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Abstract  

It is well-known that the performance of the CS process is enhanced by increasing the 

process gas stagnation temperature, as this increases the gas velocity, and thus the 

particle velocity (kinetic energy). However, the influence of the initial substrate, coating, 

and particle impact temperatures on the CS process performance is still a topic that has 

barely been studied. This work focuses on establishing in a more systematic way how the 

initial substrate, coating, and particle impact temperatures affect the CS process 

performance by decoupling these three variables from the general spray parameters, 

namely the gas stagnation temperature. This decoupling is of crucial importance if one 

wants to be able to study the effect of each temperature and this approach has never 

been reported anywhere so far. 

In this work, two feedstock powder materials are used: pure aluminum and Inconel 718. 

The substrate material selected is Ti-6Al-4V. Therefore, the observations provided in this 

thesis are valid for the deposition of aluminum-on-Ti-6Al-4V and Inconel718-on-Ti-6Al-

4V. To increase and control the initial substrate and coating temperatures while ensuring 

proper decoupling of other spray parameters, an induction heating system is used with 

the CS process. To control the initial particle temperature, independently from the gas 

stagnation temperature, powder preheater units are used. The powder is fed in the 

diverging section of the nozzle to avoid the uncontrollable heating usually observed by 

feeding the powder in the converging section.  

Single-particle impact testing and splat adhesion strength testing are carried out to 

evaluate the effect of the initial substrate temperature on individual particles. This is 

investigated using pure aluminum as the feedstock powder material. A finite element 

modeling is also carried out to complement the experimental results. The influence of the 

initial substrate temperature on the deposition process is quantified by measuring the 
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deposition efficiency and coating porosity values. Micro-hardness testing and adhesion 

strength testing are used to characterized the as-sprayed coating mechanical properties.  

To study the influence of the coating temperature on the CS process performance, both 

powders, pure aluminum and Inconel 718, are used.  The role of the coating temperature 

on the CS process is assessed by measuring the deposition efficiency and coating porosity 

values for the deposition of both powders. Micro-hardness, adhesion, and tensile strength 

measurements of the pure aluminum coatings is carried out. For the Inconel 718 coatings, 

only micro-hardness testing is conducted.  

To characterize the influence of the particle impact temperature on the CS process, 

Inconel 718 is used. The particle impact temperature is predicted using a computational 

fluid dynamics model. Deposition efficiency, coating porosity values, and micro-hardness 

testing are used to characterize the influence of the particle impact temperature on the 

CS process.  

The results in this thesis provide a path to optimize the CS process performance based on 

the influence of the initial substrate, coating, and particle impact temperatures. This work 

also demonstrates that other variables, such as particle impact velocity and feedstock 

powder material hardness, must also be considered to optimize the CS process 

performance through the use of different temperatures.  
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Chapter 1 - Introduction 

1.1 Background 

Cold Gas Dynamic Spray (CGDS), or Cold Spray (CS), is one of the most recent thermal 

spray processes developed for the production of coatings [1]. In CS, the feedstock material 

is injected in the spray gun in micron-size powder form. These powders are accelerated 

to high impact velocities by a supersonic gas stream inside a converging-diverging nozzle. 

Once the particles exit the nozzle and impact the substrate, approximately 90% of the 

their kinetic energy is converted into thermal energy, while the rest is transformed into 

elastic and plastic deformation at high strain rates [1–4]. Bonding can take place once the 

particles and the substrate enter into intimate contact due to high interfacial pressure. 

Intimate contact is assumed to be reached when the particle/substrate respective native 

surface oxides are broken and removed after the impact [1,3–5]. 

The CS process is characterized by its high deposition rate in comparison to other thermal 

spray processes. Another benefit is that melting of the powder during the CS deposition 

is avoided. In consequence, phase transformation of the powder is by-passed and low-

oxide content coatings are produced. The CS process also presents a few disadvantages 

in comparison to other thermal spray processes. For example, the as-sprayed coatings 

exhibit limited ductility and best results are obtained when ductile powder materials are 

sprayed.   

Several studies have demonstrated that particles are required to impact the substrate 

above a critical velocity before they can deposit and form a coating. This critical velocity 

is a material dependent parameter and it is also a function of the particle size. The critical 

velocity tends to increase as the hardness and yield strength of the material increases 

because plastic deformation is limited. Additionally, the critical velocity reaches higher 

values as the particle size decreases. This is caused by the limited plastic deformation, 
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consequence of the relatively low particle impact temperatures (small particles lose more 

heat in comparison to large particles), and due to the relatively small grain size of the 

feedstock powder. Conversely, the critical velocity tends to be lower for large particles 

and for ductile materials. Reducing the critical velocity for deposition helps optimize the 

CS process performance because a better coating quality can be achieved. It has been 

suggested that the initial substrate, coating, and particle impact temperatures might also 

have an influence on the critical velocity. However, results in the literature are 

contradictory when the effect of substrate and particle impact temperature on the CS 

process performance are reported, while in-depth studies evaluating the role of the 

coating temperature are scarce.  

1.2 Motivation and General Objectives 

This work focuses on establishing how the initial substrate, coating, and particle impact 

temperatures affect the CS process performance by trying to decouple these three 

variables from the general spray parameters, in particular the gas stagnation temperature. 

To systematically investigate the effect of the initial substrate, coating, and particle impact 

temperatures on the CS deposition process, the following objectives are set:  

1. Evaluate the role of the initial substrate temperature on the CS process. 

2. Characterize the influence of the coating temperature on the CS process. 

3. Assess the importance of the particle impact temperature on the CS process. 

4. Enhance the CS process performance based on the findings of the previous 

objectives. 

1.3  Outline of the Proposal  

The thesis is organized in six chapters. The first chapter is dedicated to set the relevant 

background information for this study. It also includes the motivation and the main 

objectives of this work.  The second chapter provides a review of the relevant literature 
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for this research project.  A description of the CS process as a coating technique is 

presented. Several other topics are also presented, such as a general overview of the 

process, the critical velocity criterion, the adhesion mechanisms, the soft-on-hard and the 

hard-on-hard material combinations, among other topics. Lastly a general overview of the 

induction heating (IH) process is presented.  

The third chapter describes in detail the main objectives of this research work. The main 

goal of this chapter is to provide a clear path to demonstrate the influence of the initial 

substrate, coating, and particle impact temperatures on the CS process performance. To 

do that, the soft-on-hard and the hard-on-hard material combinations are used.  The 

fourth chapter is dedicated to provide a detailed methodology of the research approach 

to follow in this study. This chapter also describes the equipment and the materials that 

are used. The testing plans, characterization, analysis and measurement apparatus are 

also presented in this chapter. The fifth chapter provides the reader with three peer-

reviewed studies and one manuscript submitted to the Journal of Thermal Spray 

Technology (currently under review). These studies address the objectives presented in 

Chapter 3. The sixth and final chapter summarizes and highlights the importance of the 

initial substrate, coating and particle impact temperatures on the CS process. It also 

provides numerous suggestions of future work that could be done towards the 

application of these temperatures to the CS additive manufacturing subdomain.   
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Chapter 2 - Literature Review 

2.1 Cold Gas Dynamic Spray 

2.1.1. Background 

The CS process was first conceptualized more than 120 years ago in 1900 by Thurston [6] 

as a metallic blasting process. Almost 60 years after its first conceptualization, Rocheville 

introduced the use of a nozzle  to the process in order to produce a supersonic flow [7]. 

Unfortunately, at that time, the mainstream use of the process as a coating method did 

not materialize as a coating deposition technique [2]. In the mid-80’s the CS process was 

re-discovered at the Institute of Theoretical and Applied Mechanics of the Siberian 

Division of the Russian Academy of Science in Novosibirsk [2]. However, it was not until 

1995 that patents were granted in the United States and Europe to Alkhimov et al. for the 

cold spray process.  

