JEOL-7000 FEG Scanning Electron Microscope (Akishima, Tokyo, Japan) was used to 

produce backscatter electron (BSE) micrographs.  Micrographs were taken for both etched and 

un-etched samples.  Sample were etched using Keller’s Reagent (95% H2O, 2.5% HNO3, 1.5% 

HCl, 1% HF) by swabbing for 30 seconds.   

 
Figure 13.  Example of the process used to quantify the aspect ratio of prior particles in cold 

spray deposits.  The number of prior particle boundaries intersections with lines parallel and 

perpendicular to the deposition direction was counted to obtain an average deformed particle 

width and height.   

BSE micrographs of etched CS deposits were used to determine the aspect ratio of prior 

particles after deposition in the bulk deposit.  The aspect ratio was measured using a line 

intercept method similar to that of measuring grain size as outlined in ASTM E112 [79].  All 

micrographs were oriented such that the substrate was horizontal and the spray direction was 

vertical.  Horizontal and vertical lines were drawn on each micrograph, and the number of prior 

particle boundary intercepts were recorded.  A minimum of 250 intercepts were recorded for 

each direction for each deposit.  The aspect ratio was then calculated by dividing the average 
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horizontal length by the average vertical length.  An example of such a measurement is shown in 

Figure 13. 

2.4 Results and Discussion 

2.4.1 Modeling Results 

From equation 1, we would expect increasing system pressure and inlet gas temperature 

to increase gas and particle velocity.  Additionally, we would expect gases with a lower 

molecular weight to result in higher velocities.  Modeling results are given in Figure 14 to show 

the effects of changing gas temperature, pressure, and composition on particle and gas velocity at 

the exit of the nozzle.  

  

Figure 14.  Modeling results for particle and gas velocity for (A) pure helium at 465 psi and 

varying temperature, (B) pure helium at 415°C and varying pressure, and (C) a varying mixture 

of helium and nitrogen at 465 psi and 415°C.  Note that velocity in (C) is plotted versus volume 

fraction helium rather than mass fraction helium. 

Although increasing pressure at relatively low pressures (less than 200 psi) significantly 

increases velocity, these improvements quickly level off at higher pressures (Figure 14B).  

Because increasing pressure also increases the rate of gas consumption, these two factors must 

be balanced.  Increasing temperature results in much more significant improvements in velocity 

(Figure 14A) and the increased cost of electricity consumption is negligible.  However, when 

spraying with aluminum it is necessary to use a polybenzimidazole (PBI) nozzle to avoid 
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clogging.  PBI has a glass transition temperature of 425°C, and operation at temperatures above 

this will result in rapid wear of the nozzle.  For this reason, temperatures when spraying 

aluminum are effectively limited to 425°C. 

Use of helium rather than nitrogen results in significantly higher gas and powder 

velocities.  Additionally, it is found that even small volume fraction additions of nitrogen will 

result in significant reductions in velocity (Figure 14C).  Nitrogen gas (N2) has a molecular mass 

seven times that of helium gas (He).  Because of this, small volume additions of nitrogen to an 

otherwise pure helium gas will result in significant changes in mass fraction helium.  The speed 

of sound in a gas is proportional to the inverse square root of density, which in turn will depend 

on a mass-weighted average of the gas constituents.  It is for this reason addition of a relatively 

small amount nitrogen volume results in significant reductions in velocity.  As helium is far more 

expensive than nitrogen, the use of helium cannot be justified by the results of this model alone. 

2.4.2 Standoff Optimization 

When the supersonic flow of gas produced by the nozzle is interrupted by the substrate, 

this will result in deceleration of the gas and formation of a shockwave as the velocity of the gas 

at the surface of the substrate must be zero.  This shockwave results in the rapid deceleration of 

particles immediately before the substrate.  This has numerous implications for cold spray.  

Modeling is made much more difficult by the need to account for the deceleration of particles 

through the shockwave.  There have been several attempts to account for this in numerical 

models [39,77], but a close examination of the references indicates that invalid assumptions may 

have been made [80,81].  Others have suggested simply using empirical relations with a fitted 

parameter to relate the particle exit and impact velocity [31].  However, such a fitted parameter 
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would require experimental validation, the difficulties of which will be discussed in section 

3.4.4.   

 

Figure 15.  Effect of standoff distance on relative deposition efficiency (with respect to 

deposition efficiency with a standoff of 20 mm) of AA7075 sprayed with helium. 

The presence of this shock-wave effect suggests there might be a standoff distance that 

maximizes particle impact velocity.  An excessively short standoff may result in a shockwave 

that causes incomplete acceleration in the nozzle, and an excessively long standoff may result in 

deceleration of particles between the exit of the nozzle and the shockwave.  It is found that 

increasing standoff distance does slightly reduce deposition efficiency, but no drop-off in 

deposition efficiency was observed for shorter standoffs (Figure 15).  As shorter standoff 

distances greatly increase the risk of collision of the nozzle with an object, a standoff distance of 

20 mm is used throughout this work unless specified otherwise.   
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2.4.3 Temperature and Pressure Optimization   

 

Figure 16.  The effect of process parameters on the deposition efficiency of AA7075 with 

Nitrogen; (A) the effect of pressure at a constant temperature of 415°C (B) the effect of 

temperature at a pressure of 603 psi and 803 psi.  Note that a deposition efficiency greater than 

1% was not obtained with nitrogen gas. 

In Figure 16, the effects of gas temperature and pressure on deposition efficiency when 

cold spraying AA7075 with nitrogen are shown.  It is found that while increasing pressure over 

the range of 450 psi to 803 psi results in increasing deposition efficiency, increasing temperature 

for 375°C to 415°C results in a much more significant improvement.  For this reason, a 

temperature in the range of 400°C to 420°C is used throughout the rest of this work to achieve 

the greatest deposition efficiency while avoiding risk of damage to the nozzle.  Balancing the 

effects of increased gas consumption and improvements in deposition efficiency, pressures in the 

range of 400 psi to 550 psi are used throughout this dissertation. 

2.4.4 Effects of Propellant Gas Composition on Particle Velocity 

Based on modeling results (Figure 14C), the use helium rather than nitrogen is expected 

to result in significant increases in particle velocity.  Gas velocity will be expected to vary as the 

inverse square root of the molecular mass of the gas (Equation 1).  
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Figure 17.  Particle velocity of AA7075 powder sprayed with up to 73 mass % helium in 

absence of a substrate.   

From first principles, we would expect particle velocity to be proportional to the local 

speed of sound [74], which will depend on the square root of mass fraction helium in a helium-

nitrogen mixture.  Experimental results are found to be within 20% of the predicted average 

velocity, but the modeling results are found to consistently overestimate velocity.  It is 

emphasized here that the standard deviation of the measurement does not necessarily reflect the 

error of the measurement.  Because there will be a distribution in powder particle sizes as seen 

Figure 9, this will result in a distribution of particle velocities as well.   The contribution of 

measurement error is approximately 10 m/s (approximately 1%) according to the Tecnar manual. 

It is difficult to find directly comparable velocimetry results in the literature.  In work by 

Ozdemir et al, AA6061 powder with an average diameter of 26 μm was sprayed at a pressure of 

4.85 MPa and a temperature of 350°C with a helium-nitrogen gas mixture ranging from 0 – 25 

mass % helium (0 – 70 volume % helium) [39].  An average velocity of 590 m/s – 810 m/s was 

reported in this range.  An average particle velocity of of 670 m/s – 960 m/s was found in this 

same range in our work.      
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In work by MacDonald et al, pure aluminum powder with an average particle diameter of 

25 μm was sprayed at a pressure of 4.3 MPa and a temperature of 500°C with a helium-nitrogen 

gas mixture ranging from 0 – 100 mass % helium [74].  In the range of 0 – 30 mass % helium (0 

– 75 volume % helium) an average velocity of approximately 650 m/s – 800 m/s was reported, 

compared to a range of 670 m/s – 960 m/s in our work.  A maximum velocity of 1000 m/s was 

reported for 100 mass % helium by MacDonald et al, whereas our measurements found this to be 

greater than 1400 m/s. 

Although slight variations in velocity might be expected due to differences in processing 

conditions and particle size, density, and morphology, such differences cannot be fully explained 

by these factors.  Because the velocity of the particles will depend on the extent to which they 

have interacted with the shockwave, we would expect the distance between the nozzle and the 

substrate and distance between the nozzle and the point of measurement to significantly 

influence these results [82,83].  As mentioned earlier, velocimetry measurements were taken at a 

distance of 20 mm from the bottom of the nozzle with a distance of 200 mm between the bottom 

of the nozzle and the substrate.  These conditions were chosen to minimize interaction between 

particles and the shock wave for velocimetry measurements.  Although distances between the 

nozzle and the point of measurement were reported in the previously referenced studies, the 

distance between the nozzle and the substrate were not, making direct comparisons difficult.  

Additionally, slightly different nozzle geometries were used in the previously referenced studies.   

Numerous attempts in this work were made to measure particle velocity at true spray 

conditions (with a standoff distance of 20 mm from the substrate), but the rapid buildup of 

deposits on the substrates made this approach unsucessful.  To avoid this excesive buildup, 

numerous metallic, ceramic, and polymer substrates were used, but all substrate materials were 
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found to either erode or provide sufficient mechanical anchoring to allow buildup of a deposit.  

As such the velocimetry measurments in this study are valid for comparison between conditions 

in this work, but cannot be used for calculation of true critical velocity. 

2.4.5 Effects of Propellant Gas Composition on Deposition Efficiency 

Deposition efficiency is found to vary approximately linearly with mass fraction helium 

for both AA2024 and AA7075 (Figure 18).  The AA7075 deposit produced with 100% helium 

had a powder feed rate of 50 g/min due to unexpected abrasion of components in the powder 

feeder.  Although this will produce additional loading on the gas stream which would be 

expected to reduce particle velocity, work by Ozdemir et al has shown that powder feed rates as 

high as 300 g/min will minimally impact the DE [40].  As such we would not expect DE to be 

significantly impacted, but this will be found to result in significant microstructural differences.   

 

Figure 18.  Deposition efficiency of AA2024 and AA7075 deposited using a varying mass 

fraction helium as the propellant gas. 

Because nitrogen gas (N2) has a molecular mass of 28.01 u versus 4.00 u for helium, the 

even a small volume fraction addition of nitrogen to helium will result in a significant mass 
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fraction addition of nitrogen.  The relationship between mass fraction helium (mfh) and volume 

fraction helium (vfh) is given by: 

𝑚𝑓ℎ =
4.00∙𝑣𝑓ℎ

4.00∙𝑣𝑓ℎ+28.01∙(1−𝑣𝑓ℎ)
  .......................................................................................  Equation 8. 

This relationship between mass fraction helium and volume fraction helium is shown in 

Figure 19A. For example, a binary helium-nitrogen gas mixture that is 95% helium by volume 

will be 73% helium by mass.  Because the local speed of sound will depend on a mass-weighted 

average of the gas [23], this will have significant implications for deposition.  The significance 

of this is emphasized by Figure 19B, in which deposition efficiency is plotted against volume 

fraction helium rather than mass fraction helium.  Even a small volume fraction addition of 

nitrogen to helium will result in a significant reduction in DE.      

 

Figure 19.  (A) The relationship between mass fraction helium and volume fraction helium and 

(B) deposition efficiency plotted as a function of volume fraction helium.   

Because gas is usually bought and metered in units of volume rather than mass, this has 

significant implications for the economics of gas mixing in cold spray of AA2024 and AA7075.  

The total materials cost to produce a deposit of given mass m; with powder, helium, and nitrogen 

costs of Cpowder, CHe, and CN2; and with a powder feed rate and volumetric gas flow rate of R and 

Q, respectively, is given by: 
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𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 𝑐𝑜𝑠𝑡 =  
𝑚∙𝐶𝑝𝑜𝑤𝑑𝑒𝑟

𝐷𝐸/100%
+

𝑚∙𝑄∙(𝑣𝑓ℎ∙𝐶𝐻𝑒+(1−𝑣𝑓ℎ)∙𝐶𝑁2)

𝑅∙𝐷𝐸/100%
   ................................. Equation 9. 

To respect our suppliers, and as gas and powder costs may vary, the specific details of 

such a calculation are left to the reader.  However, the results of this calculation at the rates paid 

for powder and gas in this study given in relative cost per mass for AA7075 and AA2024 with a 

powder feed rate of 20 g/min are shown in Figure 20.  It is found that using nitrogen instead of 

helium results in not only a higher powder cost, but also a higher gas cost.  While this may be 

surprising, both AA2024 and AA7075 deposited with helium exhibits a DE over 100-fold greater 

than with nitrogen.  This means to deposit a given mass of deposit, spraying with nitrogen will 

require more than 100 times the volume of gas.  For this reason, use of helium instead of nitrogen 

could be justified based on gas cost alone so long as the relative cost of helium to nitrogen is less 

than 100:1.   

 

Figure 20.  The relative cost in an arbitrary currency unit to deposit an arbitrary amount of mass 

(A) AA7075 (B) AA2024 for varying volume fractions of helium.   

It is emphasized here that these results for deposition efficiency were obtained with as-

received powders.  Because DE with AA2024 and AA7075 with pure nitrogen is so low, small 

improvements to DE could significantly affect the computed costs.  It has been shown in 
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previous work that heat treatment of powders prior to cold spray can improve both deposition 

efficiency and deposition characteristics [47,49,52].  The effects of heat treatments on the 

deposition efficiency of powder will be discussed later in this dissertation.  Additionally, as 

deposition efficiency will depend on the size distribution of deposited powders [45,84], variation 

between powders with the same nominal classification, e.g. -325 mesh, may cause significant 

difference in deposition efficiency.  Both powders used in this study were specified as -325 

mesh, but the AA2024 powder had a significantly finer size distribution than AA7075 (Figure 

9).  If the critical velocity could be sufficiently lowered by greater control of feedstock powder 

size and microstructure, it might be possible to achieve 100% deposition efficiency with less 

than 100% helium for AA2024 or AA7075, thereby making gas mixing economical as has been 

demonstrated to be the case with AA6061 [39].   

2.4.6 Effects of Propellant Gas Composition on Microstructure 

Optical micrographs of the interfaces between AA2024 and AA7075 deposit and their 

respective substrates produced using pure nitrogen, 70% helium, and pure helium are shown in 

Figure 21.  Except for AA2024 deposited with 100% helium (Figure 21F), deposits exhibit 

good bonding with the interface an no evidence of partial delamination.  Although good bonding 

is observed between deposit and substrate for AA7075 deposited with 100% helium (Figure 

21C), partial delamination was observed on other locations in the interface; this will be discussed 

further in section 2.4.7.  Qualitatively we observe deposits produced with 70% and 100% helium 

(Figure 21B-C, E-F) exhibit much higher density and fewer defects than deposits produced with 

100% nitrogen (Figure 21A, D). 
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Figure 21.  Optical micrographs of the coating-substrate interface for AA7075 deposited with 

(A) 0% helium propellant gas, (B) 70% helium propellant gas, (C) and 100% helium propellant 

gas; AA2024 deposited with (D) 0% helium propellant gas (E) 73% helium propellant gas, and 

(F) 100% helium propellant gas. 

Deposits produced with pure nitrogen exhibited higher porosity than the other conditions 

(Figure 22).  All AA2024 and AA7075 deposits except those produced with pure nitrogen were 

observed to have less than 0.5% porosity.  However, no other significant trends of porosity with 

mass fraction helium were observed.  This compares favorably to porosities in the range of 10% 

to 40% encountered in the additive deposition of aluminum using other technologies such as 

selective laser melting [85]. 
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Figure 22.  Porosity of AA2024 and AA7075 deposited using a varying mass fraction helium as 

the propellant gas. 

BSE micrographs of AA2024 and AA7075 deposits produced using pure helium and pure 

nitrogen are shown in Figure 23.  Due to atomic number contrast, the bright regions indicate 

copper rich areas for AA2024 and zinc rich areas for AA7075.  In the AA7075 and AA2024 

deposits produced with pure helium (Figure 23A, Figure 23C), the celluar microstructure 

characteristic of gas atomized alloy powders is clearly present but having undergone 

deformation.  Similar results have been reported in the literature for cold sprayed AA7075 

[42,43,47,49].  Such features can be observed in the deposits produced with nitrogen (Figure 

23B, Figure 23D), but are much more faint due to a closer spacing of these cells.  This closer 

spacing is attributed to greater deformation of prior particles following deposition, as will 

developed in the discussion section.  Voids due to incomplete bonding are indicated in Figure 

23.  Deposits produced with helium exhibit mostly complete bonding with some voids due to 

incomplete bonding (Figure 23A, Figure 23C).  Deposits produced with nitrogen exhibit a 

much greater extent of incomplete bonding (Figure 23B, Figure 23D).   
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Figure 23.  Backscatter electron micrograph for for (A) AA7075, pure helium propellant gas, 

(B) AA7075, pure nitrogen propellant gas, (C) AA2024, pure helium propellant gas, and (D) 

AA2024, pure nitrogen propellant gas.  Voids due to incomplete bonding are indicated by white 

arrows. 

2.4.7 Interlayer Defects 

An etched cross section of AA7075 deposited with 70 mass % and 100 mass % helium 

was taken at a low magnification to show macroscopic features (Figure 24).  The deposit in 

Figure 24B was produced in three layers, and delamination is observed between each of the 

layers and between the deposit and interface.  The overall porosity of the deposit including these 

defects was measured to be 9.0 ± 2.9%.  As mentioned earlier, this deposit was produced with a 

powder feed rate over three times that of all the other deposits due a malfunction of the powder 

feeder.  The development of these cracks can be attributed to this as will be developed in the 
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discussion section.  For this reason, the porosity and hardness results given for the AA7075 

deposit produced with 100% helium were taken in between these interlayer defects.  Much less 

severe partial delamination between the deposit and substrate was observed in the AA2024 

deposit produced with 100% helium (Figure 21).  Interlayer defects were also observed in 

AA2024 deposited with pure helium (Figure 25) but not sufficiently to significantly affect 

porosity measurements or result in delamination. 

 

Figure 24.  Optical micrograph of AA7075 deposited with (A) 70% helium and (B) 100% 

helium. 

 

Figure 25.  Backscatter electron micrograph of an interlayer defect in AA2024 deposited with 

pure helium. 

Previous work has shown that poorly-bonded material will concentrate along layer 

interfaces [64,86].  This concentration of defects has been attributed to particles on the outside of 
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the spray cone traveling at a lower velocity, resulting in poorer bonding on impact.  Because 

these slower moving particles form a “shell” around the entire spray cone, the procession and 

retreat of this shell will result in these particles concentrating along layer interfaces with 

comparatively well-bonded material between these layers as demonstrated in Figure 26.  Much 

more sophisticated details on the development of these defects may be found in work by Li et al 

[86].   

 

Figure 26.  A schematic representation of the development of interfacial/interlayer defects.  (A)  

Powder on the outer edge of a spray cone moves slower than powder in the interior.  (B)  This 

results in concentration of defects along the interface and (C) in between layers as the deposit 

builds up.   

Because the fraction of poorly deposited material depends on the velocity distribution of 

powder within the gas jet, we would not expect this fraction to be affected by spray strategy, for 

example the number of layers deposited.  However, layer thickness would be expected to affect 

the distribution if not the overall amount of poorly bonded material.  Consider the schematic 

representation of a cold spray deposit in Figure 26.  If a deposit of the same thickness were 

composed of twenty layers rather than two layers, we would expect to see the thickness of the 

poorly-bonded regions to decrease ten-fold, though the proportion of well- to poorly- bonded 

deposit would be unaltered.  For this reason, we would expect defect layer size to be proportional 

to layer thickness.   
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If we treat the issue of delamination along layers as a fracture mechanics problem, we 

would expect the deposits produced with thinner layers to exhibit greater fracture toughness due 

to a smaller average defect size even though the total volume of defects is the same as deposits 

produced with thicker layers.  Because of this, we would expect deposits to have lower strength 

perpendicular to the substrate, as has been demonstrated numerous times [25,52,87].  Significant 

residual stresses are generated during the cold spray process, which can result in delamination 

between the deposit and the substrate [53].  For these reasons, delamination not only between the 

deposit and substrate but between layers of the substrate can occur.  

The most severe interlayer/interfacial defects were observed in the AA7075 deposit 

produced with 100% helium (Figure 24B) with a deposition efficiency of 76%, which was 

higher than any of the other conditions.  Additionally, due to inconsistencies with the powder 

feeding, a powder feed rate of 50 g/min versus an average feed rate of 15 g/min for all other 

deposits was measured.  Within these intact layers, mostly complete bonding between particles is 

observed at the microscopic level (Figure 23A). AA7075 deposited with 70% helium with a feed 

rate of 15 g/min exhibited no such defects (Figure 21B, Figure 24A).   Less severe delamination 

along the substrate and interlayer defects which did not result in delamination were observed in 

AA2024 deposited with 100% helium (Figure 21F, Figure 25).  This deposit had the second 

highest deposition rate of all deposits with a DE of 57% and a feed rate of 15 g/min.  This defect 

zone is less than 20 μm across parallel to the spray direction, so overall porosity will not be 

significantly influenced by these defects.  However, the concentration of such defects in a single 

plane i.e. the layer interface would be expected to significantly reduce the fracture toughness of 

the material.  In the case of AA7075 deposited with 100% helium, it is speculated this 

concentration of defects was enough that the residual stresses generated during deposition were 
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sufficient to cause delamination.  However, no such defects were observed in any other samples.  

Taken together, this suggests the occurrence of delamination and significant interlayer defects 

were caused by the greater layer thickness used in these samples.  Although we expect improved 

deposition efficiency to reduce the total amount of defects, this affect is being dominated by the 

increase in layer thickness.  In between layer defects, AA2024 and AA7075 deposits produced 

with pure helium exhibit much more complete bonding (Figure 23A, Figure 23C) compared to 

deposits produced with pure nitrogen (Figure 23B, Figure 23D).   