The CS is characterized by its low gas temperatures and fast particle velocities compared 

to other thermal spray processes [4], as presented in Figure 2.1. While many thermal spray 

processes require melting to produce a coating, the CS process is classified as a solid-

state deposition process [4]. One of the many advantages that CS offers over other 

thermal spray processes is the possibility of controlling the microstructure of the resulting 

deposit, as melting and uneven solidification rates of the powder are circumvented[1,4]. 

The resulting microstructure of the deposits will have a strong resemblance to the original 

feedstock powder material. Because CS relies on the plastic deformation of the particles 

to build up a coating [1,2,4], the variety of materials that can be sprayed using this 

technique is limited. For this reason, CS works almost exclusively with metals, and works 

best with ductile materials although research in the past decades have allowed to extend 

the technique to hard materials, cermets, polymers and ceramics, under limited 

conditions, with research work still underway [8–11].  
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Figure 2.1 Comparison of the particle velocity and gas velocity for various thermal spray processes Republished 

from [4] with permission of Springer; permission conveyed through Copyright Clearance Center, Inc. 

Since the mid-80’s the number of CS studies have grown exponentially. These vary from 

fundamental principles of the CS process to industrial applications [12,13]. Even though 

the CS process appears to be simple, the physics behind the deposition process are 

extremely complex. This is because many different fields and areas are involved, such as 

gas dynamics, heat transfer, solid mechanics, and surface and materials science. Thus, a 

multidisciplinary endeavor is required to gain a full understanding of the physics behind 

the deposition and bonding mechanisms in the CS process.  

2.1.2. Process Overview  

A schematic of the CS process is presented in Figure 2.2. The process starts with a high-

pressure source of gas, which usually supplies helium or nitrogen. This gas is often called 

propellant gas, because it is used to accelerate the feedstock powder material [1,2,4]. The 

high-pressure gas flow is then passed through a heater, which increases its temperature 

to provide thermal energy to the propellant gas. Commercial CS systems can increase the 

gas temperature up to 1100 °C, but temperatures ranging from 500 to 1000 °C are more 
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commonly used. Once the gas is heated, it is injected into a converging-diverging (de-

Laval) nozzle where it expands and accelerates to supersonic speeds (ranging from 400 

to 1200 m/s) [1,2,4], as a result of the transformation of thermal energy (enthalpy) of the 

gas into kinetic energy [1,4]. The gas velocity and temperature at the nozzle exit are a 

function of the nozzle geometry, nature of the gas, and gas stagnation conditions 

(pressure and temperature) [1,4,13–16].  

 

Figure 2.2 Schematic of a typical cold spray process. Republished from [17] with permission of Springer; 

permission conveyed through Copyright Clearance Center, Inc. 

Simultaneously, a second gas flow, also commonly referred to as carrier flow, is fed into 

the powder feeder, as shown in Figure 2.2. The carrier flow is used to fluidize the powder 

and feed it into the nozzle. Powders can be fed at the converging (upstream or hot zone) 

or diverging (downstream or cold zone) regions of the nozzle [18]. After being fed inside 

the nozzle and accelerated by the propellant gas, the particles will exit and impact the 

substrate. Upon their impact, the particles will plastically deform, and they may adhere to 

the substrate surface and form a coating if conditions for bonding are met [12]. To fully 

understand the bonding conditions and the subsequent building up process, the critical 

velocity criterion and the bonding mechanisms are presented.  
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2.1.3. Gas Dynamics in Cold Spray 

To understand this process, a gas dynamics analysis using basic concepts of this field will 

be carried out in this section. The importance of compressibility effects in fluid flow 

calculations depend on the magnitude of the flow velocity with respect to the speed of 

sound. In gas dynamics, the Mach number is used to quantify the compressibility of the 

gas and it is defined by Eq. 2.1. 

𝑀 =  
𝑉

𝑐
=  

𝑉

√𝛾𝑅𝑇
 Eq. 2.1 

A flow with M < 0.3 is considered incompressible. Therefore, there are no important 

changes in density with respect of pressure.  If 0.3 < M < 1, the flow is considered a 

subsonic flow. In this case, compressibility effects may be important. Finally, a supersonic 

flow (M > 1) is said to be present when the fluid velocities are larger than the speed of 

sound.  For this flow conditions, compressibility effects are significant.  

2.1.4. Fluid Flow in a Variable Area Nozzle 

In CS, the gas reaches supersonic velocities using a converging-diverging nozzle.  To 

understand the effect of a variable area nozzle on an isentropic flow, three governing 

equations are considered: mass conservation, energy conservation and the second law of 

thermodynamics. From these three, it is found that:  

𝑑𝑉

𝑉
 (1 − 𝑀2) =  − 

𝑑𝐴

𝐴
  Eq. 2.2 

Equation 2.2 shows the relationship between changes in the flow velocity (dV) and the 

cross sectional area (dA). Additionally, this equation outlines the importance of the Mach 

number, as it presents the dependence of the flow behavior in a variable area nozzle as a 

function of the compressibility of the gas. A subsonic flow (M<1) result in dV and dA to 

have the opposite sign. This produces the well-known behavior for incompressible flows, 
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in which the velocity increases as the cross-sectional area is reduced. On the other hand, 

if the M >1 the flow will accelerate in an increasing variable area section. Figure 2.3 

presents a summary of the different flow behaviors that can be inferred from Eq. 2.2.  

 

Figure 2.3 Representation of differences in flow behavior for subsonic and supersonic flows in a variable area 

nozzle. Ma is the Mach number. Republished from [19] with permission of John Wiley & Sons; permission 

conveyed through Copyright Clearance Center, Inc.  

2.1.5. Stagnation Properties 

In gas dynamics, the stagnation properties represent the flow conditions when the gas is 

decelerated isentropically to zero velocity. When a gas is expanded isentropically from its 

stagnation state through a de-Laval nozzle, the energy is transformed from pressure and 

thermal energy (the enthalpy of the stagnation state) into kinetic energy. This produces a 

decrease in temperature and pressure, or enthalpy, as the expansion occurs.  
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If the gas is assumed to be calorically perfect and the expansion is isentropic, the 

temperature and pressure at any point of the nozzle are given by Eq. 2.3 and Eq. 2.4, 

respectively. The subscript 0 refers to the stagnation state while the other side of the 

equations refers to the enthalpy and velocity at any point of the nozzle. 

𝑇0

𝑇
= 1 +  

𝛾−1

2
𝑀2 Eq. 2.3 

And 

𝑃0

𝑃
=  (1 + 

𝛾−1

2
𝑀2)

𝛾

𝛾−1
 Eq. 2.4 

The previous equations allow determining the flow conditions at any point in the nozzle.   

2.1.6. Particle Acceleration 

Particles traveling inside the nozzle are accelerated as a result of the drag force that they 

experience due to their interaction with the supersonic flow. The drag force (FD) exerted 

on the particles can be expressed as follows:  

𝐹𝐷 =  
1

2
𝐶𝐷𝐴𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝜌𝑔𝑎𝑠(𝑉 − 𝑉𝑝)

2
 Eq. 2.5 

in Eq. 2.5, CD represents the drag coefficient, Aprojected is the projected area of a particle, 𝜌 

is the gas density and (V-Vp) represents the relative velocity of the flow with respect of the 

particle. If Eq. 2.5 is combined with Newton’s law, then the particle acceleration (aparticle) 

can be written as:  

𝑎𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 =
1

2
𝐶𝐷𝐴𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑

𝜌𝑔𝑎𝑠

𝑚𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
(𝑉 − 𝑉𝑃)2 Eq. 2.6 

Where mparticle is the mass of the particle. From Eq. 2.6 it can be seen that the magnitude 

of the particle acceleration is a function of the relative gas velocity.  It can also be seen 

that the drag coefficient will have an influence on the particle velocity. As such, significant 

differences in the particle velocities are expected between particles having a spherical 
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morphology in comparison with irregular shaped ones, as reported by Jodoin et al [20]. 

The ratio Aprojected /mparticle hides some features related to the particle size and material. 

Assuming a spherical particle, the projected area is a function of its diameter squared, 

while the mass is a function of its volume (diameter cubed). Therefore, the particle 

acceleration is inversely proportional to the particle diameter. Thus, larger particle will 

travel at lower velocities in comparison to small as the latter are easier to accelerate. Lastly, 

the gas density plays a role as the particle acceleration will be proportional to the gas 

density, which in turn is a function of the gas nature and stagnation properties.  

2.1.7. Critical Velocity 

Feedstock powders used in the CS process are characterized by a size distribution. 

Therefore, a particle velocity distribution is obtained at the nozzle exit. This distribution is 

a function of the particle size and the particle history inside and outside the nozzle prior 

to impact with the substrate. If the particles have a sufficiently high impact velocity, they 

will elastically and plastically deform upon impact, bond, and form a coating. Otherwise 

they will bounce off the substrate surface, or even erode it in some cases.  To set a clear 

distinction between the two previous cases, a criterion has been suggested and confirmed 

by different studies: the critical velocity [14,15,21–23].  

The critical velocity (Vcrit) is mostly a function of the powder material, as presented on 

Figure 2.4. For example, it has also been shown that crystallographic lattice structures, 

stiffness, density, melting temperature, and yield strength have an impact on the critical 

velocity [15,24,25]. Other factors that have been suggested that could possibly influence 

the critical velocity are particle impact temperature [16,18], particle size [14,15,18,26], 

substrate material [27–29], substrate temperature [30,31], and native oxide layer [32–35]. 

However, studies focused on the influence of the substrate and particle impact 

temperature have reported contradictory results and conclusions cannot be generalized.  
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Figure 2.4 Experimentally determined critical velocities for various material. Republished from [24] with 

permission of Springer; permission conveyed through Copyright Clearance Center, Inc.   

In the following section, the bonding mechanisms that occur when enough plastic 

deformation is reached are discussed. 

2.1.8. Bonding Mechanisms 

Once the particles exit the nozzle, they can potentially adhere to the substrate if they 

exceed their critical velocity for deposition [12,15,22]. The adhesion mechanisms can be 

classified into metallic and mechanical bonding [36,37]. Mechanical bonding, or 

anchoring, is the type of bonding in which the particles mechanically interlock with the 

substrate [36,38–40], as shown on Figure 2.5. It is believed that the creation of anchor 

points is due to the extremely high levels of deformation that take place at the 

particle/substrate interface during the impact process [22,23,40]. The natural occurrence 

of mechanical interlocking between the powder and the substrate is commonly observed 

when these two have a similar strength or when a hard material is sprayed on a soft 

substrate [37,40,41]. For the soft-on-hard material combination, the natural occurrence of 
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these anchor points is not expected due to hardness dissimilarity between the two metals 

[36,38,39,41–43]. Studies have shown that the lack of formation of anchor points can 

potentially be addressed by preparing the substrate surface before the CS process [36–

39]. By doing so, artificial anchor points are created on the surface which in turn increase 

the mechanical contribution on the overall adhesion strength of the coating [36,38–40], 

as presented in Figure 2.5 

 

Figure 2.5 Mechanical bonding at the interface between a soft copper coating (top) and a hard steel substrate 

(bottom). Adapted [38] with permission of Springer; permission conveyed through Copyright Clearance Center, 

Inc.   

Metallic bonding is of the same nature as the one found in bulk metallic materials 

[12,22,36,37,42]. However, the difference is that for the CS process the electrons are 

shared between the atoms of the coating and the substrate [36,42,44,45]. In the literature, 

it has been proposed and accepted that the mechanisms driving the metallic bond 

formation in the CS process are similar to the mechanisms experienced in the cold welding 

process [12,34]. To induce metallic bonding, two clean and oxide-free surfaces must be 

brought into close contact (substrate and particles), and high interfacial contact pressures 

between the substrate and the particles must be achieved [12,34,35], as summarized by 

the schematic shown in Figure 2.6.  
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Figure 2.6  Schematic of the bonding process in the cold welding process. Adapted from [46]  with permission 

of Springer; permission conveyed through Copyright Clearance Center, Inc.   

 

In the CS process, metallic bonding is only achieved locally at the regions where both 

conditions are met [12,34,35]. An example of this bonding mechanism is presented in 

Figure 2.7. A cross-section of a pure aluminum particle deposited on a Ti-6Al-4V substrate 

is presented in Figure 2.7 a). It can be seen that for this particular case, no visible substrate 

deformation occurred, and partial bonding was achieved because gaps are visible 

between the particle and the substrate (black arrows). For this material combination, the 

adhesion is mainly attributed to the formation of metallic bonds [36,42]. In Figure 2.7 b) 

and c), top view images of a pure aluminum particle before and after splat adhesion 
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strength testing are presented. On these, it can be seen that after the testing procedure, 

the particle was partially bonded to the substrate. It is said that conditions for bonding 

were only met where particle remnants can be seen [42,43,47]. Contrarily, for the regions 

in which the substrate is visible, these conditions were not likely met and bonding did not 

likely occur [42]. Metallic bonding at the interface is enhanced by substrate deformation 

and native-free oxide surfaces.  

 

Figure 2.7 Pure aluminum particle deposited on a Ti-6Al-4V substrate. a) cross-sectional image of an 

individual particle bonded to the substrate, b) top view of a particle deposited onto the substrate, and c) 

evidence of a metallic bond Black arrows in a) indicate partial contact between the substrate and the particle. 

Adapted from [42] with permission of Springer; permission conveyed through Copyright Clearance Center, Inc.   

2.1.9. Initial Substrate Temperature 

The initial substrate temperature has been proposed as a variable that could potentially 

reduce the critical velocity, and thus, likely improve the CS deposition process. Studies 

have been devoted to investigate the role of relatively high initial substrate temperatures, 

but the breadth of results are, in some cases, contradictory. For single particle testing 
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(“wipe tests”), it is clear that the number of deposited particles increases as the initial 

substrate temperature rises [11,45,48,49]. However, in these studies, the potential 

mechanisms increasing the number of deposited particles as a function of the 

temperature has not been explained. In addition to that, the influence of the initial 

substrate temperature at the single-particle level has been mostly evaluated by looking 

at cross-sectional images of deposited particles. This approach, however, is limited for the 

following reasons:   

 Results may be misleading because the deposited particles might not be cut 

through the center of the particle resulting in not representative cross-sectional 

images. 

 The adhesion strength as a function of the initial substrate temperature cannot be 

quantified. 

 The bonded area at the particle/substrate interface as a function of the initial 

substrate temperature remains unknown. 

For the deposition efficiency (DE), the results are contradictory. In the literature, higher DE 

values for nickel, titanium, aluminum, diamond/Ni60 and copper/alumina have been 

measured as the initial substrate temperature increases [50–52]. In these studies, a laser 

coupled to the CS process is used to increase the initial substrate temperature. According 

to these studies, the substrate temperature is kept at a constant value by increasing the 

laser power using a closed-loop feedback system connected to the laser equipment [50–

53]. The problem with this approach is that it creates a variable heat input (a variable 

substrate heating rate), and thus, comparing the as-produced coatings is difficult due to 

the different thermal history. Additionally, so far, no clear explanation has been provided 

to explain the increase in DE. Efforts to explain the benefit preheating the substrate using 

a laser have been carried out, some attribute the higher DE results to the laser heating 

the propellant gas molecules, while others believe that the powder stream is heated. Thus, 
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so far, no consensus has achieved to explain the higher DE values as a function of the 

substrate temperature.  

On the other hand, the DE for pure aluminum, copper, iron, iron-based, tin, zinc and 

metallic glass coatings did not increase with respect of the initial substrate temperature 

[31,45,54,55]. However, in these studies the lack of an increase in DE has not been 

explained. Additionally, most of the studies did not report the time-temperature history 

during the spraying process which makes it difficult to draw conclusions. In consequence, 

this work aims to provide a generalized explanation to understand the influence of the 

initial substrate temperature on the DE results.  