One should not conclude from this discussion that a higher deposition efficiency will 

necessarily negatively impact quality of a deposit.  Higher nozzle traverse velocities can be used 

to reduce layer thickness, though practically this may be limited by the maximum travel speed of 

the robotics.  Additionally, powder feed rate may be lowered to achieve thinner layers, though 

this must be balanced with increased helium consumption.  As seen in Figure 23, overall more 

complete bonding is observed in between layers for deposits produced with 100% helium 

compared to deposits produced with 100% nitrogen.  Although an overall higher velocity might 

be expected to reduce the fraction of poorly bonded particles, it is suggested here that care must 

be taken not only to the fraction of defects but to their spatial distribution within the coating.   

2.4.8 Effects of Propellant Gas Composition on Hardness and Deformation  

 

Deposits produced with pure nitrogen exhibited significantly higher hardness than all 

other samples (Figure 27).  The as-deposited hardness of AA7075 deposited with helium (127.2 

± 1.5 Hv) falls within the range of literature reported values of 110 Hv – 140 Hv [42,68].  Our 

measurements for hardness of as deposited AA7075 with nitrogen (185.7 ± 2.1 Hv) fall in the 

upper end of the literature reported values of 120 Hv – 186 Hv [62,65,66].  It was expected that a 

higher degree of cold work contributes to the higher hardness of deposits produced with 
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nitrogen.  This was done by quantifying the relative amount of particle deformation that occurs 

of particles during the cold spray process.  

 

Figure 27.  Vickers hardness of AA2024 and AA7075 deposited using a varying mass percent 

helium as the propellant gas. 

In order to distinguish prior particle boundaries, BSE images of etched samples were 

taken.  Montage images for all spray conditions are shown in Figure 28 and Figure 29 for 

AA2024 and AA7075, respectively.  Prior particle boundaries can be distinguished more easily 

in the AA2024 deposits compared with the AA7075 deposits as the intercellular zinc-rich areas 

were attacked aggresively by the etchant in AA7075.  Non-uniform deformation characteristic of 

adiabatic shear instabilities are observed in all deposits except those produced with pure nitrogen 

(Figure 28, Figure 29).  Both AA2024 and AA7075 deposits produced with nitrogen exhibit 

much more severe deformation (Figure 28, Figure 29).   
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Figure 28.  Montage image of etched backscatter electron micrographs for AA2024 deposited 

with varying mass percent helium.   

 
Figure 29.  Montage image of etched backscatter electron micrographs for AA7075 deposited 

with varying mass percent helium.   

 

BSE imaging of etched samples were used to measure the average aspect ratio of 

particles deposited at different conditions in order to quantify the amount of deformation that 

occurs.  Gas atomized powders have a highly uniform spherical morphology [88], so the aspect 

ratio of an undeformed particle will be one.  An increasing aspect ratio will indicate an 

increasing amount of deformation.  The aspect ratio of deformed particles is found to generally 
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decrease with increasing mass fraction of helium, with deposits produced using pure nitrogen 

exhibiting a significantly higher aspect ratio (Figure 30).   

 

Figure 30.  Aspect ratio of AA2024 and AA7075 deposited using a varying mass fraction helium 

as the propellant gas determined from micrographs of etched cross-sections. 

Based on studies of single particle impacts, we might expect deposits produced with 

higher velocity to exhibit much greater deformation [20,26,36,89,90].  However, single particle 

impacts may not fully capture the behavior that occurs during the buildup of a bulk deposit.  

During buildup of a bulk deposit, deposited material will peened by particles that do not deposit.  

With 0.5% DE as observed with AA7075 and AA2024 deposited with pure nitrogen, every gram 

of deposited material will be peened by 199 grams of non-depositing material.  This peening 

mass fraction decreases to 19 grams with DE and to only 1 gram with 50% DE.  Although we 

would expect a particle impacting the substrate to undergo greater deformation upon bonding, 

the subsequent deformation due to shot peening seems to dominate this effect.   

The significantly higher hardness in deposits produced with lower gas velocities is 

attributed to the greater amount of prior particle deformation following deposition as quantified 

by aspect ratio measurements of prior particles.  This greater amount of deformation is attributed 

to a greater amount of shot peening that accompanies lower deposition efficiencies.  Peening due 
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to non-depositing particles has been demonstrated to increase hardness in work by Wei et al [91].  

Greater deformation would result in generation of more dislocations, which would be expected to 

increase hardness.  This was tested by measuring the hardness of several deposits before and 

after an annealing heat treatment.   

Selected samples were heat treated using an O temper (415°C for 4 hours) following the 

guidelines from the ASM Handbook Volume 4 [55].  An O temper is used to fully eliminate cold 

work by fully recrystallizing the alloy.  It is found following an O temper, all coatings were 

reduced to approximately the same level of hardness of 60 – 70 Hv (Figure 31).  Although the 

possibility of grain size effects or coarsening of second phase features cannot be ruled out by this 

work alone, all of the evidence presented points towards a higher amount of cold work being the 

reason for the higher hardness in deposits produced with nitrogen. 

 

Figure 31.  Hardness measurements of selected conditions for cold spray deposited AA2024 and 

AA7075 as deposited and following a full annealing heat treatment (O).   

In this work no significant trends in porosity are observed for deposits produced with 

greater than 10% helium, though significantly higher levels of porosity are observed in deposits 

produced with pure nitrogen.  Maximum porosity of 3.1 ± 0.5% and 0.8 ± 0.1% are reported for 

AA2024 and AA7075 deposits produced with pure nitrogen, respectively, despite having a DE of 
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less than 1%.  Although we would expect such increases in porosity to reduce hardness, hardness 

is clearly being dominated by other effects.   

It is surprising that the AA7075 deposit produced with pure helium has such significantly 

lower hardness than other conditions.  It is re-emphasized here that hardness measurements were 

taken in between inter-layer defects seen in Figure 24B, and as such the reduction in hardness 

cannot be attributed to this.  Additionally after fully annealing (O temper), the hardness does not 

significantly vary from the other deposits produced with AA7075 (Figure 27).  The significantly 

lower aspect ratio and smaller reductions in hardness upon annealing do suggest this is the result 

of less cold work.  If this is to be attributed entirely to the reduction in the amount of shot 

peening, it is unclear from this work why a more continuous trend is not observed with mass 

fraction helium.   

These results should not be taken to conclude that high hardness deposits produced with 

nitrogen will necessarily exhibit improved mechanical behavior.  A greater number of defects 

and higher porosity will be injurious the tensile strength and fracture toughness of the material.  

Additionally, because most of this hardening is attributed to cold work, this would be expected to 

reduce the ductility of the deposit.  In chapter 3 it will be found that the hardness and strength of 

a deposit cannot be correlated. 

2.5 Conclusions 

• A maximum deposition efficiency of 57% for AA2024 and 76% for AA7075 with as-

received gas atomized powders was achieved spraying with pure helium.   

• A small volume addition of nitrogen gas to an otherwise pure helium gas propellant gas is 

found to significantly reduce deposition efficiency of AA2024 and AA7075. 
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• Higher deposition rates at a constant nozzle traverse speed were found to result in the 

formation of injurious interlayer defects.  

• Deposits produced with nitrogen are observed to have significantly greater porosity, a 

greater amount of plastic deformation, and higher hardness.  The greater amount of 

plastic deformation is attributed to the greater amount of shot peening deposits produced 

with a low DE experience due to non-depositing particles.  The higher hardness is 

attributed to a greater amount of cold work due to this deformation. 

• Deposition efficiency of AA7075 is found to fall off at standoff distances greater than 45 

mm.  Standoff distance has relatively little impact on deposition efficiency in the range of 

5 mm to 45 mm.   

• Although increasing gas pressure results in measurable increases in deposition efficiency 

of AA7075, higher pressures cannot be justified due to the increased gas consumption. 

• Increasing gas temperature significantly improves deposition efficiency of AA7075, but 

the maximum achievable temperature is limited by nozzle material. 
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CHAPTER 3: HEAT TREATMENT OF COLD SPRAY FEEDSTOCK POWDERS 

3.1 Introduction 

In order for a material to be cold sprayed, it must first be made into a powder.  For 

reasons discussed in the previous chapter, it is desirable for powders intended for cold spray 

deposition to fall within a narrow size distribution, typically between 5 μm and 50 μm in 

diameter for aluminum alloys.  Numerous powder production techniques exist, but inert gas 

atomization is the most common method of producing aluminum powders [92].  In gas 

atomization liquid metal is fed through a tundish into a vessel under an inert atmosphere.  The 

stream of liquid metal is broken into spherical droplets by jets of inert gas.  These droplets will 

solidify, forming powders with a mostly spherical morphology [93] (Figure 32).  For aluminum 

powders it is necessary to maintain an inert atmosphere in the atomization process not only to 

prevent the formation of injurious surface oxides but also for safety purposes as aerosolized 

aluminum powder is highly explosive.  
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Figure 32.  Schematic representation of the inert gas atomization process.  Liquid metal from a 

tundish is fed into a chamber under inert atmosphere.  High-velocity jets of inert gas break the 

stream of metal into droplets, which solidify to form approximately spherical powders. 

 

Because the particles used for cold spray have a diameter less than 50 μm, these particles 

will experience a high cooling rate (on the order of 103 K/s to 104 K/s) during the solidification 

process owing to their high surface area to volume ratio [94].  For this reason, we would expect 

to see a microstructure characteristic of rapid solidification in these powders.  Al-Cu, Al-Cu-Mg, 

and Al-Zn-Cu-Mg alloy powders with a size range of 5 µm to 100 µm will exhibit cellular 

microstructures, with solute-rich regions along cell boundaries [43,95].   

Both AA2025 and AA7075 are precipitation strengthened alloys.  Precipitation 

strengthening requires evenly solutionizing solute atoms throughout the primary metallic phase 

matrix and then forming a fine dispersion of strengthening precipitates in order to achieve 

maximum strength.  However, most of the solute atoms in as-atomized powders are segregated 

along cell boundaries, and any cold spray deposit produced with these powders will retain this 

cellular network, which is undesirable compared to a precipitation strengthened state.   

Typically to eliminate such a cast microstructure, the alloy is heated at a temperature 

between the solvus and solidus temperatures of the alloy until the solute atoms form a uniformly 

distributed solid solution with the matrix.  The alloy is then rapidly quenched to prevent 

precipitation during quenching.  Although the alloy will later be aged to form a fine dispersion of 

precipitates, precipitation during quenching will result in a coarse dispersion.  When the alloy is 

in this state, it is referred to as the “W Temper”.  Aluminum alloys can either be aged at room 

temperature (natural aged, e.g. “T4 Temper”) or at an elevated temperature (artificially aged, e.g. 

“T6 Temper”) depending on the kinetics of the alloy and desired properties.  Natural aging is 

most common for AA2024 and artificial aging is most common for AA7075.  At these 



 

53 
 

temperatures, a fine dispersion of second phase metastable precipitates will nucleate uniformly 

throughout the matrix [2,3,55].     

Although this method of heat treatment is suitable for wrought material, in many 

applications this will be impractical for heat treating cold spray repaired components.  The 

quenching process can introduce residual stress, which will significantly affect the stress 

corrosion cracking and fatigue cracking resistance of the component.  Wrought material can be 

stretched following heat treatment to relieve residual stress, but this cannot be applied to 

complex components with tight tolerances than have already been machined.  Many high 

strength aluminum alloy components are coated in pure aluminum (Alclad) to improve corrosion 

resistance, but subjecting a component to a second solution heat treatment cycle will reduce the 

effectiveness of the Alclad coating [55].  However, if the feedstock powder for the cold spray 

process could be heat treated prior to deposition, these difficulties can be avoided.  Additionally, 

we would expect to see an improvement in deposition efficiency spraying in the W temper 

condition due to the increased  formability and an improvement in strength by aging following 

deposition [21].  However, solution heat treatment of metal powders comes with its own set of 

difficulties.    

In order to effectively heat treat metal powders, several conditions must be met.  An inert 

atmosphere must be maintained during the heat-treating process to avoid the formation of surface 

oxides and the risk of a Class D fire.  Because the powders must be heat treated so close to the 

solidus temperature, some agitation must be employed to avoid sintering of powders.  Finally, a 

sufficiently high cooling rate must be achieved in order to prevent precipitation during 

quenching.  In this work, a novel furnace is designed and constructed to address these challenges. 
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There have been relatively few reports in the literature on the effects of powder heat 

treatment prior to cold spray on deposition efficiency, microstructure, and properties.  A patent 

was granted to UTRC for a process using a fluidized bed reactor to heat treat metal powders in 

2017 [46].  During the same year the author of this dissertation submitted a provisional patent 

application for heat treating metal powders using a different furnace design [48].  In 2017 a 

paper was published on the effects of powder heat treatment on the deposition of AA7075 [47].  

This study was done by heating powder in a quartz tube at 450°C and directly quenching the tube 

in water.  Although improvements in deposition efficiency and homogenization of the 

microstructure were reported, no comment is given on sintering that may have occurred, 

verification of the presence of nanoscale precipitates, or cooling rates achieved by this method.  

A paper on the solution heat treatment of AA2024, AA6061, and AA7075 prior to deposition 

was published by this dissertation’s author in 2018 [49].  Finally, a paper on heat treatment of 

AA5056 and its effects on mechanical properties using UTRC’s fluidized bed design was 

published in 2018 [52].  Improvements in ductility without reductions in strength were reported, 

but it is noteworthy that AA5056 is not an alloy that significantly benefits from precipitation 

strengthening.  

In addition to solution heat treating powders prior to deposition, the effects of heat 

treating AA2024 powder at aging temperatures (150°C - 225°C) is considered.  Because the 

absorption of water significantly reduces powder feed rates, it is common for powders to be 

heated in a convection oven prior to cold spray to improve consistency of powder feeding by 

removing adsorbed water.  However, it was observed that drying prior to cold spray caused 

inconsistencies in deposition efficiency (accounting for the increased powder feeding rate).  
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Because heating powders in a convection oven is a much simpler process than solution heat 

treating, this will be evaluated as a potential economic alternative.      

In this chapter, the design and optimization of a novel furnace designed to solution heat 

treat metal powders is described.  The effects of heat treatment using this furnace on the 

microstructure of AA2024 and AA7075 powders are then examined.  Deposits are produced with 

these heat-treated powders and the resulting changes in deposition efficiency, microstructure, 

and mechanical behavior are reported.   

3.2 Furnace Design and Optimization  

It is necessary to avoid sintering during the heat treatment process in order to maintain 

the optimal size distribution for cold spray.  In traditional powder metallurgy processes, the rate 

of sintering will increase with increasing pressure, temperature, and time [96].  Although a slight 

partial pressure of +5 psi is maintained throughout this process to maintain an inert atmosphere, 

pressures at this level will not result in significantly faster sintering.  The temperature range for 

solution heat treatment is set by the solidus and solvus curves.  Because the highest strength 

alloys are very close to eutectic composition, this results in a narrow temperature heat treatment 

temperature range, usually on the order of 12°C [55].  For this reason, we cannot try to avoid 

sintering by reducing temperature, leaving only time.  An alloy must be held at the solution heat 

treating temperature for a sufficient time for diffusion to occur and to result in a homogeneous 

microstructure.  However, mechanical agitation of particles reduces the time any two given 

particles are in contact, slowing the onset of sintering.  For this reason, the heat-treating vessel is 

rotated using a low RPM gear-motor during operation to avoid significant sintering. 

The requirement of rotation makes maintaining an inert atmosphere during the process 

more difficult.  While a hermetically vessel could simply be purged and filled with gas prior to 
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heat treatment then disconnected during heat treatment, it was found that all vessels slowly 

leaked gas over time due to porous welds (the author is not a certified welder).  For this reason, it 

is necessary to maintain connection to the inert gas supply throughout the process at a slightly 

positive pressure.  It was found that quick-disconnect hose fittings allowed an airtight seal to be 

maintained during rotation.  Throughout this work, helium was used as the inert gas with a 

pressure of +5 psi.   

Finally, it is necessary for powders to be rapidly cooled from solution heat treating 

temperature in order to prevent precipitation during quenching.  These requirements vary widely, 

with the ASM Handbook recommending a minimum cooling rate of 10 K/s for AA6061, 50 K/s 

for AA2024, and 300 K/s for AA7075 in order to achieve 99.9% maximum strength after 

solution heat treating and aging [55].  Such cooling rates are readily achievable in wrought 

aluminum quenched directly in water.  However, aluminum powders cannot be directly 

quenched in water due to safety concerns, formation of surface oxides, and absorption of 

moisture.  Because of this, heat treating vessels of steel and copper were fabricated.  The 

relatively high thermal conductivity of the vessel material compared to ceramic materials allows 

for much higher cooling rates than ambient conditions when the vessel is quenched directly in 

water, though the relatively low bulk thermal conductivity of the powder is a limitation.  In 

addition to having a higher thermal conductivity than traditional materials such as quartz or glass 

used in tube furnaces, the use of copper and steel eliminates the risk of the vessel shattering upon 

quenching.  A schematic representation of a furnace meeting all three outlined requirements (no 

sintering, inert atmosphere, sufficient cooling rate) is shown in Figure 33.  
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Figure 33.  Schematic of the furnace used to heat treat powders.  (A)  Powders are heated in a 

vessel under inert atmosphere to solutionize the powder.  To prevent sintering, the vessel is 

rotated during heating.  (B)  The vessel containing powders is directly quenched into a water or 

brine bath to achieve sufficiently high cooling rates to prevent precipitation during quenching.   

Throughout this work, three main furnace designs were constructed and implemented for 

solution heat treatment of powders.  All design, fabrication, welding, and machining was carried 

out by the author.  The first design which is described was used for proof of concept to show that 

the desired microstructural changes could be attained by this design.  However, no measure to 

prevent sintering of powders was implemented, so this furnace could not be used to produce 

powders for cold spray.  The second design contained measures to prevent sintering and was 

used to produce, so it was used to produce powders for cold spray.  A third design very similar to 

the second design was implemented using a higher quality furnace in order to achieve better 

control of temperature during the heat-treating process.   

3.2.1 Furnace Design 1  

The first furnace design did not fulfill all three requirements as laid out in the previous 

section.  Although the vessel was able to be directly quenched in water to achieve sufficient 

cooling rates and was kept under inert atmosphere, the vessel was not rotated during the heat-

treating process.  Because of this, significant sintering occurred.  For this reason, this powder 

heat treated using this furnace could not be used for cold spray.  However, the desired 



 

58 
 

microstructural changed in heat treated powders were demonstrated, which justified use of more 

resources for further development of this technology. 

 

Figure 34.  Circuit diagram of the first furnace design.  By selecting a single element or 

connecting several in parallel allowed a range of power inputs from 317 W to 1391 W to be 

selected. 

A furnace was constructed from 5-gallon buckets lined with a refractory consisting of 

Portland cement and exfoliated perlite (a lightweight, expanded volcanic mineral, not to be 

confused with the steel microstructure pearlite).  A hot-water electric heating element and two 

stove heating elements were used for heating the furnace.  The elements were wired such that 

they could be connected in different configurations to achieve different power inputs ranging 

from 317 W to 1391 W (Figure 34).  These heating elements were ceramic coated, eliminating 

the risk of a short circuit with the heat-treating vessel.  The temperature of the furnace was 

monitored using type-K thermocouples, and switches were manually adjusted to maintain the 

necessary heat-treating temperature.   
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Figure 35.  (A) Photograph of the first furnace design in operation.  (B)  Photograph showing the 

heat-treating vessel and furnace interior. 

The heat-treating vessel consisted of a mild steel pipe that was sealed on one end with a 

pipe cap fitting and with a flange pipe fitting on the other end.  A steel vessel was used in order 

to allow the vessel to be directly quenched into a bucket of water after heating and achieve 

sufficiently high cooling rates to avoid re-precipitation of second phase precipitates.  Steel was 

used rather than copper due to its low cost and comparative ease of fabrication.  Powder is 

loaded and unloaded through the flanged opening.  During heat treatment, a second assembly is 

connected to the heat-treating vessel at the flange.  This assembly provides an inlet for inert gas 

and keeps the vessel airtight during operation.  Additionally, this assembly allows the vessel to 

be safely handled during the quenching stage of the heat treatment.   
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Figure 36.  Temperature distribution measured inside the first furnace design during operation. 

AA7075 was heated for 2 hours at approximately 480°C, as per the guidelines in the 

ASM handbook Volume 4 [55].  A significantly longer time than recommended was used in 

order to ensure sufficient time for the entire vessel to reach the furnace temperature.  Because of 

the relative low quality of the furnace used, significant thermal gradients existed, and 

temperature control was not perfect.  However, a power input of 1075 W was found to give a 

steady state temperature distribution that ensure at least some of the powder in the vessel was 

effectively heat treated (Figure 36).  When examination of heat treated powders using BSE 

imaging revealed effective homogenization of aluminum powders, further time and resources 

were devoted to this avenue of research.      

3.2.2 Furnace Design 2  

Although the desired microstructural improvements had been demonstrated using the 

previous furnace, it was necessary to demonstrate this design could be used to heat treat powders 

without sintering and the effect of this heat treatment on deposition characteristics.  For this 

reason, a second furnace was constructed.  This furnace used a Central Scientific Co. Type 76 

single zone tube furnace.  A Lindberg Type 59544 temperature controller was connected in 

series with the tube furnace to control temperature.   
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A heat-treating vessel was fabricated that could be rotated during heat treatment while 

maintaining an inert atmosphere.  To maintain an airtight seal during rotation, a quick-connect 

fitting was used to connect the vessel to inert gas.  The vessel was rotated by a low RPM gear-

motor with sprockets and ANSI roller chain.  As with the previous design, the vessel was 

constructed from mild steel to allow for sufficiently high cooling rates upon quenching.   

 

Figure 37.  A photograph of the second furnace design.   
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Figure 38.  A schematic of the second furnace design included on the patent application.  A 

description of each component is listed in Table 7. 

Table 7.  Description of components of the second furnace diagram in Figure 38. 