From the few studies that have reported mechanical properties, it is clear that no changes 

in coating hardness must be expected as the initial substrate temperature increases 

[49,56]. However, no explanation has been provided to describe the coating micro-

hardness behavior. In consequence, this work will also provide an explanation to describe 

the lack of change in coating micro-hardness values.  

Another mechanical property of interest is the coating adhesion strength. According to 

different authors, an increase in adhesion strength is expected with an increase in initial 

substrate temperature [11,31,53,56–59], unless a thick oxide layer is formed on the 

substrate during the preheating step, which ultimately hinders adhesion [31,56].  While 

the reasons to have higher adhesion strength values have been generally outlined in 

previous studies, it is still unclear 

 how favoring the native oxide growth (due to higher substrate temperatures) can 

in some cases increase the adhesion strength values, and 

 what the mechanisms driving the increase in adhesion strength are. 

To answer these questions, in this work, an oxidation-resistant material (Ti-6Al-4V) is used.  

Selecting this material will help understand how favoring the native oxide growth can 
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raise the adhesion strength values. To describe the mechanisms driving the increase in 

adhesion strength, the soft-on-hard material combination (Aluminum on Ti-6Al-4V) is 

used. This will limit the formation of mechanical anchor points, and thus, any increase in 

adhesion strength can be attributed to accelerated metallic bond formation. 

2.1.10. Coating Temperature  

The role of the coating temperature has not been considered at all as a potential variable 

that could improve the CS deposition process. The main reason for this is that elevating 

the coating temperature is often difficult due to a constant heat exchange between the 

gas and the coating. Locally increasing the coating temperature has only been achieved 

through the use of a laser coupled with the CS process which irradiates on the deposited 

layers during the spray time. As in other studies, the laser power is controlled using a 

closed-loop feedback system connected to the laser equipment to keep a constant 

substrate temperature [60–62]. This approach has a few problems:  

 The coating temperature is not controlled. Authors have used a closed-loop 

feedback system to keep a constant substrate temperature.  

 As the coating thickness increases, more and more energy (or a higher power) is 

required to keep a constant substrate surface temperature due to heat dissipation 

by conduction into the coating. 

 The coating temperature during the spraying process becomes a function of the 

substrate temperature. These two variables cannot be decoupled.  

In this work, the influence of the coating temperature on the CS deposition process is 

evaluated by decoupling the substrate and the coating temperatures.  

Generally speaking, studies have shown the laser-assisted CS process can increase the DE 

[60,61]. The laser-assisted CS process has also improved the coating quality in some cases 

[50,51,60], while it has worsened it in others [61,62]. Because of the contradictory results 
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the influence of the coating temperature on the CS deposition process becomes difficult 

to assess. Moreover, most of the studies have been focused on quantifying the deposition 

efficiency, porosity and micro-hardness values of the produced coatings. While the 

evaluation of the as-produced coating mechanical properties, such as the adhesion and 

tensile strength, has been neglected. In consequence, in this work, the influence of the 

coating temperature on the mechanical properties is investigated.   

Until this day, only the use of laser systems has been proposed and no other alternatives 

have been investigated to increase the coating temperature. It is believed that the 

induction heating process can potentially be used to increase the coating temperature as 

a consequence of an eddy current density distribution formed within the coating. 

Therefore, in this work, the use of an induction heating system as a method to increase 

the coating temperature independently of the initial substrate temperature is 

investigated. The soft-on-hard and hard-on-hard material combinations are used to study 

the influence of the coating temperature on the CS deposition.  

2.1.11. Particle Impact Temperature  

Studies have been dedicated to understand the role of relatively low and high particle 

impact temperatures on the spraying process [16,18,63–69]. Higher particle impact 

temperatures have been found to favor plastic deformation under lower stress flows 

[18,64,66]. In consequence, the critical velocity for deposition is said to be a function of 

the particle impact temperature [14,18]. Assadi et al.[14] proposed an equation which 

expresses the critical velocity, of copper only, in terms of material properties and particle 

impact temperature: 

𝑉𝑐𝑟𝑖𝑡 = 𝑘1√𝑐𝑝(𝑇𝑚𝑒𝑙𝑡𝑖𝑛𝑔 − 𝑇𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) + 16 
𝜎𝑦

𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
(

𝑇𝑚𝑒𝑙𝑡𝑖𝑛𝑔−𝑇𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑇𝑚𝑒𝑙𝑡𝑖𝑛𝑔 − 293
)  Eq. 2.7 
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In Eq. 2.7, k1 is a particle size-dependent dimensionless fitting parameter, Cp is the specific 

heat of the particle material, Tmelting is the particle melting temperature, Tparticle is the 

particle impact temperature, σy is the yield strength of the particle material at 293 K, and 

ρparticle is the density of the particle material. Equation 2.7 implies that by increasing the 

particle impact temperature, higher copper deposition rates could potentially be attained 

as the critical velocity for deposition is reduced [14]. However, studies have not been able 

to provide a similar equation for other materials, such as aluminum, Inconel 718 or 

stainless steel. Therefore, the overall effect of the particle impact temperature on the 

deposition of other materials needs to be investigated. 

Despite the good understanding between the critical velocity and the particle impact 

temperature, the influence of this variable on the overall coating quality is far from being 

completely understood.  For example, it is believed that the use of higher particle impact 

temperatures must always result in higher deposition efficiencies and lower porosity 

values [18,64–66]. However, studies have also shown that this is not necessarily the case. 

Higher particle impact temperatures can also result in higher deposition efficiencies and 

porosity levels, but until this day, there is no clear explanation that can describe this trend 

[70–72]. The author of this work believes that this discrepancy exists by the lack of control 

in the particle impact temperature due to the upstream injection. Feeding the powder at 

this location causes the stagnation gas, and ultimately particle velocity, and the initial 

particle temperature to become two intertwined variables. Therefore, any changes in the 

stagnation gas temperature inevitably have a direct influence on the particle impact 

temperature. As such, to fully understand the influence of the particle impact temperature 

on the coating quality, the deposition efficiency, and the porosity values, the stagnation 

gas and initial particle temperature must be decoupled.  In this work, a potential method 

to do so is proposed and explored.  Powder particles are fed in the downstream section 

of the CS nozzle and controlled powder preheating units are used to investigate different 
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particle impact temperatures. As a result, the gas stagnation conditions can be kept 

constant, and thus the particle impact velocity, and the influence of the particle impact 

temperature on the overall coating quality can be unraveled. To study the influence of the 

particle impact temperature on the overall coating quality, the hard-on-hard material 

combination is used.  

It has been demonstrated that higher particle impact temperatures have a tendency to 

decrease the adhesion strength of the coating in comparison to lower particle impact 

temperatures [18]. The lower coating adhesion strength values are attributed to the fact 

that substrate deformation is reduced, while particle deformation is favored when higher 

particle impact temperatures are used. This hinders the breakage of the substrate native-

oxide layer leading to lower adhesion values [18].  To clearly demonstrate the influence 

of the particle impact temperature on the coating adhesion strength, the authors followed 

the approach suggested in the previous paragraphs. This means that samples are sprayed 

using similar particle impact velocity, but different particle impact temperatures [18].  

These results suggest that the proposed methodology should help explain the influence 

of the particle impact temperature on the overall coating quality (DE and porosity values).   

2.1.12.  Dimensionless Parameter Eta (η) 

In the literature, the dimensionless parameter η correlates the particle impact velocity 

(Vimp) and the critical velocity as shown in Eq. 2.8 [14] 

𝜂 =
𝑉𝑖𝑚𝑝

𝑉𝑐𝑟𝑖𝑡
   Eq. 2.8 

From Eq. 2.8, it is evident that deposition starts when η ≥1. Knowing that the critical 

velocity decreases with particle impact temperature [14], feedstock powder materials 
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should ideally be sprayed using parameters that simultaneously increase their particle 

velocity and temperature prior to their impact. In the literature,  η ~ 1.5 is often referred 

to as the benchmark for a high quality coatings [14]. It should be noted that this value 

was obtained for copper only with a specific powder size range, microstructure, and 

native-oxide layer.  Therefore, η ~ 1.5 should be used as a parameter to be optimized for 

specific powder material and conditions rather than as a hard value.  