Part 

Number 

Description Part 

Number 

Description 

1 Inert Gas Line 14 Rotary Extrusion 

2 Rotary Union 15 Nut 

3 Inline Particle Filter 16 Metal Powder 

4 Pressure Relief Valve 17A-E Thermocouples 

5A, 5B Rotary Support 18 Power Supply 

6 Gear Motor 19 Washer 

7A, 7B Drive Sprockets 20 Bolt 

8 ANSI Roller Chain 21 HT Vessel Walls 

9A, 9B Flange Joint 22 Tee Adapter 

10 Gasket 23 Rotary Assembly 

11 Tube Furnace 24 HT Vessel 

12 Temperature Controller 25 Clamp for Rotary Joint 

13 Gas Inlet 26 Quench Bucket 

 

Because temperature inside of the vessel is likely to be different than temperature outside 

the vessel, it is important to measure the internal temperature of the vessel to ensure powder is 

effectively heat treated.  Additionally, it is important to ensure that cooling rate during quenching 

is sufficiently high to prevent re-precipitation.  However, the requirements that the vessel be 
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rotated and kept airtight during operation makes measurements of the vessel interior difficult 

during production runs.  Thermocouple wires must be fed through the quick-connect stem, 

preventing connection to inert gas.  Even if another opening were made more the thermocouples, 

this would not form a hermetic seal.  Additionally, rotation of the vessel while thermocouples are 

inserted will cause thermocouples to twist until either they either short-circuit or are pulled loose 

from their connections.   

To measure vessel internal temperature and powder cooling rate, thermocouples were 

used to measure temperature in non-production runs.  In these non-production runs, the vessel 

was not rotated during heating and an inert atmosphere was not maintained.  In addition to 

measuring internal vessel temperature, temperatures in between the heat-treating vessel and wall 

of the tube furnace were measured.  It is assumed that the temperature conditions obtained during 

these non-production runs will be very similar to non-production runs.  While rotation may 

reduce thermal gradients perpendicular to the axis of rotation, we would not expect heat transfer 

along the axis of rotation to be significantly affected.  Through these non-production runs, 

internal vessel temperature was correlated with external temperature.  It was assumed that 

maintaining the same external temperature profile between different runs would result in the 

same internal temperature profile vessel.   
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Figure 39.  (A) Temperature measurements over distance inside and outside of the heat-treating 

vessel during heating.  (B) Temperature measurements over time measured at different locations 

inside the heat-treating vessel during quenching.  The black dashed lines indicate the critical 

temperature range during quenching for AA2024 and AA7075.   

Although the exterior temperature profile is found to vary significantly with distance 

(black symbols), internal temperature is found to vary far less (blue symbols) (Figure 39A).  

However, as the window for effective solution heat treatment of aluminum is so narrow, this will 

have a significant impact on the deposit microstructure (discussed in section 3.4.1).  The average 

cooling rate in the critical range for AA7075 and AA2024 is found to vary from 6.2 K/s to 66.3 

K/s (Figure 39B).  This large variation is attributed to the low bulk thermal conductivity of 

aluminum powder.   

The conductivity of a bed of powder can be estimated following the procedures outlined 

in Transport Phenomena in Materials Processing by Geiger and Poirier [78].  Based on density 

measurements, porosity was found to be approximately 56% for AA2024 and 47% for AA7075 

(the higher porosity of AA2024 powder is attributed to the finer size distribution as discussed in 

section 2.3).  Using the correlations developed by Deissler and Eian [97], the bulk thermal 

conductivity of the powders in a helium atmosphere can be determined.  Based on this 
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correlation, the thermal conductivity of the bulk powders can be estimated to be 1.5 W/m2K for 

AA2024 and 2.0 W/m2K for AA7075.  These values are significantly lower than their wrought 

values of 121 W/m2K for AA2024 and 130 W/m2K for AA7075 [98,99].   Because of this, we 

would expect a significant thermal gradient to exist during quenching depending on the radial 

position of the thermocouples, which were not effectively controlled during measurement.   

Despite the limitations of this design, homogenization of heat treated powders was again 

observed.  During cold spray no significant reduction in powder feeding was observed, 

indicating that sintering has been adequately controlled.  Significant improvements in deposition 

efficiency were demonstrated for AA2024, AA6061, and AA7075, and the deposits produced 

exhibited much more homogeneous microstructures than deposits produced with gas atomized 

powders.   

To eliminate the issues of temperature inhomogeneity and insufficient cooling rates, a 

third design was constructed. 

3.2.3 Furnace Design 3  

In the third design, a MTI OTF-1200X single zone tube furnace with a built-in 

temperature controller was used.  The manufacturer claims a temperature distribution of ±10°C 

at 600°C within a range of 200 mm.  While the Type 76 furnace had an ID of 30 mm, the OTF-

1200X has an internal diameter of 50 mm, allowing for a capacity to be increased from 100 g to 

300 g per batch.     
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Figure 40.  Photograph of the third furnace design (A) with the 300g capacity copper vessel and 

(B) with the 100g capacity steel vessel.     

To achieve higher cooling rates a heat-treating vessel was constructed from copper.  

Because a greater diameter tube (50 mm ID versus 20 mm ID) was being used, an internal 

cooling channel was incorporated.  The copper vessel had to be covered in a steel shell so that 

the copper tubing would not bear any load during rotation, causing bending to the vessel.  

However, the shell was fabricated such that the copper vessel was only partially covered during 

quenching, allowing for more efficient heat transfer.  A picture of the vessel before and after 

fabrication is shown in Figure 41.   

 

Figure 41.  Photograph of the copper heat treating vessel (A) before brazing machine 

components together and (B) after brazing components together and covering with the steel 

support shell. 
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Figure 42.  (A) Temperature profiles measured inside the 300g capacity copper vessel during 

heating.  (B) Temperature versus time inside the copper vessel measured during quenching 

measured at different locations.  Black dashed lines indicate the critical temperature range during 

quenching for AA2024 and AA7075. 

When measuring the thermal profile of the new vessel, it was surprising to find that the 

new design resulted in greater thermal gradients inside the heat-treating vessel and significantly 

lower average cooling rates of 2.2 K/s to 22.1 K/s in the critical range for AA2024 and AA7075 

(Figure 42).  This is attributed to the increased diameter of the heat-treating vessel.  Because 

bulk aluminum powder has a low thermal conductivity, this will allow the existence of 

significant thermal gradients during solutionizing and quenching.  Although an internal cooling 

channel was included for this reason, it is possible that the geometry of the internal channel 

prevented effective heat transfer.  The described in the previous section achieved cooling rates in 

the range of 6.2 K/s to 66.3 K/s.  For this reason, a vessel with the same geometry as the vessel 

used in the previous section (Design 2) was fabricated.   

Future designs are planned that cool powders though convection using inert gas.  As 

these fine particles have a high surface area to volume ratio, we would expect to achieve high 

cooling rates through convection.  Additionally, as the powders are being cooled through 
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convection rather than conduction, the low bulk thermal conductivity will not be an obstacle to 

scaling-up of this furnace to heat treat larger volumes of powder.  However, such a design was 

not implemented in this dissertation. 

3.3 Experimental Methods  

Powders were solution heat treated using the furnace described in section 4.2.2 (hereon 

“furnace 2.0”) and the furnace used in section 4.2.3 with the steel vessel (hereon “furnace 3.1”).  

Powders were heated for 75 minutes at temperatures based on guidelines from the ASM 

Handbook Volume 4; 480°C ± 6°C for AA7075, 498°C ± 6°C for AA2024, and 530°C ± 6°C for 

AA6061.  During heating, the heat-treating vessel was rotated at a speed of 14 RPM and kept 

under an inert atmosphere of helium at +5 psi.  The delay between removal of the vessel from the 

furnace and quenching was not allowed to exceed 10 seconds.   

Because multiple heat treatment batches were necessary to produce enough powder for a 

cold spray run, powders were stored in a freezer at -20°C to prevent natural aging as additional 

powder was being produced.  Powders described as W Temper were not allowed to experience 

room temperature for more than 30 minutes and were sprayed within 24 hours of solution heat 

treatment.  W Temper AA6061, AA2024, and AA7075 powder heat treated with furnace 2.0 and 

W Temper AA2024 powder heat treated with furnace 3.1 were deposited.  One batch AA2024 

powder solution heat treated with furnace 3.1 was allowed to naturally age for 170 hours prior to 

deposition.   

In addition to solution heat treated powders, as-received AA2024, AA6061, and AA7075 

powders were deposited for comparison.  No special thermal processing was applied to these 

powders, but they were kept at room temperature for at least 3 months following gas 
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atomization.  AA2024 powders heated at 150°C and 225°C in a convection oven were also 

deposited. 

AA2024-T351, AA7075-T751, and AA6061-T6 were used as substrates for all AA2024, 

AA7075, and AA6061 powders, respectively.  Prior to deposition substrates were sanded with 60 

grit SiC sandpaper.  Following sanding substrates were thoroughly degreased with a detergent 

and rinsed with isopropyl alcohol.   

All powders produced using furnace 2.0 were deposited using 93 vol% helium, 465 psi, 

and 415°C.  All powder deposited using furnace 3.1 were deposited using 93 vol% helium, 422 

psi, and 415°C.  A powder feeder RPM of 13.4 was used for all samples, with the exception of 

one sample for which RPM was lowered to examine the effects of layer thickness.  A powder 

feed rate of 40 gmin-1 was maintained across all conditions.  As there was significant variation in 

powder feed rate across conditions based on processing, this will be addressed in the results and 

discussion.  However, powder feed rate is sufficiently low that we would not expect powder feed 

rate to affect deposition efficiency between conditions [40].  A standoff distance of 18 ±3 mm 

was used for all conditions and nozzle traverse speed of 200 mm/s, with the exception of one 

sample for which a speed of 50 mm/s was used to examine the effects of layer thickness.   

As has been described before, deposition efficiency was measured by measuring the 

change in mass of the substrate and the amount of powder fed.   

Samples were prepared for TEM from cold spray deposits produced with as-received 

AA2024 powders and with solution heat treated AA2024 powders naturally aged for 170 hours 

following deposition.  Samples were lifted out for TEM study using a gallium beam at 30 keV to 

produce thin sections approximately 15 μm long, 1 μm thick, and 5 μm deep using a FEI Quanta 

3D Dual Beam focused ion beam (FIB) instrument.  Subsequently, the foil was thinned to 
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electron transparency (approximately 100 nm thick) and polished at 5 keV using a Tescan Lyra 

FIB-FESEM.  The cross section of the foils were oriented perpendicular to the plane of the 

substrate.  TEM imaging was performed using a FEI Tecnai F-20 Scanning/Transmission 

Electron Microscope.  High angle annular dark-field imaging was used to map the distribution of 

solute atoms and precipitates in the samples. 

Vickers Hardness was measured using a Buehler L600-1600 Vickers microhardness 

tester.  A force of 300 gf and 15 s dwell time was used for all indents, and 15 indents were 

measured for each condition. 

Porosity is reported for deposits produced with AA2024 heat treated at different 

conditions.  Porosity was measured using greyscale image analysis of BSE micrographs taken at 

300x magnification.  Grayscale image analysis is a highly qualitative measure of porosity and 

can be very operator dependent [100].  However, BSE was found to produce much higher 

contrast along pores than optical microscopy, allowing for much more precise measurements of 

porosity.  25 fields were measured for each reported value.   

The volume fraction of S phase present for AA2024 powders with different heat 

treatments was measured using greyscale image analysis of BSE micrographs taken at 10,000x 

magnification.  Ten fields were analyzed per condition.  Because the resolution using BSE in the 

SEM is insufficient to detect nano-scale S’ precipitates and GP zones, this method should only 

detect the S phase.  As discussed earlier, greyscale image analysis is highly operator dependent.  

As the distinction between the aluminum matrix and S phase precipitates is not clearly 

delineated, these measurements should be viewed as approximate only. 

Uniaxial tensile testing was carried for AA2024 deposits with different powder heat 

treatment conditions.  Cold spray deposits were machined free from deposits so that only the 
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tensile properties of the cold spray, not the substrate or substrate/deposit interface are being 

tested.  The surface of the deposit was milled flat and machined into the geometry shown in 

Figure 43.  The thickness of the specimens varied between specimens depending on the 

thickness of the deposit produced as deposition efficiency and powder feed rate varied.  

However, all samples had a minimum thickness of 2.0 mm, giving a minimum gauge size of 12.2 

mm2.  All samples were hand sanded parallel to the loading direction to remove the machining 

marks and provide a uniform surface area across all conditions prior to testing.  Three tensile 

bars were tested for each condition.  Tensile bars were tested using a MTS Model 370 servo-

hydraulic load frame (MTS Corporation) in displacement control at a strain rate of 10-3.  Strain 

was measured using A 25 mm gauge length extensometer.   

 

Figure 43.  Geometry of the samples prepared for tensile testing. 

Cohesive strength for two AA2024 spray conditions was measured following the 

guidelines of ASTM C633 [101].  Deposits 2.5 mm in thickness were deposited on AA2024 

substrates 31.75 mm in diameter and threaded on the side opposite of the deposit.  As the edge of 

the cold spray deposits are tapered, the diameter was turned down to 25.4 mm on a lathe.  

Additionally, the thickness of the deposit was machined to 2.0 mm to ensure the surface was flat.  



 

72 
 

The deposit was then bonded to another threaded slug using FM-1000 epoxy (Cytec Industries).  

To cure the epoxy and ensure a complete bond, the slug and deposit were clamped together with 

3.5 lbs of force and heated at 175°C for 1 hour, followed by 24 hours at room temperature.  

Samples were loaded in displacement control at 1 mm/min until failure occurred in the deposit, 

epoxy, or substrate/deposit interface.  ASTM C633 is typically used to measure adhesive 

strength of thermal spray coatings; however, failure of coatings in the deposit allowed cohesive 

strength to be reported.     

3.4 Results and Discussion 

3.4.1 Effects of Heat Treatment on Microstructure  

BSE images of as-received AA2024 and AA7075 indicate segregation of solute atoms 

along cell boundaries (Figure 44A, Figure 45A).  As the S phase for AA2024 and the 𝜂 phase 

for AA7075 will have a higher atomic number than aluminum, this contrast will show up in BSE, 

with higher z-elements generating greater signal.  To confirm this is the case, X-ray EDS 

mapping was carried out on as-received powders (Figure 44B-E, Figure 45B-D).  As expected, 

we find this bright, cellular network observed in BSE images is due to segregation of solute 

atoms; copper and magnesium in the case of AA2024, and zinc, copper, and magnesium in the 

case of AA7075.  
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Figure 44.  (A) BSE image of as received AA7075 powder and (B-E) EDS carried out over the 

same particle. 

 

Figure 45.  (A) BSE image of as received AA2024 powder and (B-D) EDS carried out over the 

same particle. 

Solution heat treatment of AA7075 powders using furnace 2.0 was found to result in 

homogenization of solute atoms (Figure 46).  Although BSE imaging does not have the 
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resolution necessary to examine the distribution of solute atoms on the nano-scale, this is a good 

indication that solution heat treatment was effective as the cellular network has been completed 

dissolved. 

 

 

Figure 46.  BSE images of (A) as received AA7075 powder and (B) solution heat treated 

AA7075 powder.   

It is found that deposits produced with this solution heat treated AA7075 powder results 

in a more homogeneous microstructure (Figure 47).  Deposits produced with as-received 

powders retain the cellular network following deposition (Figure 47A).  Although 

inhomogeneity exists in the deposits produced with the heat-treated powder, it is not to the same 

extent as with as-received powder.   
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Figure 47.  BSE images of cold spray deposits produced with (A) AA7075 powder and (B) 

solution heat treated AA7075 powder.  In (B), prior particles which (i) are completely 

solutionized (ii) partially solutionized and (iii) unaffected by heat treatment are outlined. 

Examining the microstructure closely, we observe that there are three types of prior 

particles in the deposits made with heat treated powders:  (i) particles which have been 

completely solutionized (ii) particles in which the cellular network has been dissolved but have 

significant segregation of solute atoms and (iii) particles which have retained the cellular 

network (Figure 47B).  Type (iii) particles are attributed to regions of the heat-treating vessel not 

exceeding the solvus temperature.  It is unclear whether type (ii) particles are the result of partial 

melting during the heat-treating process or re-precipitation of solute atoms during quenching due 

to insufficient cooling rates.  It is speculated this is primarily due to an insufficient cooling rate 

as significant sintering was not found to occur, as would be expected with partial melting, but 

further work would be necessary to say so with certainty.  A schematic representation of the 

zones of the heat-treating vessel that would produce these categories of powders is shown in 

Figure 48.         

 

Figure 48.  Schematic representation of zones which result in ineffective heat treatment.  (i) 

Particles which are close to the walls of the vessel and within the temperature range for 

solutionization.  (ii)  Particles which either experience insufficient cooling rate due to distance 
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from walls of the vessel (yellow) or experience partial melting due to temperature above the 

solutionizing range (red).  (iii)  Particles which are never solutionized as temperatures do not 

exceed the solvus temperature. 

To confirm the presence of nano-scale precipitates following solution heat treatment, 

HAADF was used to map AA2024 deposits produced using as-received and solution heat treated 

(furnace 3.1) powder (Figure 49).  The deposit produced with solution heat treated powder was 

naturally aged for 170 hours prior to microscopy.  Many, fine S’ precipitates are observed in the 

deposit produced with heat treated powder (Figure 49B, D).  EDS performed on the deposits 

produced with heat treated particles confirmed that these precipitates are Al-Cu-Mg (Figure 50).  

Precipitates show a morphology characteristic of S rather than θ precipitates [102,103].  Deposits 

produced with as-received powder show no evidence of such nanoscale precipitates, with solute 

atoms segregated along the cellular network remaining from solidification (Figure 49A, C).  A 

similar lack of nanoscale precipitates has been recently in the literature for binary Al-Cu powders 

[104].    
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Figure 49.  HAADF TEM micrographs of cold spray deposited (A, C) as-received AA2024 and 

(B, D) solution heat treated AA2024.   
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Figure 50.  (A) HAADF TEM micrographs of cold spray deposited AA2024 that has been 

solution heat treated and natural aged.  EDS was performed on the region indicated by the white 

box, show that these precipitates are rich in magnesium (B) and copper (C).   

 

Figure 51.  BSE micrographs of AA2024 cold spray deposits produced with (A) as-received 

powder (B) powder heated at 150°C for 20 hours (C) powder heated at 225°C for 20 hours (D) 

solution heat treated powder sprayed without allowing natural aging to occur and (E) solution 

heat treated powder sprayed after naturally aging for 170 hours.  Wrought 2024-T351 is shown 

for comparison. 
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Figure 52.  BSE micrographs of (A) as-received AA2024 powder (B) AA2024 powder heated at 

150°C for 20 hours (C) AA2024 powder heated at 225°C for 20 hours (D) solution heat treated 

AA 2024 powder. 

BSE images for various AA2024 deposits with various powder heat treatments and 

wrought AA2024-T351 are shown in Figure 51.  Micrographs for un-deposited powders are also 

shown (Figure 52).  We observe the cellular microstructure is retained in deposition of powders 

without heat treatment (Figure 51A).  As expected, this cellular network is also retained in 

powders heated for 20 hours at 150°C (Figure 51B) and for 20 hours at 225°C (Figure 51C) 

prior to deposition.  A much more homogenous microstructure is observed for powder solution 

heat treated using furnace 3.0 and sprayed in the W Temper (Figure 51D) and T4 temper 

(Figure 51E), but inhomogeneities due to incomplete solutionization and insufficient cooling 

rate are observed.  However, we should note that even in wrought 2024-T351, for which we 

would not expect thermal gradients or cooling rates to be a limitation, some incomplete 

solutionization is observed (Figure 51F).     
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To quantify the extent to which full solutionization occurred, greyscale image analysis 

was conducted on BSE micrographs of un-deposited AA2024 powders and of wrought AA2024-

T351 (Figure 53).  As was emphasized in the methods section, this should not be considered a 

highly precise measurement given its qualitative nature as evident by the large standard 

deviations.  However, we do observe that solution heat treatment significantly reduces the 

volume fraction of the S-phase of the powder compared with as-received condition, but not quite 

to the level of commercial wrought AA2024-T351.  We also observe a greater volume fraction of 

the S-phase in powders which were over-aged, which we would expect if over-aging is 

occurring.  In future work, x-ray diffraction will be used for a more precise measurement of 

phase fractions.  

 
Figure 53.  Volume fraction of the S phase present for different heat treatment conditions.   

 

The results for porosity measurements are shown in Figure 54.  Although the same 

caveats as before apply to the qualitative nature of greyscale image analysis, the pores are much 

more distinct compared to the boundaries of the S phase.  All deposits were measured to have a 

porosity of less than 0.5%.  However, deposits produced with aged powders exhibited 

significantly higher porosity than deposits produced with as-received powders.  Deposits 
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produced with solution heat treated powders exhibited slightly lower porosity than deposits 

produced with as-received powders, but still exhibited significantly higher porosity than wrought 

2024.   

  

Figure 54.  Deposit porosity for different heat treatment conditions.   

We would expect porosity due to incomplete bonding to be reduced with increasing 

deposition efficiency.  However, as deposition efficiency is increased, layer height is also 

increased.  If these layers become sufficiently thick, cracks have been observed to form due to 

residual stress along layer interfaces throughout this work, resulting in greater porosity.  In 

deposits for which thickness was control by either nozzle traverse speed or powder feed rate 

without altering the heat-treated condition of the powders, this was found to be the case (Figure 

55).  For this reason, the increases in porosity for both aged AA2024 conditions in Figure 55 are 

attributed the increased powder feeding rate that was a result of drying.  This dependence of 

porosity on layer thickness makes it difficult to precisely quantify the effect of deposition 

efficiency on porosity and will be the subject of future investigation. 
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Figure 55.  Deposit porosity for the same heat treatment conditions with different layer 

thicknesses.  The thick and thin layer deposits for the as-received powder were 1.1 mm and 0.35 

mm and for the aged powder 0.62 mm and 0.23 mm, respectively.   

3.4.2 Effects of Heat Treatment on Deposition Efficiency 

 

Figure 56.  Deposition efficiency of as-received and solution heat treated powders (furnace 

design 2.0) for AA7075, AA2024, and AA6061. 

Significant increases were observed in deposition efficiency for all cold spray powders 

solution heat treated using furnace 2.0 compared to as-received powders (Figure 56).  

Deposition efficiency increased from 36% to 59% for AA7075, from 46% to 66% for AA2024, 

and from 71% to 89% for AA6061.  This improvement in deposition efficiency is attributed to a 
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reduction in yield strength of the powders, as heat treatable aluminum alloys will have the 

greatest formability in the W temper. 