2.1.13. The Role of the Particle/Substrate Strength on the CS Deposition 

Process  

The mechanical properties of the particle and substrate materials will play an important 

role during the deposition process [40,41]. Bae et al. [41] proposed four more relevant 

deposition cases based on the particle/substrate strength combination: soft/soft, 

soft/hard, hard/soft, and hard/hard. For the soft/soft and hard/hard, both the particle and 

the substrate experience a similar degree of deformation, as shown in Figure 2.8 a) and 

b), respectively.  
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Figure 2.8  Classified four cases of particle impact on substrate: (a) soft/soft (Al particle onto Al substrate, (b) 

hard/hard (Ti particle onto Ti substrate, (c) soft/hard (Al particle onto mild steel substrate), (d) hard/soft (Ti 

particle onto Al substrate). Reprinted from [41] with permission of Elsevier; permission conveyed through 

Copyright Clearance Center, Inc.   

For the most extreme cases (soft/hard and hard/soft), the deformation mainly occurs on 

the soft part, while their hard counterparts remain barely deformed. These two cases are 

of great interest as the deposition of soft and ductile powders on hard substrates is often 

accompanied by poor adhesion, due to an improper cleaning process of the substrate 

native-oxide layer. For the hard-on-soft combination, higher particle velocities and 

temperatures are expected to properly deform the coating layers and produce a good 

quality coating. 

2.2  Substrate Material 

2.2.1. Ti-6Al-4V (Ti64) 

Ti64 is used as the hard substrate material in this work. This α-β alloy is characterized by 

high strength and hardness, its high specific weight-strength ratio, corrosion resistance, 
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and oxidation resistance at a wide range of temperatures up to 600 °C [73,74]. This alloy 

was originally developed for aircraft structural applications and it was developed to work 

under moderate to high temperature applications [73,75]. A thermodynamically stable, 

protective α-Al2O3 phase in combination with TiO2 will form on the surface [75]. These 

properties make Ti64 an ideal candidate to study the influence of the initial substrate 

temperature. A detailed explanation supporting this choice is provided in Chapter 4. The 

maximum aluminum content is limited to 6 wt.% due to its detrimental effect on ductility.  

A few drawbacks of this alloy are its poor thermal conductivity, its propensity to strain 

harden, and its significant decrease in young modulus at temperatures above 600 °C 

[73,75]. 

2.3 Feedstock Powder Materials 

In Figure 2.4, it was shown that the critical velocity ranges from a couple of hundred 

meters per second, i.e. tin, up to 750 m/s or higher for materials like MCrAlY. Commonly, 

materials with relatively low mechanical properties, like tin or zinc, do not require high 

gas velocities to accelerate the particles above their critical velocity, as shown in Figure 

2.9. In the following section, the approaches used to produce aluminum and Inconel 718 

coatings are discussed.  

 

Figure 2.9 Powder sprayability as a function of the propellant gas velocities and mechanical properties. 
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2.3.1. Aluminum  

Aluminum is an FCC metallic element with high ductility at room temperature, high 

thermal conductivity, low hardness and density. It is one of the easiest materials to spray 

using the CS process [76]. The critical velocity of pure aluminum is around 600 m/s 

[12,15,22,24]. These characteristics have also made aluminum one of the flagship 

materials of the CS technique and many studies in the field have been dedicated to 

understand the cold-spray deposition of aluminum coatings [18,59,77–82]. Because of 

these reasons, aluminum is chosen as the soft feedstock powder material. A detailed 

explanation supporting this choice is provided in Chapter 4 

2.3.2. Inconel 718 (In718) 

In718 has gained special attention from the CS community in recent years [11,70,83–98]. 

This superalloy is characterized by its high mechanical properties at a wide range of 

temperatures (from cryogenic temperatures up to 700 °C) [99–102]. This alloy also exhibits 

a high performance against corrosion and oxidation at elevated temperatures [100–102]. 

Therefore, it has become a popular material in the aerospace and aeronautical industries.  

The same excellent mechanical properties that characterize this nickel-based superalloy 

also make the production of coatings using the CS process challenging [70,84,86].  Plastic 

deformation of this material is highly restricted at temperatures below 750 °C (1400 °F). 

These properties make In718 an ideal candidate for the hard feedstock powder material. 

A detailed explanation supporting this choice is provided in Chapter 4.   

2.4 Induction Heating Process 

2.4.1. Overview of Induction Heating  

From a practical perspective, the induction heating (IH) process can be described by the 

application of alternating voltage to an inductor (coil). This in turn creates an alternating 
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current (AC) flow on the coil. The AC flow on the coil will then create an alternating 

electromagnetic field (EMF) with an identical frequency to the AC flow, as described by 

Ampere’s Law [103–109]. The EMF will induce the formation of eddy currents in any 

metallic piece located in the vicinity of the coil. These currents will have the same 

frequency as AC flow on the coil; however, their direction is opposite to the coil current, 

as presented by the schematic in Figure 2.10. The induced eddy currents will heat the 

metallic piece due to the Joule heating effect. It is worth noting that the eddy current 

distribution within the metallic workpiece, and thus the temperature gradient, will not be 

uniform [103,104,106,107]. 

 

Figure 2.10 Schematic of the induction heating process. Adapted from [110]. 

From a theoretical perspective, the IH process, and thus, the eddy current density 

distribution can be described using the well-known Maxwell equations, which are 

presented in Eq. 2.9-2.12 [105,108,109]: 

𝜕𝐷

𝜕𝑡
+  𝐽 =  ∇ × 𝐻 (Maxwell-Àmpere equation) Eq. 2.9 
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𝜕𝐵

𝜕𝑡
+  ∇  × 𝐸 = 0 (Faraday equation) Eq. 2.10 

∇  ∙ 𝐷 =  𝜑𝑓𝑟𝑒𝑒𝑐ℎ𝑎𝑟𝑔𝑒  (Gauss electrical equation) Eq. 2.11 

∇  ∙ 𝐵 = 0(Gauss magnetic equation) Eq. 2.12 

D is the electric displacement field, E is the electric field, H is the magnetic field, B is the 

magnetic flux density, J is the electric current density, and φfreecharge is the volume free 

electric charge density. D and B are related to E and H by the following constitutive 

relationships: 𝐷 =  𝜀𝐸 and 𝐵 = 𝜇𝐻. ε and µ are defined as electric permittivity and 

magnetic permeability of a specific medium, respectively [105,108,109].   

The Maxwell-Àmpere equation states that the electric current density (J) passing through 

a surface is equal to the line integral of the magnetic field H on the boundary of that 

surface.  The Faraday equation demonstrates that the time derivative of the flux of the 

magnetic induction through a given surface is equal to the line integral of that induced 

electric field on the boundary of that surface.  The Gauss electrical equation states that 

the total charge contained inside a volume is equal to the external flux of the electric 

induction through the boundary of that volume. Lastly, the Gauss magnetic equation 

states that magnetic charges do not exist [105,108]. 

Once the Maxwell equations have been presented, these can be manipulated to describe 

the formation of eddy currents due to alternating magnetic fields. Despite the fact that 

eddy currents within a metallic piece must be induced by a time-varying field associated 

with the current flowing in a coil, it turns out that the displacement current inside the 

metallic piece can be neglected [108,109]. In other words, the currents inside the metallic 

part have a quasi-static nature and a non-significant number of displaced currents are 

formed. To support this argument, it is necessary to first introduce Ohm’s Law (Eq. 2.13) 

and the displacement current density equation (Eq. 2.14) [105,108,109]. If any 
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displacement current density exists in the metallic geometry, the total current density 

(JTotal) can be calculated as the sum of the current and the displacement current density 

(JD), as shown in Eq. 2.15 [108].  In phasor form, for sinusoidal time variation fields E, the 

sum can be expressed as in Eq. 2.16 [108].  