 
Figure 57.  Deposition efficiency of AA2024 powders with different heat treatment conditions.  

Solution heat treated powders were produced using furnace design 3.1.  

    

AA2024 powder solution heat treated using furnace 3.0 was measured to have a 

deposition efficiency of 75% when sprayed in the W Temper condition.  This is a significant 

improvement over AA2024 powder heat treated using furnace 2.0, and is attributed to having a 

narrower temperature distribution throughout the heat treating vessel due to using a higher 

quality tube furnace.  Because numerous prior particles were observed with segregation due to 

re-precipitation, partial melting, or incomplete solutionization (Figure 51D,E), more effective 

solution heat treatment would be expected to reduce this even further.   

AA2024 powder that was solution heat treated using furnace 3.0 and naturally aged for 

170 hours at room temperature was observed to have a deposition efficiency of 51%.  While this 

is a slight improvement over as-received powder, this is a significant reduction in deposition 

efficiency compared to the deposits produced with W Temper powder.  More effective solution 

heat treatment would be expected to reduce this deposition efficiency even further.  This 

reduction in deposition efficiency is attributed to the strengthening of the powder due to the 
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formation of nano-scale precipitates during natural aging.  This has significant implications for 

the production, storage, and usage of solution heat treated powders.  Powders must be used 

immediately after heat treatment or stored at low temperatures to prevent natural aging before 

deposition.  In the potential commercialization of this technology, it would either be necessary 

for end users to heat treat their own powder rather than purchasing solution heat treated powder 

from a distributor or necessary to use refrigerated freight.  Refrigeration is frequently used to 

maintain maximum formability of 2xxx series aluminum for applications such as rivets and 

aircraft wing plates [55].  

In addition to solution heat treatments, two heat treatments at temperatures associated 

with aging were used.  These heat treatments were applied to as-received powders.  As 

mentioned previously, it was not expected that this would have any significant impact on 

deposition characteristics, as the original reason for these heat treatments was to evaporate any 

adsorbed moisture.  Heating at 150°C for 20 hours resulted in a decrease in deposition efficiency 

to 39%, and heating at 225°C for 20 hours resulted in an increase in deposition efficiency to 

61%.  Greyscale image analysis from earlier suggests that the volume fraction of the S phase is 

increasing due to precipitation of copper and magnesium from the regions in between cell 

boundaries (Figure 53).  Because this suggests there is still some copper and magnesium atoms 

in solid solution in the aluminum rich regions between cell boundaries, we might expect to see 

an aging response of the powder.  Although the increase in hardness with peak aging and 

decrease in hardness with over aging are expected to be less compared to a fully solutionized 

powder, they seem to be significant enough to impact deposition efficiency.  The increase in 

deposition efficiency for the powder heated 225°C is attributed to softening of the powder due to 

over aging, and the reduction in deposition efficiency for the powder heated at 150°C is 
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attributed to age hardening.  As drying powders prior to deposition to improve powder 

flowability is a common practice, this has significant implications about this practice.  It might 

be tempting to conclude that over aging at 225°C is the best solution for powder heat treatment 

as this will ensure consistent powder feeding and improve deposition efficiency while only 

requiring a simple oven to carry out this heat treatment.  However, we will find out this has 

implications for the mechanical performance of the deposit. 

3.4.3 Effects of Heat Treatment on Mechanical Behavior  

Cold sprayed AA2024 deposits tested in uniaxial tension parallel to the raster direction 

were found to have a failure stress between 300 MPa and 400 MPa.  All samples were found to 

have a modulus of elasticity within 10% of what would be expected for AA2024 (73.1 GPa).  

Except for the samples that were heat treated following deposition, all specimens were found to 

have less than 1% elongation to failure (Figure 58, Figure 59).  Wrought AA2024-T351 was 

tested and found to have a UTS of 471.5 MPa ± 0.5 MPa and elongation to failure of 20.7 ± 

0.7%.  Because particles undergo severe deformation during cold spray, we would expect these 

particles to be highly cold worked, contributing to the low ductility of cold spray deposits.  The 

increase in elongation to failure observed in the deposits heated at 190°C for 12h after deposition 

is attributed to reduction in dislocation density.   
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Figure 58.  Stress strain curves for AA2024 cold spray deposits produced with differing heat 

treatment conditions.  Samples were loaded parallel to the raster direction.  The legend indicates 

powder heat treatment before spray / powder heat treatment after spray. 

 

Figure 59.  (A) Average failure stress and (B) average elongation to failure for AA2024 deposits 

produced with differing heat treatment conditions.  Samples were loaded parallel to the raster 

direction.  (i) no pre-treatment, no post-treatment, (ii) heated for 225°C prior to spray, no post-

treatment, (iii), heated for 150°C prior to spray, no post-treatment, (iv) solution heat treated 

before spray, naturally aged following deposition (v) solution heat treated before spray, 

artificially aged at 190°C for 12h following spray, (vi) no pre-treatment, deposited annealed at 

190°C for 12h following spray, and (vii) solution heat treated and naturally aged prior to spray, 

no post-treatment. 
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Although partial annealing rather than full annealing of samples was out in this study, 

fully annealed AA6061 has been shown to exhibit a ductility lower by a factor of three for what 

would be expected of AA6061-O [2,50].  This suggests that while the brittle nature of cold spray 

deposits can be partially explained by a high dislocation density, this explanation is insufficient.  

This reduction in ductility is attributed to the formation of defects due to incomplete bonding of 

particles on impact. 

Despite exhibiting a more homogeneous microstructure and strengthening precipitates, 

solution heat treatment of powders prior to cold spray in this work was not found to improve 

strength or ductility of deposits compared to the as-received condition.   

Although over-aging powders prior to spraying improved deposition efficiency, this was 

found to significantly reduce failure stress, although elongation to failure was not affected.  On 

the other hand, peak-aging powders prior to deposition reduced deposition efficiency, elongation 

to failure, and failure stress.  However, in the case of both powders, powder feed rate was 

significantly increased due to evaporation of absorbed moisture.  This will result in both deposits 

having a much greater layer thickness, even for the peak-aged powder which had a lower 

deposition efficiency.  As will be discussed later in this section and in section 3.4.4, this may 

have some confounding effect on the mechanical behavior of the deposit.  
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Figure 60.  (A)  Hardness and failure stress measurements compared with the predicted UTS 

predicted by the Tabor relation.  (B)  The deviation from the Tabor relation plotted against layer 

thickness.  Regression analysis gives R2 value of 0.39.   

The Tabor relation between hardness and ultimate tensile strength is found to consistently 

overestimate failure stress (Figure 60A).  It would be expected that the Tabor relation would 

overestimate UTS for brittle materials as brittle materials are less tolerant of flaws than ductile 

materials, and the presence of surrounding material in hardness testing improves fracture 

toughness [105].  However, no significant correlation between failure stress and hardness of cold 

sprayed deposits within the range of the experimental data.  If tensile behavior were determined 

solely by strengthening mechanisms i.e. grain size, precipitation strengthening, solid solution 

strengthening, and cold work, we would expect failure stress and hardness to be positively 

correlated.  On the other hand, if a significant amount of defects are present prior to loading, this 

could cause this correlation to break down as hardness values do not necessarily correlate with 

fracture toughness.   

Because greater layer thickness would be expected to result in larger defects, this would 

suggest that deposits with greater layer thickness should exhibit greater deviation between the 

UTS predicted by the Tabor relation and failure stresses measured by tensile testing.  Plotting the 
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difference between the Tabor stress and the measured failure stress versus layer thickness, linear 

regression indicates there is a positive correlation with p<0.05 (Figure 60B).   

Although it would be desirable to use a metric such as hardness to assess the quality of a 

deposit as it does not require the deposition of a large volume of material as uniaxial tensile 

testing does, these results indicate that this is not presently a feasible option.  

 
Figure 61.  Hardness before and after heating at 190°C for 20 hours for deposits produced with 

as-received and solution heat treated AA2024 powders.   

Deposits produced with W Temper AA2024 powder that were naturally aged following 

deposition were found to have lower hardness than deposits produced with as-received AA2024 

powder.  However, following heating at 190°C for 12 hours, it is found that the hardness of the 

deposit produced with as-received powder decreases, whereas the hardness of the deposit 

produced with solution heat-treated powder increases (Figure 61).  This is what would be 

expected as these are the conditions for the T6 temper for AA2024, which would be expected to 

result in the formation of strengthening precipitates.  Although work previously in this section 

now suggests as-received powder has some amount of solute atoms free for precipitation, 

reductions in the hardness of the as-received deposits are being dominated by the reduction of 

dislocation density due to recovery.  However, it is surprising that although we see significant 
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differences in hardness, the stress-strain curves of the as-received and heat-treated conditions are 

almost identical to each other and are affected the same way by aging following deposition.  The 

recovery of cold work causes significant differences in stress-strain behavior, but the presence of 

strengthening precipitates does not.  Given the significant differences in hardness, this cannot be 

attributed to sub-optimal heat treatment of the powders as outlined in previous sections.  It is 

possible this is due to the confounding effects of layer thickness as increasing deposition 

efficiency will also increase layer thickness.   

 

Figure 62.  Failure stress parallel to the substrate determine by tensile testing and perpendicular 

to the substrate determined by ASTM-C633 for deposits produced with as-received and 225°C 

20-hour aged AA2024 powders. 

As discussed in section 2.4.7, many of these defects will concentrate on the interfaces 

between layers in deposits.  The loading direction for all the stress strain curves in Figure 58 was 

in the raster direction (hereon the “x direction”, which is parallel to the layer interfaces.  For this 

reason, we would expect the deposit to be strongest in the x direction and weakest perpendicular 

to the substrate (hereon the “z direction”).  It is difficult to produce deposits tall in the z direction 

due to the tapering of deposits along edges, so spraying deposits for traditional tensile testing in 

this direction was not practical.  However, it is common to spray thin deposits on round samples 

and use a high-strength epoxy to measure adhesive strength of the deposits following the 
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guidelines of ASTM C633 [101].  This is a very limited test procedure as the highest strength 

epoxies available are in the range of 77 MPa.  Although this test is typically used to measure 

adhesive strength, several samples were found to fail cohesively in the cold spray deposit.  These 

results for strength in the z direction for samples that failed cohesively are compared to the 

failure stress in the x direction for deposits produced with the same spray and powder heat 

treatment conditions (Figure 62).  Lower strength and ductility have been reported in the 

literature numerous times including for 5000 series and 6000 series aluminum alloys [52,87], but 

there are no directly comparable results for 2000 series aluminum alloys.  

 

Figure 63.  Cross sections of deposits produced with (A) as received powders and (B) overaged 

powders corresponding for the results shown in Figure 62.  Defects are indicated by red arrows. 

The failure strength of the deposits is found to be significantly lower in the z direction 

compared to the x direction.  This is attributed to the concentration of defects along layer 

interfaces parallel to the plane of the substrate.  These defects were visible in cross sections of 

the deposits (Figure 63), though were more prevalent in the deposit produced with aged powders 

(Figure 63B), which had thicker layers and a lower failure stress in the z direction.  

Additionally, discontinuities along layer interfaces visible on the fracture surfaces for both 
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conditions tested in uniaxial tension the x direction (Figure 66)(in fact these discontinuities were 

visible for every fracture surface from uniaxial tensile testing in the x direction). 

3.4.4 The Effect of Layer Thickness on Mechanical Behavior and Microstructure  

The issue of layer thickness is again brought up here for the confounding effect it may 

have on mechanical properties.  As discussed in section 2.4.7, defects are observed to 

concentrate at specific locations in the deposit due to the non-uniform distribution of particle and 

gas velocity.  Most notably these occur along layer interfaces parallel to the substrate, but we 

would also expect to see defects concentrate between individual passes [86].  Although layer 

thickness was recorded for all deposits in the previous section, it was not controlled for as this 

would require foreknowledge of both powder feed rate and deposition efficiency.  However, 

several experiments were carried out to examine the effects of layer thickness on mechanical 

behavior. 
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Figure 64.  Stress strain curves of AA2024 cold spray deposits showing the effect of layer 

thickness with the same powder heat treatment.  Samples were loaded parallel to the raster 

direction.    

Layer thickness can be controlled either by nozzle travel speed, powder feed rate, and 

deposition efficiency.  It is desirable to have a high powder feed rate and deposition efficiency to 

reduce gas and powder costs.  However, due to limitations of the robotics, nozzle travel speed 

cannot be indefinitely increased to accommodate this.  It was found that a maximum speed of 

200 mm/s was necessary to maintain acceptable accuracy of the spray path.  As discussed in 

section 3.3, a cold spray deposit produced with powder in the as-received condition with thicker 

layers was produced by using a traverse speed of 50 mm/s rather than 200 mm/s for tensile 

testing.  Additionally, a deposit was produced using powder aged at 225°C with a powder feed 

rate of 9 g/min to achieve thinner layers.  The stress strain curves of these deposits are shown in 

Figure 64. 

 

Figure 65.  (A) Average failure stress and (B) average elongation to failure of AA2024 deposits.  

(i) Deposits produced with as-received powder with a 1.10 mm layer thickness, (ii) deposits 

produced with as-received powder with a 0.35 mm layer thickness (iii) deposits produced with 

powder heated for 225°C prior to deposition with 0.66 mm layers, and (iv) deposits produced 

with powder heated for 225°C prior to deposition with 0.25 mm layers. 

In the case of both powders it is apparent that thinner layers will result in higher 

elongation to failure, though this is more significant with the as-received powder (Figure 65).  
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Additionally, a significant increase in failure stress is observed for the deposits produced with as-

received but not overaged powders.  This is attributed to the difference in layer thicknesses being 

much greater for the as-received powder than the overaged powder.  It is unclear if this is 

primarily due to the greater concentration of defects on layer interfaces or pass interfaces.  The 

concentration of defects along layer interfaces are readily observable in microscopy, while 

concentration of defects along pass interfaces is not.  Although the presence of inter-pass defects 

has been predicted and shown in the literature [86], no direct evidence could be found for them 

in this work.  Additionally, discontinuities along layer interfaces were observed in all fracture 

surfaces, even in the deposits with the thinnest layers (Figure 66).  We would expect the loading 

direction to be parallel to the plane these interlayer defects fall on, but as the deposit was not 

always perfectly flat, this resulted in some deviation from this plane.  These observations suggest 

that inter-layer defects certainly play a role, but further work would be needed to determine what 

role, if any, inter-pass defects play.  While it is unclear the relative contributions concentration of 

defects along layer versus pass interfaces makes, it is clear that, all else equal, thicker layers 

result in lower strength and elongation in deposits.    
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Figure 66.  Fracture surfaces of (A,D) cold spray deposits produced with as received AA2024 

powders, (B,E) cold spray deposits produced with W temper AA2024 powder, followed by 

natural again after deposition, and (C,F) wrought 2024-T351.  The red arrows in (A) and (B) 

indicate discontinuities along layer interfaces.  The red arrows in (D) and (E) indicate fracture 

along prior particle boundaries.  Microvoid coalescence was observed for wrought material but 

not for cold sprayed material. 

3.5 Conclusions 

• A set of novel furnaces were designed and constructed to solution heat treat aluminum 

powders.  These furnaces avoided oxidation of powders by maintaining an inert 

atmosphere, avoided sintering by rotating the heat-treating vessel during heating, and 

achieved sufficiently high cooling rates by directly quenching the heat-treating vessel in 

water following solutionization. 

• BSE imaging and EDS indicates that segregated solute atoms are effectively 

homogenized during heat treatment.  TEM confirmed that nano-scale precipitates form in 

deposits produced using solution heat treated powders but are not observed in as-received 

powders. 
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• Solution heat treatment is found to significantly increase deposition efficiency of 

powders compared to as-received powders.  However, it is also found that allowing these 

powders to naturally age in between heat treatment and deposition reduced deposition 

efficiency. 

• Heating as-received powders at temperatures typically used to dry powders can result in 

either an increase or decrease in deposition efficiency depending on the time, 

temperature, and aging response of the powder. 

• Solution heat treating powders prior to deposition was not found to significantly improve 

strength or ductility as compared with as received powder.  As changes in the 

microstructures and bulk properties (hardness) were observed, it is believed the effects 

defect distribution on fracture toughness is dominating the effects of microstructure.  

• Although deposits produced with over-aged powders exhibited higher deposition 

efficiency compared with as-received powders, they also exhibited significantly lower 

failure stress in uniaxial tension.  Deposits produced with peak-aged powders exhibited 

both lower deposition efficiency and lower failure stresses. 

• Increased layer thickness resulted in lower failure stress and elongation to failure of 

samples tested in uniaxial tension.  This is attributed not to a greater number of defects, 

but the concentration of defects, resulting in defects which are effectively larger. 

• The failure stress of deposits was found to be over 80% lower in the direction parallel to 

the spray direction compared to the direction parallel to the substrate.  This behavior is 

attributed to concentration of defects along layer interfaces which are in a plane 

perpendicular to the spray direction. 
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CHAPTER 4: RESIDUAL STRESS IN COLD SPRAY 

4.1 Introduction 

During the cold spray process, residual stresses are introduced into the substrate and 

deposit.  These stresses are generally found to be compressive in the deposit and tensile in the 

substrate and form because of the shot peening effect[106].  Residual stresses can be either 

beneficial or injurious.  The presence of compressive residual stresses on the surface of a 

component will extend fatigue life by retarding crack initiation [107].  Additionally, the presence 

of compressive residual stresses on the surface of the material will improve resistance to stress 

corrosion cracking [2,4].  However, whenever there is a compressive residual stress in the 

material, there must be a tensile residual stress elsewhere in the material to satisfy mechanical 

equilibrium.  While compressive residual stresses will retard crack initiation, tensile residual 

stresses will accelerate crack initiation and growth.  AA7075 and AA2024 are highly sensitive to 

stress corrosion cracking, which requires a region with tensile stresses.  Although compressive 

residual stresses are generally reported in the surface of cold spray deposits, tensile residual 

stresses have been reported [108–110].  Additionally, high tensile residual stresses are frequently 

observed along the deposit-substrate interface [111–113].  Given the propensity of deposits to 

delaminate or crack along the deposit-substrate interface due to the concentration of poorly 

bonded material, it is possible this could result in fatigue crack initiation or stress corrosion 

cracking due to the presence of a free surface and exposure to the environment.  Finally, 

excessive levels of residual stress can result in distortion or spallation of the deposit [53].  
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Examples of such spallation encountered during cold spray at the University of Alabama are 

shown in Figure 67.     

 

Figure 67.  Delamination and distortion of cold spray deposits due to residual stress in (A) cold 

spray deposited AA7075 (B) cold spray deposited steel. 

In the author’s perspective, the best approach would be to introduce as little residual 

stress as possible during the deposition process, then use a much more understood technique 

such as conventional shot peening to introduce a controlled, residual stress on the surface of the 

deposit while avoiding the introduction of significant tensile residual stresses. 

To date there have been approximately 20 publications on the residual stresses present 

due to cold spray [63,65,108–122].  These are using a variety of methods such as X ray 

diffraction, layer removal methods, hole drilling methods, numerical modeling, measurement of 

in-situ bending, and neutron diffraction.   

Several factors drive the evolution of residual stress during the cold spray process.  The 

evolution of compressive residual stresses is attributed to the deformation of the particle and 

substrate on impact, resulting in compressive surface residual stresses on the surface of the 

deposit similar to shot peening.  This contrasts with tradition thermal spray processes which 

generally result in tensile residual stresses during to solidification of the coating [13]. 
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It has been found that a mismatch of coefficients of thermal expansion can have a tensile 

or compressive contribution to residual stress when the substrate and deposit are different 

materials [109,110].  This however will not have any contribution to the residual stress evolved 

when the substrate and deposit are of the same or similar material as will be the case throughout 

this dissertation work.  

For low melting point materials such as aluminum and magnesium, significant stress 

relief has been found to occur at process temperatures achieved during cold spray 

[63,65,109,114,119].   

Although there have been several studies on residual stress evolution in cold sprayed 

aluminum, including cold sprayed AA7075 and AA2024, there are still significant gaps in our 

understanding.  With the exception of one study using helium in low pressure kinetic 

metallization [113], nitrogen was used as the cold spray propellant gas in all of these studies.  

Previous work in this dissertation has found that the use of helium gas is far more cost effective 

than the use of nitrogen for the deposition of AA7075 and AA2024, so this information is of 

great practical significance.  Other studies using neutron diffraction to measure residual stress in 

cold spray deposits have assumed a biaxial stress state, that is residual stresses parallel to the 

plane of the substrate but in orthogonal directions are equal [112,113].     

In this work, the neutron diffraction is used to measure the residual stress profiles of 

grooves refilled with cold sprayed AA2024 and AA7075 using helium as the propellant gas are 

measured.  These deposits are produced for different groove geometries to determine the effect 

of the ratio of groove surface area to volume on residual stress during deposition.  Residual stress 

profiles are also measured for free standing deposits of AA2024 with different cold spray 
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deposition strategies to determine the influence of layer thickness and total deposit thickness on 

residual stress evolved during cold spray.   

4.2 Principles of Neutron Diffraction for Residual Stress Measurement 

Residual stresses in a material will result in residual elastic strains.  These residual elastic 

strains will result in differences in the average atomic spacing compared to the atomic spacing of 

unstressed material.  Diffraction-based measurements on residual stress rely on measuring the 

atomic spacing of the material in question. 

When a wave is elastically scattered off an obstacle, the wave will travel in a direction 

reflected across the surface normal, but the momentum and phase of the wave will not be altered.  

If waves are scattered off a regular array of obstacles, these waves will constructively or 

destructively interfere with each other depending on the angle of incidence due to superposition 

[123].  For such an array with a uniform spacing between obstacles d, the angle θ which results 

in peak intensity can be predicted by Bragg’s Law: 

𝑛𝜆 = 2𝑑 ∙ sin 𝜃 ..........................................................................................................  Equation 10, 

Where n is an integer and λ is the wavelength of the incident wave.  Application of 

Bragg’s law allows the spacing of atoms in materials to be determined by using waves with 

wavelengths that are on the same order of magnitude as the atomic spacing.  For this reason, x-

rays are most commonly used for atomic spacing measurements.  The de Broglie hypothesis 

states that all matter exhibits wavelike properties: 

𝜆 =
ℎ

𝑝
  .......................................................................................................................... Equation 11,   

Where h is Planck’s constant and p is the momentum of the particle.  At the molecular 

level and above this wavelength becomes sufficiently small such that they effectively exhibit no 

wavelength properties.  However, subatomic particles have sufficiently low mass and therefore 
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momentum such that these wave-like properties start to become significant in their interactions 

with other matter [124].  For this reason, neutrons can be used to measure the lattice spacings of 

materials and therefore residual strains and stresses.   