𝐽 =  𝜎𝐸 Eq. 2.13 

𝜕𝐷

𝜕𝑡
=  𝐽𝑫 =  

𝜕𝜀𝐸

𝜕𝑡
 Eq. 2.14 

𝐽𝑡𝑜𝑡𝑎𝑙 = 𝜎𝐸 +
𝜕𝜀𝐸

𝜕𝑡
= (𝜎 + 𝜀

𝜕

𝜕𝑡
) 𝐸 Eq. 2.15 

𝐽𝑡𝑜𝑡𝑎𝑙 = (𝜎 + 𝑗𝜔𝜀)𝐸 Eq. 2.16 

Where σ is the electrical conductivity of a material, j is the complex part of the current 

driving the electric field and ω is the angular frequency (2π·frequency) [108]. 

Typically, metals have a σ in the order of 1x107 Siemens and the maximum frequency used 

in the IH process is around 10MHz. In this work, the maximum frequency is in the range 

of 190 kHz and ε= 8.85x10-12. In consequence, using Eq. 2.16, it can be seen that:  

𝐽 = 𝜎𝐸 ~107|𝐸|    

and 

𝐽𝐷 =  𝑗𝜔𝜀𝐸~ 2 ∙  𝜋 ∙  190 × 103 ∙ 8.85 × 10−12|𝐸| ~1 × 10−5|𝐸| 

This demonstrates that the displaced currents can be neglected as |𝐽|  ≫  |𝐽𝐷|. In other 

words, the eddy current is orders of magnitude larger than the displaced currents, both 

caused by an alternating magnetic field [108]. Thus, the Maxwell-Àmpere equation 

(Eq.2.9) becomes ∇ × 𝐻 = 𝐽 ,and thus, it is said that the approximation of the eddy current 

density distribution can be done under a quasi-static regime [108,109]. 
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The total current density inside a control volume due to a current density in a source (Js) 

and the eddy current density (Jeddy) induced within the metallic piece can be expressed as 

follows [108,109]:  

𝐽𝑡𝑜𝑡𝑎𝑙 =  𝐽𝑆 +  𝐽𝑒𝑑𝑑𝑦 Eq. 2.17 

And so, the Maxwell- Àmpere equation can be re-expressed as [108,109]:  

∇  × 𝐻 = 𝐽𝑆 +  𝐽𝑒𝑑𝑑𝑦 Eq. 2.18 

Using the phasor form of Faraday’s Law  (∇  × 𝐸 =  −𝑗𝜔𝐵), the constitutive relationship 

between B and H (𝐵 =  𝜇𝐻), and assuming an isotropic permeability, Eq. 2.10 can be re-

written as presented in Eq. 2.19 [108,109]:  

∇  × 𝐸 =  −𝑗𝜔𝜇𝐻 Eq. 2.19 

And multiplying both sides of the previous equation by the curl, Faraday’s law can be re-

expressed as follows [109]: 

∇  × ∇  × 𝐸 =  −𝑗𝜔𝜇∇  × 𝐻 Eq. 2.20 

Combining Eq. 2.18 and Eq. 2.20, the following expression is obtained [108,109]:  

∇  × ∇  × 𝐸 =  −𝑗𝜔𝜇(𝐽𝑆 +  𝐽𝑒𝑑𝑑𝑦) Eq. 2.21 

Making the substitution of 𝐽𝑒𝑑𝑑𝑦 =  𝜎𝐸 and using the a vector identity (∇  × ∇  × 𝐸 =  ∇∇ ∙

𝐸 − ∇2𝐸), Eq. 2.19 becomes [108,109]: 

∇∇ ∙ 𝐸 −  ∇2𝐸 =  −𝑗𝜔𝜇(𝐽𝑆 +  𝜎𝐸) Eq. 2.22 

For a zero free volume charge (φfreecharge = 0) and by combining Eq. 2.11 and the 

constitutive relationship between D and E (𝐷 =  𝜀𝐸), 𝜀∇ ∙ 𝐸 = 0, and Eq. 2.22 is re-written 

as follows [105,108,109]: 

(∇2 − 𝑗𝜔𝜇 𝜎)𝐸 =  𝑗𝜔𝜇𝐽𝑆 Eq. 2.23 
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The previous expression is the governing equation (Eq. 2.23) that can be used to estimate 

the eddy current density in a metallic piece due to an alternating electric field caused by 

a current density in a source. Equation 2.23 is valid for problems in one or three-

dimensions and is a function of the electric field [108,109]. A similar expression can be 

inferred as a function of the magnetic field H, as presented in Eq. 2.24 [108,109].  

(∇2 − 𝑗𝜔𝜇 𝜎)𝐻 =  −∇ × 𝐽𝑆 Eq. 2.24 

2.4.2. Material Properties Affecting the Induction Heating Process 

In the previous section, it has been shown that the electromagnetic properties have an 

influence on the eddy current density formation. There are many electromagnetic 

properties such as electrical resistivity, relative magnetic permeability, coercive force, 

hysteresis loss, magnetic susceptibility, and magnetic dipole moment [103,104,106–109]. 

However, from the equations shown in Section 2.4.1, the most relevant electromagnetic 

properties are electrical conductivity and magnetic permeability of a medium 

[103,104,106–109,111].  

2.4.3. Electrical Resistivity  

Generally speaking, metals have high conductivities because of the large numbers of free 

electrons that have been exited into empty states above the Fermi energy [76]. While the 

electrical conductivity is of great interest, it is more common to describe a material in 

term of its electrical resistivity (r). Metallic materials can be classified in low-resistivity 

metals and high resistivity metals and alloys [76], as shown in Figure 2.11. 
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Figure 2.11 Classification of materials based on their electrical resistivity.  

As a rule of thumb, the electrical resistivity of metals changes as a function of temperature, 

chemical composition (impurities), and deformation, as shown in Eq. 2.25 [76,103,104]:  

𝑟𝑡𝑜𝑡𝑎𝑙 =  𝑟𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 𝑟𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠 +  𝑟𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 Eq. 2.25 

For most metals, the electrical resistivity commonly increases as the temperature is 

elevated.  This effect is caused by the increased atomic vibration and constant motion of 

vacancies in the lattice structure limiting the free motion of electrons. 

[76,103,104,112,113]. However, other metals such as semiconductor materials, like silicon 

and germanium, exhibit lower resistivity as the temperature increases. This is because at 

room temperature the valence bands are filled, but by increasing the temperature the 

electrons in the outermost bands are free to escape the bonding forces and freely move 

[76].  

Alloying elements or impurities also influence the electrical resistivity [76,103,112,114]. 

For example, in the copper-nickel system, as the nickel content increases, the electrical 
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resistivity increases. Alloys have higher electrical resistivity because the electron motion is 

restricted by the alloying elements inside the crystalline structure. Plastic deformation also 

increases electrical resistivity because  the free electron motion inside the crystal lattice is 

also restricted [76,104,115–118]. Reducing the grain size increases the surface area at the 

grain boundaries scattering electrons more easily increasing the resistivity [76,119,120]. 

However, these factors have minimal influence on the  resistivity in comparison to the 

chemical composition and temperature [76,104,112–114]. For cold-sprayed coating 

specifically, the electrical resistivity increases as the coating porosity values increase and 

as the coating cohesion strength decreases consequence of the imperfect contact at the 

particle/particle interface [117,118,121,122].  