X-ray diffraction is often used to measure residual stress given the relative ease by which 

a monochromatic source of x-rays can be generated.  In contrast, the generation of a neutron 

beam requires a nuclear reactor or spallation source and expensive equipment to direct and 

control neutrons.  However, non-synchrotron x-ray measurements are limited to the surface of a 

material due to the interaction of electric fields with the matter.  Neutrons are electrically neutral 

and therefore interact with most matter much less strongly.  This allows for measurements of 

lattice spacings to be made much deeper in the material.  The interaction depth will vary by 

material, but neutrons can effectively penetrate up to 25 cm of aluminum [125].  This weaker 

interaction does result in either poorer spatial resolution or longer collection times but is much 

more suitable than x-ray diffraction for thick components (> 3 mm) [126].  Additionally, (non-

synchrotron) x-ray diffraction cannot be used for measurement of strains perpendicular to the 

surface of the material, while neutron diffraction can. 

A schematic of the neutron diffraction process for measurement of residual stress is 

shown in Figure 68.  The measured gauge volume is controlled by slits which are put across the 

neutron source and the detector.  Smaller gauge volumes give higher spatial resolution of the 

measurements but result in longer measurement times.   
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Figure 68.  Schematic of the neutron diffraction process for measuring residual stress.  In this 

geometry the in-plane lattice spacing is being measured. 

A silicon monochromator before the detector is used so that intensity only from neutrons 

with a selected wavelength are measured.  The (discrete) range of available wavelengths for 

beamline HB-2B at High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory is 

between λ = 1.452 Å and λ = 2.667 Å.  It is desirable for the value of 2θ to be as close to 90° as 

possible as deviations from this will result in the measured gauge volume not having a square 

cross section (see Figure 68).   

4.3 Measurements of Unstressed Lattice Spacings 

In order to make accurate residual stress measurements, it is necessary to make accurate 

measurements of the unstressed lattice spacing.  Residual stresses are not measured directly, but 
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rather calculated from residual strains ϵii which are calculated from measured lattice spacings 

dii
{jkl} and the unstressed lattice spacing d0

{jkl}: 

𝜖𝑖𝑖 =
𝑑𝑖𝑖

{𝑗𝑘𝑙}−𝑑0
{𝑗𝑘𝑙}

𝑑0
{𝑗𝑘𝑙}   ...................................................................................................... Equation 12.   

Assuming elastic isotropy, residual stresses σii can be calculated by: 

𝜎𝑖𝑖 = (
𝐸

1+𝜈
+

𝐸𝜈

(1+𝜈)(1−2𝜈)
) 𝜖𝑖𝑖 + (

𝐸𝜈

(1+𝜈)(1−2𝜈)
) 𝜖𝑗𝑗 + (

𝐸𝜈

(1+𝜈)(1−2𝜈)
) 𝜖𝑘𝑘  ....................... Equation 13.  

 Where E is Young’s modulus and ν is Poisson’s ratio.  Ultrasound measurements of the 

Young’s Modulus confirmed that the assumption of elastic isotropy was valid.  The residual 

strains calculated from equation 12 will only be accurate if an accurate value of the unstressed 

lattice spacing is used.  Accurate measurement of the unstressed lattice spacing is not a trivial 

task.  The lattice spacing of precipitation strengthened aluminum is known to be highly sensitive 

to the distribution of solute atoms [127].  As cold spray deposits have been shown to exhibit a 

significantly different distribution of solute atoms compared to precipitation hardened wrought 

material, we would not expect the unstressed lattice spacing of the deposit to necessarily be the 

same as the substrate.  However, as no significant softening of the substrate is generally observed 

during cold spray, it can be assumed that the lattice spacing within the deposit and within the 

substrate will be constant (section 5.5).   

To make an accurate measurement of the unstressed lattice spacing, it is necessary 

measure the lattice spacing in a region that is known to be stress free.  The most common 

methods of stress relief practiced commercially for aluminum are stress relief heat treatments 

and stretching [2].  However, the time and temperatures required for stress relief heat treatments 

in aluminum will cause significant changes in the precipitate structure, which will give an 

unstressed lattice spacing not characteristic of the original condition.  Stretching stress relief 

procedures typically specify between 1% and 3% elongation, which is higher than the elongation 
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to failure typically encountered in cold spray deposits not heat treated following deposition 

(section 3.4.3).  Additionally, stretching does not entirely eliminate residual stresses. 

Another method for direct measurement of the unstressed lattice spacing is measurement 

near a free surface.  A free surface cannot support a residual stress normal to the surface, so the 

lattice spacing normal to the free surface will approach the unstressed lattice spacing closer to 

the surface.  However, given the large gauge volumes required to collect sufficient signal within 

a reasonable amount of time, the poor spatial resolution of this method was found to produce 

inconsistent results. 

Stress may also be relieved by material removal.  As the thickness of a component is 

reduced in a given direction, the stiffness in that direction will be reduced, allowing the metal to 

deform and relieving residual stress.  

4.4 Methods  

AA2024 and AA7075 cold spray deposits were produced for residual stress 

measurements.  The cold spray parameters used for all deposits are given in Table 8.  All 

deposits were produced using a double-back raster pattern as has been previous described in 

section 1.3 of this dissertation.  Two groups of samples were produced:  refilled grooves 

(AA2024 and AA7075) and free-standing deposits (AA2024).  AA2024-T351 and AA7075-

T651 plate were used as substrates for all AA2024 and AA7075 deposits, respectively.  All 

substrates were 25 mm thick to ensure sufficient stiffness to prevent distortion of the plate during 

deposition.  Plates used for refilled groove deposits were 150 mm in length and width, and 

substrates used for free-standing deposits were 125 mm in length and width.  Prior to deposition 

substrates were sanded with 60-grit silicon carbide, degreased with detergent, and rinsed with 

isopropyl alcohol.     
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Table 8.  Cold spray parameters used for refilled groove and free-standing deposits.   

Gas Temperature  Pressure Standoff Powder Feeder 

93% He 415°C 406 psi 20 mm 14 RPM 

 

Figure 69.  Top and cross-sectional drawing of chamfered grooves which were refilled with cold 

spray. 

Refilled grooves were produced by milling a square groove to dimensions given in Table 

9, then chamfering the edges to 45° (Figure 69).  Geometries G1, G3, and G5 had approximately 

the same spray volume with varying thicknesses, while geometries G2, G3, and G4 had the same 

spray thickness with varying spray volume.  Chamfering of the edges was necessary for the 

deposit to bond with the side of the groove.  The geometry of the grooves was altered to change 

the ratio of volume to surface area of the groove.  Following deposition, deposits were ground 

flush with the surface of the plate using 60-grit silicon carbide paper (Figure 70).   

Table 9.  Geometries for grooves cold spray filled with AA7075 and AA2024 in this work. 

Geometry ID Depth (mm) Width (mm) Volume/Area 

(mm3/mm2) 

Volume (mm3) 

Geometry G1 3.0 60.0 2.55 12.7 x 103 

Geometry G2 6.0 28.0 3.62 7.4 x 103 

Geometry G3 6.0 38.0 3.95 12.4 x 103 

Geometry G4 6.0 60.0 4.48 27.8 x 103 

Geometry G5 9.0 28.0 4.68 13.1 x 103 
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Free-standing AA2024 deposits were produced to examine the effects of cold spray layer 

thickness and total thickness on the residual stress of the deposit (Table 10).  Layer thickness 

was controlled by changing the nozzle travel speed, and total spray thickness was kept constant 

by changing the number of layers.  Due to variation in powder feed rate, total thickness varied by 

± 0.3 mm when controlling for total thickness.  Geometry F1 was sprayed intentionally thicker to 

examine the effects of total thickness.   

 

Figure 70.  (A) Chamfered 7075 groove prior to deposition. (B) Chamfered groove cold spray 

filled with AA7075.  (C) Refilled groove after being ground flush with the substrate surface. 

Table 10.  Geometry and spray strategy for free standing deposits of AA2024 in this work.  

Deposits were 50 mm in length and width.   

Geometry ID Deposit Height 

(mm) 

Nozzle Speed 

(mm/s) 

Layer Thickness 

(mm) 

Geometry F1 6.0 200 0.38 

Geometry F2 2.3 200 0.29 

Geometry F3 2.6 100 0.65 

Geometry F4 2.1 75 0.70 

Geometry F5 2.6 50 1.30 

Geometry F6 2.4 25 2.40 
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Figure 71.  Free-standing AA2024 deposit, geometry F1.   

Neutron diffraction measurements of lattice spacings were carried out at the High Flux 

Isotope Reactor beamline HB-2B at Oak Ridge National Laboratory.  As discussed previously, it 

is desirable to select a crystallographic plane and monochromator that gives a 2θ value as close 

to 90° as possible.  For this reason, a Si {311} monochromator (λ = 1.731 Å) was initially used 

to measure diffraction of the aluminum {311} plane, giving a 2θ of approximately 90.2°.  As 

experiments were carried out over several beam cycles (August 2016, January 2017, July 2017), 

it was necessary to use a Si {422} monochromator (λ = 1.540 Å, 2θ ~ 78.0°) for subsequent 

experiments as electronics in the Si {311} monochromator had been damaged due to neutron 

irradiation.  A Si {311} monochromator was used for measurements of geometry G1 and G3 for 

AA2024 and AA7075 refilled grooves; a Si {422} monochromator was used for all other 

measurements.  The accuracy of lattice spacing measurements is ± 0.0001 Å (± 0.003°).   
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Figure 72.  (A) Front view and (B) Top view of set up of residual stress measurements at HB-2B 

at HFIR.   

To balance between spatial resolution and signal strength, a gauge length of 20 mm and 

gauge width of 0.7 mm – 1.0 mm was used.  This allowed for acceptable signal to be collected in 

between 10 and 20 minutes for a single measurement.  This gauge section was centered along the 

central axis of the cold spray deposit.  A gauge width of 0.7 mm was used for cold spray refilled 

grooves G1 and G3 for AA7075 and AA2024 within 13 mm from the surface of the deposit; for 

the other half of the plate and for all other measurements, a gauge width of 1.0 mm was used.  

The exact spacing between individual measurements varied from sample to sample but was 

approximately 0.5 mm from the surface of the deposit to 5 mm beneath the substrate, and 1.0 

mm deeper in the substrate.  Because the gauge width is greater than the spacing of 

measurements in the deposit, measurements should be regarded as a moving average. 

Lattice spacing measurements were taken in three directions to ensure accurate 

calculation of principal residual stresses.  Lattice spacings were measured parallel to the rolling 

direction, parallel to the transverse direction, and perpendicular to the rolling/transverse 

direction.  Because of the geometry of the neutron diffraction measurement, only one in-plane 
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direction (rolling or transverse) can be measured without rotating the plate 90 degrees.  Because 

the slits on incoming neutron source and detector cannot be rotated, this means lattice spacing 

measurements for the in-plane directions cannot be in the same location.  It is assumed that 

residual stress in a given direction will not vary with respect to position in the in-plane direction; 

the validity of this assumption will be tested by measuring lattice spacing offset from the central 

axis of the deposit.  Due to artifact shifts in lattice spacing that occur in measurements near the 

surface, measurements for which less than 80% of the gauge volume was buried (determined by 

relative peak intensity) were discarded. 

Plates were machined using wire EDM into 2 mm thick slices along the rolling direction 

to relieve stresses in the transverse direction.  However, unstressed lattice spacing measurements 

were found to produce inconsistent results again.  Although a stress cannot be supported in the 

transverse direction, stresses can be supported in the normal and rolling direction.  This will 

result in strain being resolved along the rolling direction. 

 

Figure 73.  Wire EDM strips produced from refilled groove plates for measuring residual stress. 

As discussed in section 4.3, efforts are still ongoing to make accurate unstressed lattice 

spacings.  All lattice spacing profiles without further data analysis are reported in the results 
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section.  However, it is possible to make conclusions about the relative levels of residual stress 

between different processing conditions.  This is done by taking differences between lattice 

spacing measurements.  This can be converted to strain by dividing by the approximate lattice 

spacing and converted to a stress using equation 13.  This strain or stress difference will not be 

sensitive to the lattice spacing used in division as all measured lattice spacings were within the 

range of 1.2185 Å to 1.2225 Å.  This strain or stress difference will also not be affected by the 

exact value of the unstressed lattice spacing provided it is entirely within the substrate or deposit.  

However, relative differences in stress or strain between the substrate or deposit would be 

affected by a difference in the unstressed lattice spacing in the deposit versus the substrate.  The 

conversion of a difference in lattice spacings between the substrate and deposit into a strain 

assumes unstressed lattice spacings are equal.  However, until reliable measurements for the 

unstressed lattice spacing is made, the null hypothesis of d0,substrate = d0,deposit is applied. 

4.5 Results 

The full-width half-maximum of 2θ peaks measured in AA2024, geometry F1 is reported 

in Figure 74.  A comparison is shown between the substrate and deposit for all measurement 

directions and on average (Figure 74A) and between different directions (Figure 74B).  The full 

width half maximum as a function of distance for AA2024, geometry F1 is plotted as a function 

of distance in Figure 75.  Full width half maximum data taken using different monochromators 

(which was necessary as previously discussed) is not directly comparable.  For this reason, 

average full width half maximum of the substrate and deposit for different geometries are 

grouped by data taken with the silicon {311} monochromator (Figure 76) and silicon {422} 

monochromator (Figure 77). 
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Figure 74.  Full width half maximum values of 2θ peaks (A) comparing between the deposit and 

substrate (B) comparing between different measurement directions. Data from geometry F1 for 

AA2024. 

 

Figure 75.  Full width half maximum for geometry F1 for AA2024 in the substrate and deposit.  
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Figure 76.  Full width half maximum for measurements taken with the silicon {311} 

monochromator.  Data is shown for the deposit and substrate average for refilled groove 

geometries G1 and G3 for AA7075 and AA2024.   

 

Figure 77.  Full width half maximum for measurements take with the silicon {422} 

monochromator.  Data is shown for the deposit and substrate for AA2024 for groove geometries 

G2, G4, and G5, and all AA2024 free-standing deposits. 
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Lattice spacing profiles for AA2024 and AA7075 substrates without cold spray deposits 

are shown in Figure 78.  Measured lattice spacing profiles for cold spray deposits and substrates 

versus distance from the coating/deposit interface are shown for AA7075 refilled groove 

geometries (Figure 79), AA2024 refilled groove geometries (Figure 80), and AA2024 free 

standing deposits (Figure 81).  Measurements were taken through the entire thickness of the 

plate for refilled groove geometries, but only partially through the thickness of the substrate for 

free standing deposits.   

 

Figure 78.  Lattice spacing profiles for (A) unmachined AA2024 substrate prior to cold spray 

(B) machined AA2024 groove geometry F1 prior to cold spray and (C) unmachined AA7075 

substrate prior to cold spray. 
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Figure 79.  Lattice spacing profiles of AA7075 cold spray refilled grooves for (A) geometry G1 

(B) geometry G3.  Dashed line represents the position of the deposit/substrate interface. 

 

Figure 80.  Lattice spacing profiles of AA2024 cold spray refilled grooves for (A) Geometry G1, 

(B) Geometry G2, (C) Geometry G3, (D) Geometry G4, and (E) Geometry G5. 
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Figure 81.  Lattice spacing profiles for free standing deposits produced with AA2024 for (A) 

geometry F1, (B) geometry F2, (C) geometry F3, (D) geometry F4, (E) geometry F5, and (F) 

geometry F6.   

Lattice spacing profiles in the rolling and normal direction for geometry F1 are shown in 

Figure 82.  These measurements were taken with the gauge volume centered in the deposit and 

in a position shifted 20 mm over.  Because the plate must be rotated to measure the transverse 

direction, the lattice spacing in the transverse direction could not be measured in the same 

location. 
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Figure 82.  Lattice spacing profiles geometry F1 in the rolling direction and normal direction (A) 

along the deposit centerline (B) shifted 20 mm away from the centerline.  

4.6 Discussion   

Efforts are ongoing in collaboration with Oak Ridge National Laboratory to perform 

accurate measurements of the unstressed lattice spacing for the cold spray deposit and substrate.  

Powders have been produced of both the substrate and deposit using a mechanical filing method.  

Because high temperatures are not achieved in this process, precipitation is not expected to have 

occurred.  While this cold work may result in a greater dislocation density, this would not be 

affect the standard deviation but not the average lattice spacing of the powder produced this way 

[128].  Using a powder allows a large gauge volume to be used while also ensuring no residual 

macro-stresses can be present due to the small dimensions of the powder.  

It is found that 2θ peaks in the deposit exhibit a significantly greater FWHM compared to 

peaks in the substrate (Figure 74A, Figure 76, Figure 77).  This peak broadening is attributed to 

the high amount of deformation that occurs during the cold spray process, which generates a 
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much higher dislocation density.  The introduction of these dislocations will not change the 

average lattice spacing, but local strain fields around dislocations will result in a wider 

distribution of lattice spacings.  Similar results have been reported previously for cold worked 

material [128] but not specifically for cold sprayed material.  No significant trends were found 

for FWHM of the deposit with different geometries.  If the FWHM is being driven by the amount 

of plastic deformation, we would not expect to see significant trends as all deposits were 

produced with the same processing parameters. 

Although significant differences between the deposit and substrate were observed on 

average and for all measured directions, there were no significant differences between the 

FWHM of different directions in either the deposit or the substrate (Figure 74B, Figure 75).   

Lattice parameter measurements of substrate materials without cold spray deposits 

indicates that the significant compressive residual stresses on the surface are due to the cold 

spray process rather than rolling or machining of the plate Figure 78.  The effects of total 

thickness on a deposit with otherwise similar spray parameters can be seen by comparing Figure 

81A and Figure 81B.  In Figure 83, the average stress difference and peak stress differences for 

geometry F1 and F2 are plotted.  The magnitude of the difference of the average level of residual 

stress in the thinner deposit is much lower than the thick deposit.  This result is similar to what 

has been found in the literature, which suggests that stress relief occurs in thicker deposits due to 

the elevated temperature in the deposition process [114].  Compared to the average difference in 

stresses, a much less significant difference between the two geometries is found for the peak 

difference in stresses (Figure 83).  This is attributed to the relative effects of stress relief in the 

thick deposit; significant stress relief occurs close to the substrate as this location has been 

heated for a longer time.  Comparatively less stress relief will occur close to the surface of the 
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deposit, and a compressive stress similar to that evolved in a thin deposit is expected.  As such, 

although on average the thicker deposit exhibits less residual stress than the thinner deposit, the 

difference between the minimum and maximum stresses are much closer.  

 

Figure 83.  Difference between average deposit and substrate stress & difference between 

minimum and maximum stresses for geometries F1 and F2.  Differences are averages of stress 

components in the three principal directions. 
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Figure 84.  Difference between average deposit and substrate stress in free standing cold sprayed 

AA2024 deposits plotted as a function of deposit layer thickness for a fixed total deposit 

thickness.  Differences are averages of stress components in the three principle directions. 

The average stress difference between the deposit and the substrate for free standing 

deposits as a function of layer thickness is plotted in Figure 84.  It is found that both thick layers 

and thin layers (with a constant powder feed rate and DE) result in greater compressive stresses, 

with layer thickness of approximately 0.75 mm producing the least residual stress.   

These results roughly match the author’s observations that both excessively thin and 

excessively thick layers will result in delamination during deposition.  It is important; however, 

to remember that the onset of delamination will also be related to adhesion strength, so these 

observations alone cannot be taken as proof of this point.  However, these observations lend 

support to the validity of these conclusions drawn from residual stress measurements. 

It is proposed that there are two competing mechanisms affecting the evolution of 

residual stress with layer thickness for a constant powder feed rate and deposition efficiency.  

First, that the average angle of impact will be related to layer thickness.  Second, that mechanical 

stress relief during the deposition process will depend on layer thickness. 

 

Figure 85.  Schematic of the build-up of a deposit and the evolution from an initial transient 

state to a steady state deposition profile. 
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Figure 86.  Calculated average angle of impact for varying layer thickness for a deposit with a 

track width of 5 mm.   

Although all substrates are clamped perpendicular to the spray axis, not every impacting 

particle will encounter a normal surface on impact.  Deposition without movement of the nozzle 

generally leads to the buildup of a cone-shaped deposit; as the nozzle is translated across the 

substrate, this will result in a roughly triangular cross section from a single track of the nozzle.  

All deposits in this work were produced using a raster pattern, in which the nozzle was translated 

1 mm perpendicular to the direction of the pass, and the direction was then reversed.  A 

schematic drawing of this process and the evolution of a steady state deposition profile is shown 

in Figure 85.  From a simple geometric argument, the average angle of deposition θavg is 

approximated by: 

𝜃𝑎𝑣𝑔 = 𝜃𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 + (1 − 2 ∙
𝑠𝑡𝑒𝑝 𝑠𝑖𝑧𝑒

𝑡𝑟𝑎𝑐𝑘 𝑤𝑖𝑑𝑡ℎ
) ∙ tan−1 (

𝑙𝑎𝑦𝑒𝑟 ℎ𝑒𝑖𝑔ℎ𝑡

𝑡𝑟𝑎𝑐𝑘 𝑤𝑖𝑑𝑡ℎ
)  ............................... Equation 14.   

Because all lattice spacing measurements were for material deposited on the flat part of 

the substrate rather than the chamfer, the angle with respect to the spray direction θsubstrate will be 
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zero.  The results of this calculation over the range of layer thicknesses used in this work are 

plotted in Figure 86.  Previous work in the literature has predicted that the a normal deposition 

angle will result in the greatest amount of compressive residual stress during cold spray [122] 

and in conventional shot peening [129] which would apply to non-depositing particles .  This 

would also be expected to result in a greater contribution to compressive residual stresses.  