2.4.4. Relative Magnetic Permeability  

The magnetic permeability (of a medium) is the ability of a material to conduct a magnetic 

flux [76,105,108]. The magnetic permeability of the vacuum (µvac) is defined as the 

standard reference value and it is equal to µvac = 1.25x10-6 [76,105,108].  It is often more 

convenient to quantify the degree to which the material can be magnetized with respect 

to the standard value. To do that, the relative permeability (µr) is used and it is the ratio 

of the permeability of a medium over the permeability of vacuum 𝜇𝑟 =
𝜇

𝜇𝑣𝑎𝑐
 [76,105,108]. 

Based on the µr, materials can be classified as ferromagnetic, paramagnetic and 

diamagnetic [76]. Materials, such as Cobalt and Iron are ferromagnetic exhibit a µr >>1 

(E.g. Iron 99.95% purity has a µr =200000) [76,103,104,106,107]. Paramagnetic materials, 

such as aluminum, exhibit a µr close to 1 [76,103,104]. Diamagnetic materials have a µr < 

1,  such as Bismuth (0.999834) [76]. Both diamagnetic and paramagnetic materials are 

considered non-magnetic because they exhibit magnetization only when in the presence 

of an external field [76]. 
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The relative magnetic permeability is also a function of temperature [76,123,124]. 

Ferromagnetic materials become paramagnetic above their Curie temperature [76,124].  

Above this temperature the orientations of the atomic magnetic moments become 

random because magnetic moments have the tendency to rotate with higher 

temperatures generating no net macroscopic magnetization [76,105]. The relative 

magnetic permeability also decreases as the magnetic field frequency increases because 

the atomic moments do not have enough time to re-organize themselves favoring a 

random direction[103,104,124,125]. However, this effect is significant at frequency values 

outside of the induction heating range. 

2.4.5. Spatial Configuration Phenomena Controlling the Eddy Current 

Density Distribution 

The IH process has been outlined in a mathematical and practical fashion in the previous 

sections. The most important material properties have also been presented. Now, three 

of the most common eddy current distribution phenomena as a function of the relative 

position between a metallic piece and a coil are discussed.  

2.4.5.1. Skin Effect  

For a direct current (DC) flow, the electrical current distribution through the cross section 

of a conductor is uniform, but for an AC flow this is not the case [103,104,106,107]. The 

maximum AC value of the distribution is located at the surface of the conductor, and the 

values will decrease towards the center [103,104,106,107]. This phenomenon is known as 

the “skin effect” [103,104,106,107], and it is always present whenever there is an AC flow. 

A similar effect takes places when eddy currents are formed due to an alternating 

magnetic field caused by an AC flow. For example, in the cylindrical piece shown in Figure 

2.12 a), the maximum current density can be seen at the surface of the workpiece (Figure 

2.12 b)). It is also evident that values quickly decay towards the center reaching zero right 
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at the axis of symmetry (core). It is estimated that about 86% of the total power will be 

concentrated near the surface layer of the workpiece, as shown on Figure 2.12 c). In the 

literature this near-surface region is called penetration depth (δ) [103,104,106,107,111]. 

 

 

Figure 2.12 a) Bar positioned in the middle of a multiturn coil, b) Eddy current density distribution along the 

radius of the cylinder presented in a) at two different frequencies, and c) current and power density profiles 

owing to skin effect. Adapted from [104] with permission of Taylor and Francis; permission conveyed through 

Copyright Clearance Center, Inc.   

 

The current distribution in a configuration as the one shown on Figure 2.12 a) is estimated 

using Eq. 2.26 [104].  

𝐽𝑦 = 𝐽𝑠𝑢𝑟𝑓𝑒
−𝑦

𝛿 Eq. 2.26 

Where Jy (A/m2) is the current density at distance y from the surface, Jsurf (A/m2) is the 

current density at the workpiece surface, y (m) is the distance from the surface towards 

the core and δ (m) is the penetration depth. The penetration depth can be expressed as 

follows [104]: 

𝛿 = 503 √
𝜎

𝜇𝑟𝑓
 Eq. 2.27 
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In Eq.2.27 f is the frequency. As such, the degree of the “skin effect” on a workpiece is a 

function of the material properties (σ and µr), frequency, metallic piece and coil 

geometries. The “skin effect” will be more pronounced on a workpiece when high 

frequencies are used or when the size of the of the body is large compared to the δ [104].  

2.4.5.2. Proximity Effect 

When an inductor carries an AC source, it develops an EMF. The electromagnetic field of 

the coil will in turn generate eddy currents of the same magnitude and opposite direction 

within the conductor in comparison to the AC source [103,104,107]. The coil current and 

the eddy currents induced on the workpiece will concentrate in the areas facing each 

other, as a result of the proximity effect [104], as shown in Figure 2.13 a).  

  

Figure 2.13 a) Proximity effect current distribution within two wires having opposite current directions, and b) 

proximity effect in single-turn coil with nonsymmetrical positioning of the workpiece. Adapted from [104] with 

permission of Taylor and Francis; permission conveyed through Copyright Clearance Center, Inc.   

The proximity effect is also related to the geometry of the setup. In Figure 2.13 b) the bar 

is asymmetrically positioned in the middle of a single-turn coil. For this configuration, the 

eddy current density is higher in the area where the coil-to-bar air gap is smaller [103,104]. 

This will lead to an intense heating of this area in comparison to the opposite side of the 
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bar where the air gap is larger [103,104]. This effect is independent of the coil shape, and 

it is only related to the relative distance between the workpiece and the coil. The proximity 

effect is extensively used for heating selective areas (e.g. selective hardening, stress 

relieving or tempering). However, an inappropriate configuration can result in the 

appearance of hot and cold spots, overheating and potential melting, if not treated 

carefully [103,104]. 

2.4.5.3. Electromagnetic Ring Effect 

The ring effect is one of the most relevant electromagnetic phenomena [103,104]. It is 

exclusive of single and multiturn coils, and it causes currents to concentrate at the inside 

surface of the induction coil [103,104], as shown in Figure 2.14. The ring effect plays a 

positive role when a metallic workpiece is placed in the middle of the coil because the 

coil-to-workpiece coupling is maximized, as presented in Figure 2.14 b). It is worth 

mentioning that while the ring effect and the proximity effect have a resemblance, the 

proximity effect does not require a ring or a multiturn coil. This effect in combination with 

the skin and proximity effects are responsible for the eddy current distribution shown in 

Figure 2.14 [103,104]. 
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Figure 2.14 a) Ring effect in a round conductor, and b) eddy current distribution on a cylindrical geometry 

positioned in the middle of a multiturn coil due to the ring effect. Adapted from [104] with permission of Taylor 

and Francis; permission conveyed through Copyright Clearance Center, Inc.   
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Chapter 3 - Description of the Research Objectives 

In the CS process, the substrate, the coating, and the particle impact temperatures are 

controlled by the gas stagnation temperature used as a spray parameter. The substrate 

temperature typically reaches half the gas stagnation temperature by the end of the spray 

time [30,55]. In the literature, the coating temperature is not commonly reported, but it is 

reasonable to assume that the coating reaches a similar temperature as the substrate. 

Lastly the particle impact temperature heavily relies on the powder injection location 

inside the nozzle (upstream or downstream) and the gas stagnation temperature 

[18,64,68]. In most of the studies dedicated to evaluate the influence of the particle impact 

temperature on the CS process, the gas stagnation conditions and the particle impact 

temperature are two intertwined variables. This is because the powder is fed in the 

upstream section of the nozzle, and any changes in the gas stagnation conditions have a 

simultaneous impact on the particle impact velocity and temperature. To decouple these 

two variables, it would be required to have a powder preheated unit to increase the initial 

particle temperature before its injection inside the nozzle, and feeding the powder in the 

diverging section of the nozzle would also be needed. Doing this is difficult, and for these 

reasons, the influence of the particle impact temperature on the CS deposition process is 

far from being completely understood.  For these reasons, the purpose of this study is to 

establish how the initial substrate, coating, and particle impact temperatures can influence 

the overall performance of the CS process by decoupling these three variables from the 

general spray parameters, namely the gas stagnation temperature. To fulfill the purpose 

of this work, the objectives presented in Table 3.1 are identified.  A detailed description 

of each objective as well as the tasks required to complete each one is provided in the 

following sections.  
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Table 3.1 Research objectives, a brief description of the tasks done to fulfill the objectives, and the material 

combination used. 