However, thinner layers will also result in a greater amount of the deposit to be exposed as a free 

surface during the deposition process.  As the component of residual stress normal to the free 

surface must approach zero, it is hypothesized this will contribute to greater stress relief in 

deposits produced with thinner layers.  The trend observed in layer thickness and average 

residual stress is attributed to the interaction of these two mechanisms (average particle impact 

angle and stress relief along free surfaces during deposition). 

 

Figure 87.    Difference between average deposit and substrate stress of AA7075 and AA2024 

cold spray refilled grooves plotted as a function of volume over surface area.  Differences are 

averages of stress components in the three principle directions.  An R2 value of 0.59 was 

obtained for the regression. 
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The difference between the average stress of the substrate and deposit averaged over all 

three principle directions for the refilled groove geometry is plotted in Figure 87.  A regression 

analysis is carried out, yielding a positive slope and an R2 value of 0.50.  We reject the null 

hypothesis that β = 0 with a p value of 0.01.  This indicates there is a statistically significant 

relationship between residual stress of the deposit and the volume/surface area ratio.  This 

relationship is attributed to the lower amount of mechanical constraint on a deposit as the volume 

increases relative to the surface area.  However, we note the variation in average stress 

differences is relatively small compared to the uncertainty of the measurements, and the average 

residual stress difference for any given geometry cannot be said to be significantly different from 

that of any other geometry.  We also note there is no statistically significant difference between 

the AA7075 and AA2024 refilled grooves.    

From the measured lattice spacing profiles, it can be concluded the assumption of a 

biaxial stress state is invalid (Figure 79, Figure 80, Figure 81).  Lattice spacing profiles in the 

rolling and transverse direction are found to be significantly different in most deposits.  To 

determine if there were consistent relations between the principle stress directions of the deposit, 

an analysis of variance (ANOVA) was used.  ANOVA was performed on the difference between 

the average residual stress in all three directions and the average residual stress of the direction in 

question in the deposit.  These lattice differences in lattice spacing were converted to 

microstrain.  This was done for the rolling, transverse, and normal direction of the plate.  

Because the raster direction of the deposit was not always aligned with the rolling direction, 

further analysis was carried out on subdivisions of the data for which (1) the raster direction is 

aligned parallel the rolling direction and (2) the raster direction is aligned parallel to the 

transverse direction.   



 

123 
 

Table 11.  Deviation residual stress in principle directions from the average residual stress in the 

deposits and p-values from ANOVA analysis.   

Dataset Rolling Direction 

(MPa) 

Normal 

Direction 

(MPa) 

Transverse 

Direction (MPa) 

P value 

All samples 2.3 ± 4.1 -5.7 ± 6.3 3.4 ± 5.3 0.42 

Raster ll rolling -1.3 ± 5.0 -7.3 ± 8.4 8.6 ± 8.5 0.34 

Raster ll transverse  -2.7 ± 5.6 -4.0 ± 10.1 6.6 ± 6.8 0.59 

 

At any reasonable significance level, we fail to reject the null hypothesis – that is there 

are no significant differences between residual stresses in the rolling/transverse/normal direction 

or raster/short/normal direction.  However, this does not mean the assumption of a biaxial stress 

state is valid as there are significant differences between directions for most given samples – 

however, these differences cannot be predicted.  This suggests that is it necessary to measure 

lattice spacings in three principle directions to obtain an accurate understanding of the residual 

stresses present in a deposit.   

Due to the geometry of the residual stress measurements, the lattices spacings for the 

rolling and transverse direction cannot be measured in the same location within a reasonable 

amount of time.  Because of this, it was necessary to assume that the lattice spacing for a given 

principal direction does not vary with location in the plane parallel to the substrate.  Lattice 

spacing measurements of the same deposit at different locations in the deposit are found to be 

approximately the same for a given direction at a given distance from the substrate (Figure 82).  

Although testing would be necessary to say so with certainty, this provides good evidence that 

the lattice spacing for a given principle direction does not vary significantly within the plane of 

the substrate.   
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4.7 Conclusions 

• Cold spray deposited material exhibited a significantly higher full-width half-maximum 

of 2θ peaks than the substrate, indicating a greater amount of cold work in the deposited 

material.  Significant differences were not observed between principal stress directions. 

• Increased total deposit thickness in free-standing deposits with all other factors constant 

was found to result in lower levels of residual stress, attributed to stress relief due to 

elevated temperatures during deposition. 

• A layer thickness of approximately 0.75 mm (with fixed total thickness) was found to 

minimize the magnitude of residual stress generated, with thicker or thinner layers 

resulting in greater magnitudes of residual stress.  This is hypothesized to be a result of 

the interaction between average angle of particle impact and geometry-dependent stress 

relief. 

• For refilled groove repairs, a significant negative correlation between average stress 

magnitude and volume to surface area ratio was found.   This is attributed to a greater 

amount of mechanical constraint with increased surface area. 

• Significant differences between lattice spacings of the three principle stress directions 

were observed, indicating that the assumption of a biaxial stress state is invalid.  

However, no consistent trends relating the three principle stress directions were found, 

indicating measurements in all three directions are necessary for accurate measurements 

of residual stress. 

• Although lattice spacings in different principle directions were found to be significantly 

different at a given depth, the lattice spacing for a given principle direction at a constant 

depth in either the substrate or deposit were found to be approximately the same. 
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• Accurate measurements of the unstressed lattice spacings are necessary to further 

comment on the absolute levels of residual stress present; however, comparing lattice 

spacing differences allows for the relative effects of spray strategy and repair geometry to 

be examined in this work. 
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CHAPTER 5: LASER ASSISTED COLD SPRAY OF AA7075 

5.1 Introduction 

One of the biggest advantages cold spray has over traditional additive manufacturing and 

thermal spray processes is the relatively low heat input of the process.  This allows for deposition 

of materials such as AA2024 and AA7075 without significant heat damage.  However, it has 

been found that heating of the substrate during deposition results in higher deposition efficiency 

due to thermal softening [37,130–132].  It has been found that the high degree of cold work 

produced during cold spray contributes to the low ductility in cold spray deposits [50,51], so 

partial annealing to reduce dislocation density through recovery might be desirable.  However, 

the temperatures necessary to improve deposition characteristics and restore ductility in the 

deposit could cause unacceptable damage to the substrate if this is applied to additive repair.  If 

this heating could be highly localized such that only the deposit is significantly heated during 

deposition, these benefits might be realized without excessive softening of the substrate.  To this 

goal, the laser assisted cold spray technology (LACS, also known as supersonic laser deposition) 

has been introduced. 

The LACS process was first developed at Cambridge University [133].  In LACS, a high-

power laser is used to heat the substrate (or deposit if spraying over already deposited material) 

directly underneath the nozzle during the deposition process.  Lasers designed for welding are 

typically used in this process, though it is generally desirable to avoid melting of the substrate 

due to the undesirable microstructural changes this introduces.  LACS is a process still very 
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much in its infancy, and to the author’s knowledge there are seven such installations in the 

world, including the University of Alabama.   

LACS has been demonstrated for cobalt super-alloys [15,134,135], tungsten[14], Ni60 

[136], copper [137,138], titanium and titanium alloys [139–141], austenitic stainless steel [142], 

and aluminum alloys [143].  In a forthcoming publication outside the scope of this dissertation, 

the author has demonstrated the use LACS for the deposition of oxide dispersion strengthened 

(ODS) steels.  A summary of the literature for relative improvements in deposition efficiency 

versus the homologous temperature during deposition is shown in Figure 88.  Relative 

deposition efficiency rather than absolute deposition efficiency is reported as this was reported in 

many of the referenced papers.  Relative deposition efficiency is referenced with respect to the 

condition with the lowest deposition efficiency.  As such, the magnitude of the difference in the 

slopes will be highly dependent on the initial absolute deposition efficiency.  For example, an 

improvement from 1% DE to 10% would show up as a 900% increase in deposition efficiency, 

whereas an improvement from 10% to 20% DE would only show up as a 100% improvement in 

deposition efficiency.  Although we should be wearing about making conclusions based on the 

magnitude of the slope, we note that in all cases increases in relative deposition efficiency were 

observed with increasing temperature.  This increase has been demonstrated to be a result of 

greater deformation in the surface immediately under the colliding particle during deposition, as 

would be expected due to thermal softening of the substrate [139].  If sufficient improvements to 

deposition efficiency could be achieved with LACS, it might be desirable to spray with nitrogen 

using LACS to replace the use of the much more expensive helium.   
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Figure 88.  Effect of substrate homologous temperature on relative deposition efficiency 

reported in the literature [134,138,139].  Data for ODS steel is in a forthcoming publication by 

the author. 

As referenced earlier, LACS has been previously demonstrated for aluminum.  In work 

by Olakanmi et al, Al-12Si powder was deposited onto an Al-12Si substrate [143].  Deposits 

were produced using a high pressure cold spray system using nitrogen as the carrier gas with a 

nozzle travel speed of 10 mm/s and laser power between 0 W and 3500 W.  A laser spot diameter 

of 6 mm was used.  Substantial deposits over 100 μm in thickness were only obtained for laser 

powers greater than 2000 W, and a greater than 10-fold increase in deposition efficiency was 

found increasing laser power from 0 W to 3500 W.  However, partial melting was observed in all 

deposits produced with a power greater than 2000 W.  The lack of microstructural data on 

deposits produced with lower powers makes it difficult to comment on the processing effects 

from this paper.   

Because use of a laser for heating will elevate the substrate temperature, this approach 

may cause undesirable microstructural evolution and reduction in strength in the substrate.  This 
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issue is of particular concern for alloys such as AA7075 and AA2024, which will show 

significant reductions in strength for any appreciable hold time at 300°C [55].  Traditional cold 

spray of aluminum has been shown numerous times to result in no appreciable thermal damage 

even to heat sensitive aluminum alloys [24].  With the use of LACS, this is not likely to be the 

case.  When considering LACS in place of traditional cold spray for the potential improvements 

in deposition efficiency and ductility of the deposit, the potential for thermal damage of the 

substrate must be considered.  Heretofore this issue has not been addressed in the literature.   

In this work, the integration of a high-power welding laser with a cold spray system 

necessary to set up for LACS is described in detail.  The LACS system is used to produced 

AA7075 deposits using nitrogen with varying laser power outputs.  The deposition efficiency is 

measured as a function of power output to assess the feasibility of depositing AA7075 with 

nitrogen and in situ laser heating instead of helium.  The effects of power output on the 

microstructure and hardness of the coating and substrate are examined.  Finally, AA7075 

deposits are produced with helium with and without LACS to see if appreciable changes in the 

stress-strain behavior occur in the deposit because of laser heating. 

5.2 Setup of the Laser Assisted Cold Spray System 

A Laserline LDM-4000-100 4 kW diode laser was integrated with the cold spray system 

to achieve in situ heating of the substrate during deposition.  A Mergenthaler single-color 

pyrometer was integrated with the laser optics to measure the temperature in the irradiated 

region.  As LACS is still a technology in its infancy, in house design and fabrication of 

components was necessary in order to integrate the laser with the cold spray system.  The 

purpose of each components is briefly described here, and CAD files can be found in Appendix 

2.    
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Figure 89.  A schematic of the optics head, mounting bracket, and cold spray gun geometry. 

A schematic of the geometry of the system is shown in Figure 89.  To effectively heat 

the material being deposited, the laser optics head must travel on the same robotics system that 

controls the nozzle.  It is emphasized here the optics head affixed to the robotics is not the laser, 

but the laser optics head.  The laser radiation is generated inside the LDM-4000-100 unit outside 

of the downdraft booth (Figure 90A).  The radiation then travels through a fiber optic cable and 

into the laser optics head which focuses the laser.  Because of the high power consumption by 

the laser and heating of the optics head, it is necessary for both to be cooled by an external chiller 

unit (Figure 90B).  
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Figure 90.  (A) Front view of the diode laser unit and pyrometer control computer, (B) view of 

the chiller and the back of the diode laser unit, and (C) modifications made to the downdraft 

booth for safety.  

To integrate the optics with the robotics, the existing mounting bracket interfacing the 

robotics and the cold spray gun was modified and a separate mounting plate was machined.  The 

optics were positioned at an angle of 29.1° with respect to the spray plume.  A picture of laser 

optics and pyrometer mounted on the cold spray robotics is shown in Figure 91. 
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Figure 91.  The laser optics and pyrometer mounted on the robotics controlling the cold spray 

nozzle. 

With a given focal length, angle, and working distance, there only be one given z position 

of the whole robotics assembly (optics head and cold spray gun assembly) that centers the laser 

spot underneath the nozzle.  It follows that the standoff distance of a nozzle will be 

predetermined by the length of the nozzle.  While the original setup worked well for 210 mm 

tungsten carbide nozzles which were used for deposition of steel, this original geometry resulted 

in a standoff distance in excess of 100 mm when using a 120 mm PBI nozzle for aluminum.  As 

discussed in section 2.4.2, standoff distances greater than 50 mm will result in significant 

reductions in deposition efficiency.  To resolve this problem, a nozzle extender bracket was 

machined which allows the position of the cold spray gun to be adjusted (shown in Figure 91 but 

not in Figure 89).  Although it may be desirable for the spot to lead the nozzle during deposition, 

this point was not addressed in this work as this results in complications with the robotics 

pathing.   

Because the laser has a maximum power output of 4000 W, numerous engineering safety 

controls were put in place to eliminate risk of operator injury.  Any laser with a power greater 

than 0.5 W is classified as a class IV laser; a 4000 W laser has potential not only for permanent 

eye damage but severe skin burns [144].  Based on OSHA guidelines, this poses risks from both 

specular and diffuse reflectance.  To protect against these risks, the glass windows of the 

downdraft booth are covered with 1/8” thick aluminum sheets and safety interlocks were 

installed to prevent laser operation if the downdraft doors are open (Figure 90C).  While the 

laser does have the power to potentially burn through these sheets in the event of specular 

reflectance, the optics head is positioned such that the laser beam would hit the 3” thick wall of 

the downdraft booth instead if specular reflection occurred.  The inside of the downdraft booth is 
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routinely inspected following use of the laser to insure no damage occurs; no such damage has 

been observed in past operation.  Additionally, all substrates are grit-blasted to a matte surface 

finish prior to deposition to mitigate the risk of specular reflectance off of the substrate during 

operation. 

It was found that using the laser with a PBI nozzle resulted in damage to the bottom of 

the nozzle.  It is believed this was due to the absorption of radiation rather than convection of 

heat away from the surface of the deposit as such damage was observed to occur at temperatures 

below the glass transition temperature of PBI (425°C).  Because PBI is a black, it will be a good 

absorber of light in the visible range, and is therefore likely (but not necessarily) a good absorber 

of light in the infrared and ultraviolet range.  It was observed that the laser generates intense 

white light upon contact with a metal surface resembling the arc produced during welding, 

despite the laser being a monochromatic source in the infrared range.  This cannot be attributed 

to blackbody radiation and is attributed to the dielectric breakdown of air due to the 

concentration of electric fields on the surface of the substrate as incident radiation is reflected 

[145].  An aluminum sheath was fabricated to cover the bottom of the nozzle with a hole for exit 

of the nozzle.  This sheath eliminated this problem. 

The laser optics have a sacrificial window cover in order to prevent damage to upstream 

components.  These sacrificial windows were found to be damaged within less than 15 minutes 

of operation due to accumulation of metallic dust on the window.  Although these components 

are considered consumable, this is a rate much higher than would be expected and resulted in 

significant cost.  Although the optics were shipped with a cross-jet fed by compressed air to 

prevent dust from settling on the window, this initial air-knife design was found to be 

insufficient.  To solve this problem, a muzzle was fabricated in-house which fed a much larger 
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volume of compressed air thus maintaining a positive pressure across the entire window to 

prevent dust ingress.  This modified muzzle was found to greatly extend life of the sacrificial 

window. 

5.3 Temperature Measurements in LACS 

For improved process control, it is desirable to make accurate measurements of 

temperature during LACS.  One method of temperature measurement common with the use of 

LACS and laser heating in general is pyrometry, which relies on principles of blackbody 

radiation. 

Table 12.  Definition of symbols for equations 15 through 17. 

Symbol Identification 

ν Wave frequency 

T Black/greybody temperature 

Bν(ν,T) Spectral radiance as a function of frequency and temperature 

H Planck’s Consant 

kB Steffan-Boltzmann Constant 

c Speed of light 

Bλ(λ,T) Spectral radiance as a function of wavelength and temperature 

ε Emissivity 

 

Any object at a temperature above absolute zero will radiate energy through 

electromagnetic radiation through the process of blackbody radiation.  The spectral radiance of 

the radiation emitted will vary with wavelength and temperature.  The spectral radiance emitted 

by a perfect blackbody at a given temperature and wavelength is given by the equation:   

𝐵𝜈(𝜈, 𝑇) =
2ℎ𝜈3

𝑐2

1

𝑒

ℎ𝜈
𝑘𝐵𝑇−1

  ..................................................................................... Equation 15 [146]. 

Writing this equation this in terms of wavelength, 

𝐵𝜆(𝜆, 𝑇) =
2ℎ𝑐2

𝜆5

1

𝑒

ℎ𝑐
𝜆𝑘𝐵𝑇−1

  .............................................................................................. Equation 16.   
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The spectral radiance over a given range of wavelengths can be correlated with 

temperature.  This is the principle behind pyrometers, which allows non-contact surface 

measurements of temperatures to be made. 

In equation 16, it is assumed the object in question is a perfect blackbody.  A perfect 

blackbody absorbs all incident radiation and re-emits it in the form of blackbody radiation.  

However, most materials are grey bodies which do not absorb all incident radiation [147].  

Accounting for this, we modify equation 16 to become.     

𝐵𝜆(𝜆, 𝑇) = 𝜀 ∙
2ℎ𝑐2

𝜆5

1

𝑒

ℎ𝑐
𝜆𝑘𝐵𝑇−1

 .........................................................................................  Equation 17.   

 

 

Figure 92.  Spectral radiance curves for a perfect blackbody at 873K and 973K and for a grey 

body with ε = 0.60 at 973K.  A single-color pyrometer at 3.35 μm would measure the same 

intensity from a perfect blackbody at 973K and the grey body at 873K.     

The dependence of radiance on emissivity (ε) makes temperature measurements with 

pyrometry more difficult.  Consider the theoretical black and grey body spectra shown in Figure 

92.  Suppose we know that the material is at a temperature of 973K and has an emissivity of 

0.60.  In this case we would expect the material to emit the blackbody spectrum given by the 
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dashed red line.  Suppose now we were to measure the temperature using a single-color 

pyrometer.  For simplicity, assume that the pyrometer only measures spectral radiance for λ = 

3.35 μm, though most pyrometers will measure over a range of wavelengths.  If we made the 

assumption that ε = 1.0 for this material, the pyrometer would report a temperature of 873K 

associated with the spectrum given by the blue line.  For this reason it is important to have 

accurate measurements of the emissivity of the material in order to obtain accurate temperature 

measurements when using a single-color pyrometer.  Multi-color pyrometers measure the ratio of 

spectral radiance between two or more wavelengths, and are thus unaffected by the emissivity of 

the material.  However, multi-color pyrometers are generally more expensive.  Even with a 

multi-color pyrometer, emissivity of a given material to can vary with wavelength and this must 

be taken into consideration. 

Emissivity is a property that depends not only on material but on surface condition.  

Kirchhoff’s law of thermal radiation states that the emissivity of a material at a given wavelength 

must be equal to the absorptivity (the complement of reflectance) at that given wavelength [148].  

The reflectance and emissivity will depend on both the surface roughness and presence of oxide 

on the surface [147].  We can visually observe that cold spray deposits have a matte finish that is 

far less reflective than that of a polished surface.  Although we would expect reflectance to not 

necessarily be the same in the near-infrared region (in which the pyrometer operates) as the 

visible region, this is a good indication we cannot simply use emissivity values from a source 

such as the CRC Handbook.  For this reason it is necessary to measure the emissivity of AA7075 

that has been cold sprayed.   

Initially it was attempted to determine emissivity using thermocouples in conjunction 

with the pyrometer.  The cold spray deposit was heated using a hot plate and the surface 
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temperature was measured using a thermocouple.  The emissivity value in the pyrometer 

software was changed until the pyrometer temperature matched the thermocouple readings.  

However, it was found that these thermocouple readings were inconsistent.  Precise surface 

temperature measurements are necessary in the HVAC industry, and it has generally been found 

that thermocouples do a poor job of measuring surface temperatures given their high surface area 

to volume ratio compared to the surface of interest [149].  In the HVAC industry it is generally 

recommended to take measurements using infrared thermometers, which are essentially low 

temperature single color pyrometers.  To avoid the problem of emissivity as the temperature of 

aluminum duct work must often be measured, a measurement is taken on a piece of electrical 

tape, which has an emissivity of approximately 1.00 [149].  As the range temperature range of 

our pyrometer is 205°C - 967°C, this eliminates the possibility of using electrical tape.  

However, this idea was applied to measure the emissivity of cold spray deposits. 

 
Figure 93.  (A) 50 mm x 50 mm samples of aluminum with different surface finishes and 

wrought iron (bottom right) were coated with ITC-100.  (B)  Samples were heated using a hot 

plate.  Using the emissivity of the known side, the emissivity of the unknown side was measured.   

To measure the emissivity of AA7075, it was first necessary to measure the emissivity of 

a coating which could be applied to the aluminum and withstand high temperatures.  

International Technical Ceramic 100HT (ITC-100, proprietary formulation), a high-temperature 
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ceramic coating applied to furnace interiors and marketed as high emissivity, was used for this 

purpose.  To measure the emissivity of ITC-100, half of a piece of wrought iron was coated with 

ITC-100.  Wrought iron was produced by heating mild steel in a forge until a thick scale coating 

was developed.  Provided that the scale is not removed following heating, it can be assumed that 

the emissivity of this wrought iron will be very close to reported values of ε = 0.94.  The piece of 

wrought iron half coated with ITC-100 was heated with a hot plate until a steady state 

temperature was reached.  The surface temperature of the piece was measured using the 

pyrometer on the uncoated half with ε = 0.94.  The pyrometer was then moved to measure the 

surface temperature of the half coated with the ITC-100, and the ε value was adjusted until the 

two temperatures matched.  It was found that ITC-100 had an average emissivity of 0.45 ± 0.01 

in the range of the pyrometer measurement. 

Once the emissivity of the ITC-100 was known, it was possible to measure the emissivity 

of the aluminum.  This was done similarly by coating half of the aluminum piece in ITC-100, 

heating to a steady state temperature, then finding the emissivity of aluminum necessary to 

match the temperature measurement from the ITC-100.  For cold spray deposited AA7075, an 

emissivity of 0.60 ± 0.04 was measured.  Because emissivity is equal to absorptivity, this also 

tells us that we would expect 40% of incident light to be reflected by the material. 

It is unclear how accurately these emissivity measurements replicate conditions during 

deposition.  Several other surface conditions were tested to compare with literature reported 

values.  An emissivity of 0.40 ± 0.01 was reported for aluminum with a highly polished surface, 

compared to literature reported values of 0.08 [150].  A brown oxide scale was observed on the 

polished surface afterwards as it was necessary to heat the material to measure emissivity; the 

divergence with literature values is attributed to this.  Due to the questionable accuracy of these 
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emissivity measurements, heat input was controlled by laser power rather than closed-loop 

feedback control based on pyrometry.  However, pyrometer temperature measurements using the 

measured emissivity value is reported. 

It might be tempting to use thermocouples to measure temperature during deposition 

given their low cost and high accuracy as quoted by manufacturers.  While thermocouples will 

measure the temperature of the thermocouple junction to within accuracies quoted by the 

manufacturer, this temperature will not necessarily reflect the temperature of interest.  

Difficulties in surface measurements of a metal piece heated by a hot-plate were discussed 

earlier.  In LACS, these difficulties are made even greater as laser heating is a highly localized 

method of heating.  Although thermocouple measurements of the deposit surface were not 

practical, thermocouple measurements were made on the opposite side of the substrate.  A 1 mm 

45° chamfered groove was milled on the back surface for a thermocouple, allowing a 

thermocouple to be posited underneath the center of the deposit.   

5.4 Experimental Methods 

Cold spray parameters for used in this work are given in Table 13.  AA7075 powder and 

AA7075-T651 6.35 mm thick substrates were used for all deposits.  All substrates were grit 

blasted with 80 grit garnet blasting media, followed by degreasing with detergent and rinsed with 

isopropyl alcohol.  When spraying with nitrogen, AA7075 powder was heated in air at 225°C for 

20 hours prior to deposition to improve deposition efficiency to the point that substantial deposits 

could be produced within a reasonable time.   

Table 13.  Cold spray parameters used for deposition of AA7075 with varying laser power.  

*The sample produced with 0 W was deposited in 2 layers to avoid delamination of the deposit.  

All other deposits were produced with 4 layers. 
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Gas Gun 

Temperature 

Pressure Powder 

HT 

Powder 

Feed 

Rate 

Standoff Nozzle 

Speed 

Layers Laser 

Power 

100% 

N2 

400°C ± 5°C 550 psi 225°C 

20 h 

36 

g/min 

25 mm 40 

mm/s 

4* 0 W – 

2000W 

93% 

He 

415°C ± 5°C 422 psi None 33 

g/min 

25 mm 50 

mm/s  

3 0 W, 

1600W 

 

Throughout this work, the laser was focused to a spot diameter of 8 mm.  With the 

current optical components in the optics head a minimum spot size of 1.75 mm could be 

obtained, and as such, a spot size of 8 mm is produced by an out of focus beam.  However, this 

optical condition is desirable as we wish to produce even heating over the entire span of the track 

diameter (5 mm).   

For deposits produced with nitrogen, the influence of laser power output on deposition 

efficiency, microstructure, and hardness was examined.  Laser power output was varied between 

0 W and 2000 W in increments of 400 W.  It should be noted that this is the laser power output, 

not heat input.  We would expect power input to be given approximately by  

𝑃𝑜𝑤𝑒𝑟𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 = 𝜀 ∙ 𝑃𝑜𝑤𝑒𝑟𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 ........................................................................... Equation 18.  

As it has been previously established that at the same wavelength, emissivity will be 

equal to absorptivity.  This predicts that approximately 60% of the laser’s power output is 

absorbed by the cold spray.  Given the previous discussion of the difficulties with emissivity 

measurements, this should be considered a rough approximation only and for this reason laser 

power output is reported.   

Temperature was measured using a Mergenthaler single color pyrometer.  In addition to 

pyrometer measurements, temperature measurements were taken using thermocouples.  These 

thermocouples were positioned in a 1 mm groove on the bottom of the substrate.  The 
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thermocouples were positioned such that they were approximately underneath the geometric 

center of the deposit.  

As has been discussed in previous sections, deposition efficiency was recorded by 

measuring the amount of powder deposited divided by the amount of powder fed. 

Cross sections of the deposit were taken from the approximate center of the deposit to the 

edge of the deposit perpendicular to the raster direction.  Deposits were prepared for hardness 

testing and microscopy using standard metallographic procedures.  Samples were polished down 

to 1 μm a diamond suspension followed by a final polish with 0.05 μm colloidal silica.   

Hardness measurements were taken using a Buehler L600-1600 Vickers microhardness 

tester.  A grid of hardness indents was taken for all deposits in order to map hardness 

perpendicular to the plane of the substrate.  The grid was 10 indents wide to ensure 10 

measurements were taken for each depth.  A force of 300 gf and a dwell time of 15 s was used 

for indents.  Measurements were spaced a minimum of three indent diameters apart to ensure no 

work hardening effects from neighboring indents influenced hardness measurements. 

A JEOL-7000 FEG-SEM was used to take BSE micrographs of the deposits and 

substrates.  Greyscale image analysis of BSE micrographs were used to determine porosity as 

BSE imaging was found to produce superior contrast of pores compared to optical methods.  

Except for the deposit produced with a laser power of 2000 W, 10 fields with a magnification of 

150x were used to determine porosity.  Due to the large defects present in the deposit produced 

with 2000 W, it was necessary to use 5 fields at a magnification of 50x to ensure consistent and 

unbiased sampling.   

AA7075 deposits were produced with helium gas for tensile testing.  Deposits were 

produced with a laser power output of 0 W and 1600 W with the cold spray parameters given in 
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Table 13.  The same procedure as was outlined in section 3.3 was used for producing stress 

strain curves parallel to the raster direction.    

5.5 Results  

 
Figure 94.  (A) Pyrometer surface temperature and (B) thermocouple substrate temperature 

measurements over time during LACS with nitrogen for varying power inputs.  Due to the 

limited range of measurement for the pyrometer, pyrometer measurements for the surface could 

not be obtained for the 0 W and 400 W conditions. 

 

Figure 95.  Average surface temperature pyrometer measurements and peak thermocouple 

substrate temperature measured during LACS with nitrogen for varying power inputs. 

Temperature measurements were taken using a pyrometer to measure temperature at the 

surface of the deposit and a thermocouple to measure the temperature at the bottom of the 
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substrate (Figure 94).  Because the thermocouples are at a fixed location during the spray 

process, peak thermocouple temperature is reported in Figure 95.  As the pyrometer moves with 

the laser during deposition, average pyrometer temperature is reported.  The pyrometer cannot 

measure temperatures below 205°C due to too little signal, which is why no pyrometer 

measurements are reported for deposits produced with 0 W and 400 W.   

 

Figure 96.  Deposition efficiency of AA7075 sprayed with nitrogen as a function of laser power 

output. 

Deposition efficiency was measured as a function of laser power (Figure 96).  Without 

laser heating (0 W), we observe deposition efficiency is significantly higher (4.6%) compared to 

values reported in Section 2.4.5 (0.6%).  As discussed in section 3.4.2, heating of as-received 

powders at aging temperatures results in improvements in deposition efficiency due to over-

aging.   

Use of in situ laser heating is found to significantly improve deposition efficiency.  These 

increases in deposition efficiency start to level off with a power input of 1600 W around 9.2% 

but increase suddenly with a power input of 2000 W to a maximum of 15.4%. 
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Figure 97.  Surface of AA7075 deposits produced with nitrogen and a laser power output of (A) 

0 W, (B) 400 W, (C) 800W, (D) 1200 W, (E) 1600 W, and (F) 2000 W.   

 

Figure 98.  Hardness profiles as a function of distance from the substrate deposit interface 

(positive is in the deposit, negative is in the substrate) for AA7075 produced with nitrogen with 

varying laser power outputs.  A hardness profile for wrought AA7075-T651 is shown for 

comparison. 
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Hardness profiles of the substrate and deposit as a function of distance from the 

substrate/deposit interface (Figure 98). Deposits produced with 0 W and 400 W do not show 

significant reductions in substrate hardness compared to as-received wrought AA7075-T651.  

With increasing laser power, progressively greater reductions in hardness are observed in the 

substrate.  Compared to the substrate, there is far less variation in the hardness of the deposits 

produced with varying power with the exception of the deposit produced with 2000 W. 

 

Figure 99.  BSE micrographs of AA7075 deposits produced with nitrogen with laser power 

outputs of (A) 0 W (B) 400 W (C) 800 W (D) 1200 W (E) 1600 W and (F) 2000 W. 

 

Figure 100.  BSE micrographs of AA7075 deposits produced with nitrogen with a laser power 

output of 1600 W (A) at the substrate/deposit interface (B) at a partially melted band and (C) at 

the surface of the deposit. 
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BSE micrographs of the deposit (Figure 99) were taken for all different laser power 

outputs.  Deposits produced with a laser power output less than 2000 W (Figure 99A-E) show a 

deformed cellular microstructure characteristic of deposits produced with gas atomized powders.  

With a power of 2000 W (Figure 99F), significant solute redistribution was observed.  Some 

solute redistribution was observed to occur within a band with a power output of 1600 W 

(Figure 100B), but the majority of the deposit exhibited a deformed cellular microstructure 

including the deposit at the substrate/deposit interface (Figure 100A) and surface of the deposit 

(Figure 100C).  The band of material observed in Figure 100B did not span the entire cross 

section and was less than 500 µm in thickness. 

 

Figure 101.  BSE micrograph of the substrate within 500 µm of the deposit/substrate interface 

for deposits produced with nitrogen with a laser power output of (A) 0 W (B) 400 W (C) 800 W 

(D) 1200 W (E) 1600 W and (F) 2000 W.     
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Figure 102.  Backscatter electron micrograph of the substrate within 500 μm of the 

coating/substrate interface for the deposit produced with 0 W.   
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Figure 103.  Backscatter electron micrograph of the substrate within 500 μm of the 

deposit/substrate interface for the deposit produced with 1600 W 
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Figure 104.  Backscatter electron micrograph of the substrate within 500 μm of the 

deposit/substrate interface for the deposit produced with 2000 W. 

BSE micrographs of the substrates were for taken for each deposit produced with 

nitrogen (Figure 101).  These micrographs were all within 500 µm from the substrate/deposit 

interface.  Although BSE does not have the resolution necessary to resolve nano-scale 

precipitates present in optimally aged AA7075, we are able to observe an increased number of 

coarse precipitates in deposits produced with 1600 W (Figure 101E, Figure 103) and 2000 W 

(Figure 101F, Figure 104) due to over-aging compared to substrates produced with other 

conditions (Figure 101A-D, Figure 102).    
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Figure 105.  Porosity in percent as a function of laser power output for AA7075 deposits 

produced with nitrogen.   

 

Figure 106.  Sample BSE micrographs used for porosity measurement for AA7075 deposits 

produced with nitrogen with a laser power output of (A) 0 W (B) 400 W (C) 800 W (D) 1200 W 

(E) 1600 W and (F) 2000 W.     

Porosity measurements from greyscale image analysis are shown in Figure 105.  Note 

that the y axis is a logarithmic scale.  Sample micrographs used for greyscale image analysis are 

shown for each condition (Figure 106).  All deposits produced with less than 2000 W had a 
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porosity of less than 0.5%; the deposit produced with 2000 W was measured to have a porosity 

of 14.9%.  It is worthy of note that the deposit produced with 1200 W had a significantly lower 

porosity of 0.07% ± 0.01% compared with all other conditions.   

5.6 Discussion 

The use of laser for in situ heating of the substrate during deposition is found to result in 

improvements in deposition efficiency.  Assuming the pyrometry measurements are correct, 

these increases in deposition efficiency begin to level off at substrate temperature below the 

solidus temperature, then significantly increase with the onset of partial melting.  These results 

are similar to what was found in the cold spray of Al-12Si powders in the literature [143].  

However, in this work substantial deposits were only produced when partial melting occurred, 

making comparisons of porosity and hardness measurements difficult. 

 

Figure 107.  Relative cost of deposition as a function of laser power output for deposition of 

overaged AA7075 powder with nitrogen compared with deposition cost for cold spray of as-

received powders with pure nitrogen and pure helium.   
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As the use of laser heating during cold spray deposition can improve deposition 

efficiency, we revisit the question of the economics of cold spray.  A cost curve as a function of 

power is constructed for varying laser power using the procedure outlined in section 2.4.5 

(Figure 107).  The costs from the previous analysis for as-received AA7075 powder deposited 

with pure nitrogen and pure helium are shown for comparison. 

As expected, over-aging powders prior to deposition results in significant cost reductions 

when spraying with pure nitrogen as this results in over a sevenfold increase deposition 

efficiency.  Heating of the substrate with the laser during cold spray results in further reductions 

in cost.  With a laser power of 2000 W, the relative cost of deposition with nitrogen approaches 

that of helium, but the use of helium is still cheaper for producing a given mass of deposit.  

However, due to the high heat input with 2000 W, significant heat damage occurred in the 

substrate and solidification cracking occurred in the deposit.  With lower laser power outputs 

there is significantly less heat damage to the substrate and deposit but spraying with helium 

remains far cheaper.  Additionally, we would expect deposits produced with helium to exhibit 

better mechanical behavior due to the higher impact velocity.    

The gradual increase of deposition efficiency is attributed to softening of the substrate, 

and the sudden increase at 2000 W is attributed to the onset of melting.  In this context the 

substrate refers to the material directly underneath the nozzle, which will be previously deposited 

material as the deposit is built up.  This softening is attributed to the softening of the substrate 

due to being held at an elevated temperature and microstructural changes.  Upon cooling, the 

reduction in hardness due to the elevated temperature is reversed, but the reduction due to 

microstructural changes is not.    
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Slight reductions in hardness are observed in the deposit with laser powers up to 1600 W.  

As the powder was intentionally over-aged prior to deposition, we would expect any softening 

that occurs in the deposit (but not the substrate) to be the result of the reduction in dislocation 

density and grain growth, although future work would be necessary to elucidate the role of each.  

The significant reductions in hardness for a laser power of 2000 W can largely be explained by 

the increase porosity of 14.9% compared to less than 0.5% for all other conditions.  

Redistribution of solute during re-solidification also is likely to play a role, but further 

investigation would be necessary to comment more on this. 

With powers up to 1600 W, deposits are observed to retain their deformed cellular 

microstructure with solute atoms segregating along cell boundaries (Figure 99A-E).  Of these, 

no significant change was observed in the distribution of solute atoms in the deposit except for 

deposits produced with a laser power output of 1600 W, which exhibit bands of partial melting 

as previously discussed.  However, in the case of 2000 W, significant solute distribution was 

observed (Figure 99F).  Given the large amount of porosity present, this is attributed to re-

solidification after melting rather than grain growth as AA7075 is known to be highly sensitive 

to solidification cracking [151].  

The substrates for deposits produced with a laser power output of 0 W and 400 W have a 

hardness profile that does not significantly differ from that of wrought AA7075-T651 (Figure 

98).  With laser power outputs 800 W and greater we observe both greater reductions in hardness 

and wider heat affected zones.  This softening is attributed primarily due to coarsening of second 

phase precipitates in the substrate.   

In the substrates for laser power outputs of 1200 W or less (Figure 101A-D), some zinc-

rich precipitates can be observed along grain boundaries due to precipitation during quenching.  
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Within grain interiors the resolution is insufficient to distinguish nano-scale precipitates.  

However, for deposits produced with a laser power output of 1600 W and 2000 W (Figure 

101E-F) precipitates can be resolved in grain interiors.  This, along with the hardness 

measurements, is a strong indication that over-aging has occurred.   

The substrate used had a T651 temper.  This means that the material was solution heat 

treated, quenched, stretched 1% to 3% to relieve stress, and artificially aged.  Any cold work 

introduced from the rolling process will have been eliminated during solution heat treatment.  

Stretching will introduce some cold work, but this will not significantly harden the material [2].  

For this reason, the thermal softening that occurs in the substrate is attributed solely to over-

aging and not to a reduction of dislocation density. 

Use of in-situ laser heating during cold spray was found to significantly affect the stress 

strain behavior of deposited material.  An initial set of LACS deposits was produced with helium 

as the spray gas.  The helium gas was required to produce sufficiently thick deposits for 

production of tensile samples.  With laser heating, ductility was increased, but this resulted in a 

reduction of failure stress.  This is the behavior we would expect to see with the reduction of 

cold work through recovery.  Further work would be necessary to determine if the onset of grain 

growth or recrystallization occurred.  



 

155 
 

 

Figure 108.  Stress strain curves for AA7075 deposits produced with helium with a laser power 

output of 0 W and 1600 W.   

 Despite seeing significant increases in ductility, the fracture surface of the 

AA7075 samples produced with and without laser heating exhibit brittle failure along prior 

particle surfaces (Figure 109A, C).  However, images taken at higher magnification reveals 

localized regions of microvoid coalescence in both deposits (Figure 109C, D).  These regions 

are found to be larger and more distinct in deposits produced with laser heating (Figure 109D) 

compared to deposits produced without laser heating (Figure 109D) as might be expected due to 

the greater ductility of deposits produced with laser heating. 
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Figure 109.  Fracture surfaces of AA7075 deposits produced without laser heating (A, B) and 

with laser heating (C, D).  The white arrows indicate localized regions of micro-void coalescence 

that occurred during fracture. 

During LACS with a laser power output of 1600 W, a surface temperature of 375°C ± 

13°C was measured by the pyrometer.  With traditional cold spray a failure stress 372 ± 16 MPa 

and elongation to failure of 0.68 ± 0.07% was obtained.  With laser assisted cold spray a failure 

stress of 325 ± 6 MPa and elongation to failure of 2.13 ± 0.22% was obtained (Figure 108).  The 

use of laser assisted cold spray was found to significantly increase ductility but significantly 

reduce failure stress compared to traditional cold spray. 

Depending on the application, this effect on stress strain behavior may or may not be 

desirable.  As much of our work is focused on additive repair, the effect of deposition on the 
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original component (the substrate) must be considered.  Because the substrate had to be 

machined free of the deposit in order to produce tensile bars, hardness profiles as were done for 

deposits produced with nitrogen were not possible.  Based on surface temperature measurements, 

we would expect the hardness profile to be fall somewhere between that of the 1200 W profile 

and 1600 W profile (Figure 98).  The deposits produced for tensile specimens took twice the 

length of time to spray, which could influence this as well.  Given the Arrhenius type behavior 

exhibited in recovery and recrystallization, this may or may not significantly influence these 

results.  Throughout Chapters 3 and 4 it was commented that thinner layers and therefore lower 

powder feed rates resulted in higher quality deposits.  However, if minimizing heat input is a 

concern, this may not be the case for LACS.  Taking all of these factors into consideration, 

further work is necessary to investigate the relationship between laser heat input and stress strain 

behavior.  

In Figure 94A we note there is a discontinuous jump in temperature recorded by the 

pyrometer for a laser power of 1600 W.  This is not reflected by a significant jump in the 

substrate temperature (Figure 94B).  A temperature of 750°C would be well above the liquidus 

temperature of AA7075.  Although a band in which solute redistribution resulting from partial 

melting observed (Figure 100B), most of the structure retained microstructure characteristic of a 

deformed cellular network including the surface of the deposit (Figure 100C).  If these 

pyrometer measurements are indeed correct, we would expect much of the surface to have 

experienced partial melting.  This was not found to be the case anywhere on the surface of the 

cross section examined in BSE imaging, and there was no visual indication of any such melting 

as was observed in the deposit produced with 2000 W (Figure 97).  It is therefore said with 

confidence that this discontinuous increase in temperature is an artifact.  For this reason, the 
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surface temperature measurement from the pyrometer reported in Figure 94A is an average of 

measurements before this discontinuous jump. 

It may be tempting to attribute this discontinuity in temperature measurement due to a 

change in the emissivity of the material through oxidation.  Assuming emissivity increased from 

0.60 to 1.00, this could only account for a 100°C difference.  It is possible that actual emissivity 

is much lower than measured emissivity; an increase in emissivity from 0.30 to 1.00 could 

account for a 210°C difference.  However, it is important to remember that such an in increase in 

emissivity would not only influence temperature measured, but power absorbed as emissivity 

and absorbance are equal neglecting wavelength dependence.  As the surface of the deposit 

qualitatively appears to be the same as the other deposits (Figure 97E) and given the discussion 

in the previous paragraph, this does not seem to be a plausible explanation. 

The reasons for this artifact remain unclear as this issue has not been observed more than 

once.  However, it is believed that damage to the protective cover for the laser may be 

responsible.  As the spray at 1600 W was carried out before the modified air-gun was 

implemented, damage to the window had occurred due to accumulation of dust on the window.  

Following this spray, the window was replaced, and the new air-gun was implemented.  The 

damaged window could have potentially resulted in internal reflection of the laser.  As the 

pyrometer optics are in line with the laser optics, this could have resulted in a higher measured 

temperature.  However, future observations of the onset of this issue are necessary to say with 

certainty.    

5.7 Conclusions 

• The cold spray system at the University of Alabama has been successfully modified to be 

capable of laser assisted cold spray. 
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• A pyrometer is necessary for accurate surface temperature measurements during LACS.  

With a single-color pyrometer, accurate emissivity measurements of the surface is 

necessary.  An emissivity of approximately 0.60 was measured for cold sprayed AA7075. 

• Increases in laser power / substrate temperature were found to result in moderate 

increases in deposition efficiency before melting of the substrate / deposit.  With the 

onset of melting, deposition efficiency improved significantly. 

• Excessive heat input was found to result in melting of the deposit during cold spray.  

Although this significantly increases deposition efficiency, this also results in high 

porosity due to solidification cracking and significant heat damage to the substrate. 

• Increasing laser power beyond 400 W (travel speed of 40 mm/s) was found to result in 

significant reduction in hardness in the substrate close to the deposit.  These reductions in 

hardness are attributed to over-aging of precipitates in the substrate. 

• In situ laser heating was found to significantly increase the ductility of cold spray 

deposited AA7075 but was accompanied by a reduction in failure stress.  Further 

optimization is necessary to determine optimal heat input conditions balancing for UTS, 

ductility, and heat damage to the substrate. 
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CHAPTER 6: CONCLUDING REMARKS AND FUTURE WORK 

6.1 Parameter Optimization   

When depositing AA2024 and AA7075, it was found that the optimum set of operating 

conditions was to use a pressure of 400 – 550 psi, a temperature of 415°C, and a standoff 

distance of less than 50 mm.  Although increases in pressure beyond this range result in slight 

improvements in deposition efficiency, these improvements in deposition efficiency cannot be 

justified by the increased gas consumption.  Although it would be desirable to use a temperature 

greater than 415°C, the necessity of using polybenzimidazole nozzles to avoid clogging when 

spraying aluminum eliminates the possibility of using higher temperatures.   

This dissertation has produced the first quantitative report of deposition efficiencies for 

the AA7075 and AA2024 alloys.  It was found that for both AA7075 and AA2024, the use of 

pure helium as the propellant gas resulted in the greatest deposition efficiency.  A maximum 

deposition efficiency of 76% for AA7075 and 57% for AA2024 was achieved with as-received 

powders.  It was also found that the use of a pure helium propellant gas resulted in the lowest 

cost of deposition per mass of material deposited compared to nitrogen or any mixture of 

nitrogen and helium, even though helium is much more expensive than nitrogen.  These 

reductions in deposition efficiency were mirrored by reductions in particle velocity measured 

through particle image velocimetry.  Small additions of nitrogen by volume to an otherwise pure 

helium gas stream was found to result in significant reductions in deposition efficiency, 
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emphasizing the importance of maintaining an uncontaminated flow of helium.  This also 

suggests that the purity of helium used in deposition could play an important role.   

Commercially pure helium was used throughout this work as it was cheaper than higher 

purity grades.  In future work, it might be investigated if the use of purer grades of helium results 

in significantly greater deposition efficiency, and if the increased cost of this can be justified by 

the improvements, if any, in deposition efficiency. 

Large inter-layer defects were observed in deposits with the highest deposition rates.  

These defects are attributed to the thicker layers that result with increases in deposition 

efficiency.  This suggests that there is a tradeoff between deposition rate and properties which 

must be considered as nozzle traverse speed cannot be increased indefinitely.  The effects of 

layer thickness on the mechanical behavior was examined in much greater detail in section 3.   

Deposits produced with nitrogen were found to exhibit a greater number of inter-particle 

defects than deposits produced with helium.  In addition, nitrogen deposits were found to exhibit 

significantly higher hardness and particles were found to have deformed by a much greater 

amount than deposits produced with any amount of helium.  This increase in hardness is 

attributed to the low deposition efficiency of deposits produced with pure nitrogen, as non-

depositing particles will shot-peen the deposit.  This peening will further flatten deposited 

particles and result in hardening through this cold work.   

6.2 Heat Treatment of Powders Prior to Cold Spray   

In this work, a set of novel furnaces, resulting in a U.S. patent application, were designed 

and constructed for solution heat treatment of powders without sintering.  Powders were found to 

exhibit a much more homogeneous microstructure following heat treatment, and deposition 

efficiency was significantly improved.  Improvements in deposition efficiency were 
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demonstrated for AA2024 (45% to 75%), AA6061 (71% to 89%), and AA7075 (37% to 59%).  

The powder feed rate was not significantly reduced by the heat-treating process, indicating 

sintering did not occur.  TEM confirmed that naturally aged AA2024 deposits produced with 

solution heat treated powders exhibited nanoscale S’ precipitates, while deposits produced with 

as-received powders did not.  It was also found that allowing solution heat treated powders to 

naturally age following prior to deposition resulted in reductions in deposition efficiency.   

Although this furnace design was found to result in a more homogenous microstructure 

and to improve deposition efficiency, temperature gradients during heating and insufficient 

cooling rates during quenching resulted in less effective heat treatment.  This resulted in the 

cellular network not full dissolving in some particles, and reprecipitation during quenching 

occurring in others.  A new furnace has been designed and is currently under construction to 

address these issues.  Rather than direct quenching of the heat-treating vessel, pressurized inert 

gas will be used to cool solutionized powders through convection.  This design will also allow 

for the furnace to be scaled up to produce a larger quantity of powder without reducing the 

effectiveness of the heat treatment.   

In addition to the use solution heat treatment as a method of improving deposition 

efficiency, the use of aging without solution heat treatment was considered as a low-cost 

alternative for thermal pre-processing of powders.  It was found that as-received particles 

exhibited a peak-aging and over-aging response to heat treatments; powders heat treated at 

150°C exhibited a significantly lower deposition efficiency (38%) and powders heat treated at 

225°C exhibited a significantly higher deposition efficiency (61%) compared to as-received 

powder.  However, a higher deposition efficiency was still achieved without solution heat 

treatment compared to over-aging.  To fully understand the relationship between heat treatment, 



 

163 
 

powder microstructure, and deposition, further nanoscale characterization will be necessary in 

future work. 

Tensile testing was carried out on deposits to determine the effect of powder heat 

treatment on the mechanical behavior of deposits.  It was found that the use of aged powders 

significantly reduced the strength of the deposit.  However, no significant differences were 

observed between deposits produced with as-received and solution heat treated powders.   

In the author’s view, the stress-strain behavior is being dominated primarily by the 

presence of defects due to incomplete bonding on impact, to the point the changes in the 

microstructure are of secondary importance.  It is found that there is no correlation between the 

hardness and strength of the deposit.  Deposits which are produced with thinner layers are found 

to exhibit significantly lower strengths.  Additionally, deposits are found to exhibit a high degree 

of anisotropy, with failure strengths in the out-of-plane direction 80% lower compared to 

strengths in the in-plane direction.  All these observations point to defects playing an important 

role in the failure of deposits in tension. 

The issue of defect concentration is in the author’s view the greatest obstacle to 

implementation of cold spray for load-bearing and additive repairs.  Due to the high strength-to-

weight ratio of alloys such as AA2024 and AA7075, it is difficult to exceed the critical velocities 

for all particles in a given powder.  Further improvements to the furnace design may help reduce 

the critical velocities of powders.  Difficulties with the instrument prevented the use of pure 

helium for these sprays; in future work we hope to have this issue resolved which will allow for 

higher velocities during deposition.  The manufacturer has recently designed a new applicator 

that ensures co-axial injection of powders into the nozzle, which will reduce the deceleration 

effect on the edge of the gas stream.  Sieving of fine and coarse powders prior to spraying could 
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be used to remove non-depositing or poorly-adhering particles.  Additionally, spray strategy 

might be examined to distribute defects in a more favorable distribution even if the total number 

cannot be reduced.  By implementing all these changes, the author is optimistic that significant 

improvements in the mechanical behavior of the material will be observed. 

6.3 Residual Stress in Cold Spray   

Neutron diffraction was used to measure the lattice spacings of cold spray deposited 

AA2024 and AA7075 for refilled groove geometries and free-standing deposits.  In order to 

convert these lattice spacing measurements to residual strains and stresses, accurate 

measurements of the unstressed lattice spacing are necessary.  Efforts are currently ongoing in 

collaboration with Oak Ridge to make accurate measurements of the unstressed lattice spacing.  

Measurements will be attempted on a stress-relieved “comb” sample and on a powder produced 

from mechanical filings. 

Although accurate measurements of the unstressed lattice spacing are necessary to 

determine the absolute level of stress and strain present in the cold spray deposits and substrates, 

the relative difference between measured lattice spacings can be used to comment on the effects 

of processing conditions on the level of residual stress.  In the refilled groove geometry, it was 

found that a lower ratio of surface area to volume resulted in a lower magnitude of stress, which 

resulted in less constraint on the deposit.  Free-standing deposits produced with a constant total 

thickness with a different number layers were found to exhibit significantly different levels of 

stress.  A layer thickness of 0.75 mm was found to minimize the magnitude of residual stress, 

with greater levels of residual stress observed for thicker or thinner layers.  This behavior is 

attributed to the interaction of two effects:  greater stress relief with thinner layers and greater 
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angle of impact with thicker layers.  Finally, increasing total deposit thickness was found to 

reduce overall residual stress due to stress relief during deposition. 

For all measured residual stress profiles, measurements were taken in three principal 

directions.  It was found that although the lattice spacings in these different directions varied 

significantly, they did not vary consistently.  This result shows that a biaxial stress state cannot 

be assumed for cold spray deposits and that lattice spacing measurements are needed in three 

principal directions for accurate measurements of residual stress.  Although lattice spacings were 

found to vary significantly with principal direction, they were not found to vary significantly 

with location in the deposit for a given direction.    

6.4 Laser Assisted Cold Spray of AA7075 

A 4-kW diode laser was successfully integrated with the cold spray system to allow for 

laser assisted cold spray (LACS).  This LACS system is only the second one in the United States 

and the seventh world-wide.  This allows for in situ heating of the substrate during the cold spray 

process.  The effects of laser power output on the deposition efficiency, microstructure, and 

mechanical behavior of cold spray deposited AA7075 was investigated for the first time. 

Accurate temperature measurements during deposition were made difficult by the use of 

a single-color pyrometer.  Given the dependence of emissivity on surface condition, the accuracy 

of the pyrometer surface temperature measurements is called into question.  A two- or multi-

color pyrometer is a significant capital investment but is necessary if an accurate measurement of 

the surface temperature is required.  Although it would be desirable to control processing 

conditions by temperature using closed-loop feedback control, for these reasons a fixed power 

output was used, and conditions are described by the power output.  
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Increased power output was found to result in increased deposition efficiency when 

depositing with nitrogen.  However, the maximum deposition efficiency achieved without 

melting of an overaged AA7075 powder was 8.1% at 1600 W.  With a power output of 2000 W, 

deposition efficiency increased to 15.4%, but resulted in melting and solidification cracking of 

the deposit.  These improvements in deposition efficiency were still not enough to justify the use 

of nitrogen over helium on the basis of cost.  

Although increasing power input increased deposition efficiency, this was also found to 

result in significant softening of the substrate.  This softening of the substrate is attributed to 

over-aging of strengthening of precipitates.  This has significant implications for any potential 

additive repairs made using laser assisted cold spray; we can no longer assume there is no 

thermal damage to the substrate as we can for conventional cold spray.  Careful consideration of 

this will need to be taken when optimizing and applying laser assisted cold spray for any additive 

repair geometry. 

As-received AA7075 deposited with helium using LACS was found to exhibit 

significantly greater ductility than AA7075 deposited using traditional cold spray, though the 

failure stress was slightly reduced.  It is suggested that this increase in ductility is due to the 

reduction of dislocation density through recovery.  This phenomenon will be more thoroughly 

investigated in the future, as LACS shows promise for restoring ductility to cold spray deposits.  

In future work, the feasibility of LACS for additive repair corroded fastener holes using AA2024 

and AA7075 will be assessed. 
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APPENDIX 1: PARTICLE VELOCITY MODELING 

If copying and pasting this into a blank Matlab script does not work, the author can be contacted 

for a working .m file. 

%%%%%%%%%%%%%  NOZZLE GEOMETRY  %%%%%%%%%%%%%% 

  

%multiply all lengths by 10 (0.1mm step) 

dL=0.0001;%length differential 

length=1200; %total length of nozzle 

lconv=50; %length of converging section 

lthroat=0; %length of throat 

dthroat=20; %diameter of throat 

dconv=100; %diameter of convergin section 

ddiv=40; %exit diameter of nozzle 

  

%%%%%%%%%%%% SPRAY PARAMETERS %%%%%%%%%%%%%%%%%% 

  

PSI=466; %psi feedback 

GunTemp=415; %in celcius 

vf_He=0.890;%volume fraction helium (0<=vf<=1.0) 

v_i=10; %inlet velocity 

  

%%%%%%%%%%%  POWDER PARAMETERS %%%%%%%%%%%%%%%%% 

  

Dp=20.0e-6; %diameter 

Tp_i=300; %initial particle temperature, K 

rho_p=2826;%density, kg/m3 

Cp=910; %specific heat, J/kgK 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%% 

%%%%%%%%%%%  NO CHANGES BEYOND THIS POINT  

%%%%%%%%%%%%%%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%% 

  

tic 

r=zeros(1,length+1);%radius as function of distance 

for j=1:length+1 

    if j<lconv 

        r(j)=0.5*(dconv+(j-1)*(dthroat-dconv)/lconv); 

    elseif j>=lconv && j<=(lconv+lthroat) 
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        r(j)=dthroat/2; 

    elseif j>(lconv+lthroat) 

        r(j)=0.5*(dthroat+(j-lconv-lthroat-1)*(ddiv-dthroat)/(length-lconv-lthroat)); 

    end 

end 

NozzleArea=3.14159*r.^2; 

ThroatArea=NozzleArea(lconv+1); 

Aratio=NozzleArea./ThroatArea;%series of area ratios 

  

%Spray Parameters 

P_i=PSI*6894.76; 

T_i=GunTemp+273.15; 

  

%Gas Mixing 

vf_N=1-vf_He;%volume fraction nitrogen 

mf_He=vf_He*4.00026/(vf_He*4.00026+vf_N*2*14.0067);%mass fraction helium 

mf_N=1-mf_He;%mass fraction nitrogen 

  

%Helium Properties 

kappa_He=1.66; %specific heat ratio 

R_He=2077; %gas constant 

rho_He_i=P_i/(R_He*T_i);%initial density 

Cp_He=5190;%J/kgK 

  

%Nitrogen Properties 

kappa_N=1.4; 

R_N=296.9; 

rho_N_i=P_i/(R_N*T_i); 

Cp_N=1040; 

  

%Particle Properties 

  

%gas mixed properties 

kappa_gas=mf_N*kappa_N+mf_He*kappa_He;  

R_gas=mf_N*R_N+mf_He*R_He; 

P_x=zeros(1,length+1); 

Cp_gas=mf_He*Cp_He+mf_N*Cp_N; 

  

syms P 

for i=1:1:length+1 %solves for pressure ratio as a function of distance 

    aratio=Aratio(i); 

    eqn = -aratio+((0.5*(kappa_gas-1)*(((2/(kappa_gas+1))^((kappa_gas+1)/(kappa_gas-

1)))))/(((P/P_i)^(2/kappa_gas))-((P/P_i)^((kappa_gas+1)/kappa_gas))))^0.5 == 0; 

        if i<lconv 

            P_x(i)=vpasolve(eqn,P,0.6*PSI*6894); %if loop necessary to prevent Matlab from 

finding imaginary numbers and breaking 
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         elseif i==lconv 

            P_x(i)=P_x(i-1); %lets see what happens 

        elseif i>lconv && i<=lconv+lthroat 

            P_x(i)=vpasolve(eqn,P,0.6*PSI*6894); %may need to change guesses if getting improper 

assignments   

        

        elseif i>lconv+lthroat  

            P_x(i)=vpasolve(eqn,P,0.3*PSI*6894); 

        end 

end 

x=linspace(0,length,length+1); 

Prat=(P_x./P_i); 

T_g_x=T_i*Prat.^((kappa_gas-1)/kappa_gas); 

v_g=((((2*kappa_gas)/(kappa_gas-1))*R_gas*T_i*(1-(Prat.^((kappa_gas-

1)/kappa_gas))))+v_i^2).^0.5; 

rho_N=rho_N_i*(Prat.^(1/kappa_gas)); 

rho_He=rho_He_i*(Prat.^(1/kappa_gas)); 

rho_gas=(rho_He_i*vf_He+rho_N_i*vf_N)*(Prat.^(1/kappa_gas));%gas density, is a function of 

x 

  

%for helium 

mu_He_x=(-8.519e-11*(T_g_x.^2))+(4.937e-7*T_g_x)+5.640e-5; %viscosity as a function of 

position 

k_He_x=(-6.688e-8*(T_g_x.^2))+(3.860e-4*T_g_x)+4.405e-2;  %conductivity 

  

%for nitrogen 

mu_N_x=(-1.329e-11*(T_g_x.^2))+(5.124e-8*T_g_x)+3.630e-6; 

k_N_x=(-9.602e-9*(T_g_x.^2))+(6.957e-5*T_g_x)+5.818e-3; 

  

%Accounts for gas mixing  

mut_1=vf_He*mu_He_x./((vf_He*(1/sqrt(8))*((1+1)^-

0.5)*(1+1*1)^2)+(vf_N*(1/sqrt(8))*((1+4.00062/28.0134)^-

0.5)*(1+((mu_He_x./mu_N_x).^0.5).*((4.00062/28.0134)^0.25)).^2));%First term for gas mixed 

viscosity (i=He) (see Transport Phenomena, Bird/Stewart/Lightfoot, 1960)(deviation of 2%) 

mut_2=vf_N*mu_N_x./((vf_N*(1/sqrt(8))*((1+1)^-

0.5)*(1+1*1)^2)+(vf_He*(1/sqrt(8))*((1+28.0134/4.00062)^-

0.5)*(1+((mu_N_x./mu_He_x).^0.5).*((28.0134/4.00062)^0.25)).^2));%second term for gas 

mixed viscosity (i=N) 

kut_1=vf_He*k_He_x./((vf_He*(1/sqrt(8))*((1+1)^-

0.5)*(1+1*1)^2)+(vf_N*(1/sqrt(8))*((1+4.00062/28.0134)^-

0.5)*(1+((k_He_x./k_N_x).^0.5).*((4.00062/28.0134)^0.25)).^2));%First term for gas mixed 

conductivity (i=He) 

kut_2=vf_N*k_N_x./((vf_N*(1/sqrt(8))*((1+1)^-

0.5)*(1+1*1)^2)+(vf_He*(1/sqrt(8))*((1+28.0134/4.00062)^-

0.5)*(1+((k_N_x./k_He_x).^0.5).*((28.0134/4.00062)^0.25)).^2));%second term for gas mixed 

conductivity (i=N) 
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mu_gas_x=mut_1+mut_2;%mixed gas viscosity 

k_gas_x=kut_1+kut_2;%mixed gas conductivity 

  

Pr=Cp_gas*mu_gas_x./k_gas_x;%Prandtl Number 

  

%Zero arrays and initial conditions 

v_p=zeros(1,length+1);%velocity of particles 

v_p(1,1)=v_i; 

CD=zeros(1,length+1);%drag coefficient 

accel=zeros(1,length+1);%acceleration 

Re=zeros(1,length+1);%Reynolds Number 

ML=zeros(1,length+1);%local Mach number 

  

  

for i=1:1:length+1 

    ML(1,i)=(v_g(1,i)-v_p(1,i))/((kappa_gas*P_x(1,i)/(rho_gas(1,i)))^0.5); 

    Re(1,i)=Dp*(v_g(1,i)-v_p(1,i))*rho_gas(1,i)/(mu_gas_x(1,i)); 

    CD(1,i)=(24/Re(1,i))*(1+0.15*(Re(1,i)^0.687))*(1+2.718281828^((-

0.427/(ML(1,i)^4.63))+(3.0/(Re(1,i)^0.88))))/(1+(ML(1,i)/Re(1,i))*(3.82+1.28*(2.718281828^(-

1.25*Re(1,i)/ML(1,i))))); 

    accel(1,i)=0.75*CD(1,i)*(rho_gas(1,i)/(Dp*rho_p))*(v_g(1,i)-v_p(1,i))^2; 

    if i<length+1 

        v_p(1,i+1)=v_p(1,i)+accel(1,i)*dL/v_p(1,i); 

    end 

end 

  

Nu=2.0+(Re.^0.5).*(Pr.^0.33);%nusselt as a function of x  

h=Nu.*k_gas_x./Dp; 

  

T_p=zeros(1,length+1);%particle temperature 

T_p(1,1)=Tp_i; 

grad=zeros(1,length+1); 

  

for i=1:1:length+1 

    grad(1,i)=(T_g_x(1,i)-T_p(1,i))*6*h(1,i)/(Cp*Dp*rho_p); 

    if i<length+1 

        T_p(1,i+1)=T_p(1,i)+grad(1,i)*dL/v_p(1,i); 

    end 

end 

T_gC=T_g_x-273.15; 

T_pC=T_p-273.15; 

xmm=0.1*x; 

rmm=0.1*r; 

toc 

  

figure(1) 
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plot(xmm,rmm) 

title('Nozzle Geometry') 

xlabel('length(mm)') 

ylabel('inner radius(mm)') 

figure(2) 

plot(xmm,v_g) 

hold on 

plot(xmm,v_p) 

title('Gas and Powder Velocity') 

xlabel('distance in nozzle(mm)') 

ylabel('velocity(m/s)') 

legend('Gas','Powder') 

hold off 

figure(3) 

plot(xmm,T_gC) 

hold on 

plot(xmm,T_pC) 

title('Gas and Powder Temperature') 

xlabel('distance in nozzle(mm)') 

ylabel('temperature(C)') 

legend('Gas','Powder') 

hold off 

  

disp('Gas Velocity') 

disp(v_g(length+1)) 

disp('Powder Velocity') 

disp(v_p(length+1)) 
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APPENDIX 2: CADS FOR LACS SETUP 

All units are in inches.   

 

Figure 110.  CAD of the air gun machined to protect the laser optics. 

 

Figure 111.  CAD of the nozzle sheath machined to protect the bottom of the PBI nozzle. 
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Figure 112.  CAD of the plate machined to modify the existing mounting bracket. 

 

 

Figure 113.  CAD of the bracket extender machined to allow use of optimal standoff distances. 
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Figure 114.  CAD of the mounting plate machined to allow the laser optics to be mounted on the 

modified mounting bracket. 
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Figure 115.  CAD of the brackets machined to interface the safety interlocks with the downdraft 

system doors. 

 

 

 

 

 

 