Objectives 

Description of the Tasks to Complete the 

Objective 

Material 

Combination 

Evaluate the role of 

the initial substrate 

temperature on the 

CS process. 

 Evaluate the Particle/Substrate Deformation 

at the Interface and the Adhesion Strength at 

a Single-particle Level 

 Measure the Substrate Time-temperature 

History  

 Measure the Deposition Efficiency and 

Coating Thickness 

 Measure the Coating Mechanical Properties 

 Soft-on-hard 

Characterize the 

influence of the 

coating temperature 

on the CS process 

 Predict the Coating Eddy Current Density 

Distribution 

 Measure the Coating Time-temperature 

History 

 Measure the Deposition Efficiency and 

Coating Thickness 

 Measure the Coating Mechanical Properties 

 

 Soft-on-hard 

 Hard-on-hard 

Assess the 

importance of the 

particle impact 

temperature on the 

CS process 

 Decouple the Initial Particle Temperature 

from the Gas Stagnation Temperature 

 Predict the Particle Impact Temperature 

 Characterize the CS Deposition Process as a 

Function of the Particle Impact Temperature 

 Hard-on-hard 

Enhance the CS 

process performance 

based on the findings 

of the previous 

objectives 

 

 
 Soft-on-hard 

 Hard-on-hard 
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3.1 Evaluate the Role of the Initial Substrate Temperature on the CS 

Deposition Process  

In the literature, increasing the initial substrate temperature is proposed as a factor that 

could potentially play a significant role on the CS process performance [31,45,55,126]. 

However, the results are contradictory based on the results of different characterization 

techniques, as presented in Chapter 2. In this work, the soft-on-hard material combination 

will be used to study the influence of the initial substrate temperature on the CS 

deposition process. Pure aluminum is used as the soft powder, and Ti64 is used as the 

hard substrate. For this material combination, without a higher initial substrate 

temperature, the overall adhesion strength would be very limited. By increasing the initial 

substrate temperature metallic bond formation should, in theory, be accelerated, 

facilitating the evaluation of the role of the initial substrate temperature on the adhesion 

coating strength. A detailed explanation to support this particular material combination 

and selection is provided in Chapter 4.  

3.1.1. Evaluate the Particle/Substrate Deformation Behavior and the 

Adhesion Strength at a Single-particle Level 

As a first step to properly characterize the influence of the initial substrate temperature 

on the CS deposition process, particularly at the coating/substrate interface, individual 

pure aluminum particles are deposited on Ti64 substrates at different temperatures (25, 

200,400 and 600°C). It has been shown that the number of deposited particles increases 

as the initial substrate temperature does too, but the mechanisms explaining this behavior 

are still unclear. This is mainly caused by the fact that cross-sectional images of individual 

particles are used to explain the role of the initial substrate temperature. The main 

drawback from this approach is that little to no information can be extracted from the 

cross-sectional images that can help quantify the role of the initial substrate temperature 

on the adhesion strength and bonded area of the deposited particles. Therefore, in this 
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work, a different approach is used to better understand the influence of the initial 

substrate temperature on the deposition of individual particles. To fully characterize the 

effect of the initial substrate temperature, particles are deposited, mechanically removed 

from the substrate surface. To do so, the following steps are followed: 

1. Single-particle test samples are produced at different initial substrate temperatures 

(25, 200,400 and 600°C). 

2. Particles are mechanically removed from the substrate using two approaches: a 

non-monitored and a monitored adhesion strength procedure. In the non-

monitored procedure, the particle/substrate interfacial deformation is investigated 

by removing individual particles from the substrate using a thermally cured 

elastomeric adhesive. In the monitored procedure (single-splat adhesion strength 

testing), the force required to remove a particle from the substrate is recorded and 

the single-splat adhesion strength can be calculated. From the monitored 

procedure, the remaining particle bonded area is also calculated.   

3. A finite element model is also carried out to better understand the 

particle/substrate deformation behavior.  

This characterization procedure will better explain the mechanisms that promote a higher 

number of deposited particles as the initial substrate temperature increases. Additionally, 

the remaining particle bonded area and the single-splat adhesion strength are obtained 

as a function of the initial substrate temperature. The single-particle impact model has a 

complementary purpose as it aims to provide a greater understanding of the ongoing 

processes during the impact itself as opposed to after deposition is completed. The finite 

element model is used to better understand the particle/substrate deformation behavior 

and deposition mechanisms as a function of the initial substrate temperature.  
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3.1.2. Measure the Substrate Time-temperature History  

One of the many reasons why the influence of the initial substrate temperature on the CS 

process is still a matter of debate is due to the lack of a substrate time-temperature history 

during the deposition process. Because of that, in this work, the substrate temperature is 

monitored using infrared thermometers during the spray time. The substrate time-

temperature history is measured for the following initial substrate temperatures: 25, 200, 

400 and 600 °C. 

3.1.3. Measure the Deposition Efficiency and Coating Thickness 

The deposition efficiency and coating thickness is quantified as a function of the initial 

substrate temperature. These measurements in combination with the substrate time-

temperature history are used to provide a general understanding of the effect of the initial 

substrate temperature on the overall deposition process. Coatings are sprayed on 

substrates at initial substrate temperatures of 25 and 400 °C.   

3.1.4. Measure the Coating Mechanical Properties  

The influence of the initial substrate temperature on the coating micro-hardness and 

adhesion strength is also measured. For the adhesion strength testing, the 

characterization procedure is split in three steps, as follows: 

1. A finite element model is carried out to point out the relevant bonding mechanisms 

(metallic or mechanical) taking place at the coating/substrate interface.  

2. Adhesion strength samples are produced at different initial substrate temperatures 

(25 and 400 °C) 

3. Fractured surfaces of the coating/substrate interface adhesion strength are 

examined using scanning electron microscope to the effect of the initial substrate 

temperature.  
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The soft-on-hard material combination is used to study the effect of the initial substrate 

temperature on the coating adhesion strength. Because of that, the formation of anchor 

points at the coating/substrate interface is expected to be unlikely. In the past, a finite 

element model has proven to be an extremely powerful tool to accurately predict the 

adhesion strength of CS coatings due to mechanical anchoring. However, this model 

cannot predict the metallic bond contribution on the overall adhesion strength. Therefore, 

the finite element model is used to estimate the mechanical contribution, if any, on the 

overall coating adhesion strength. In this way, if the coating adhesion strength increases 

during the experimental evaluation, the improvement can unequivocally be attributed to 

the enhanced metallic bond formation. This thorough procedure is expected to provide 

insight in the mechanisms enhancing the coating adhesion strength.  

3.2 Characterize the Influence of the Coating Temperature on the CS 

Process. 

Once the influence of the initial substrate temperature on the CS process is fully 

understood and properly characterized, the role of the coating temperature is evaluated. 

To thoroughly characterize the influence of the coating temperature on the CS deposition 

process, two powders are used: pure aluminum and In718, as soft and hard powders, 

respectively. These powders are chosen to fully characterize the influence of the coating 

temperature in the CS process for materials having opposite mechanical properties and 

deposition behaviors. Ti64 is selected as the substrate material for the deposition of both 

powders for consistency purposes as it is also used as a material pair for the deposition 

of the soft powder. A detailed explanation to support the material selection is provided 

in Chapter 4. 
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3.2.1. Predict the Coating Eddy Current Density Distribution 

In the CS field, laser systems have become the “default” method to increase the coating 

temperature [50,53,60–62].  This is because the first reports of the use of a laser were 

produced more than 10 years ago.  It has been recently demonstrated that, for the 

copper-on-steel combination, the effect of the laser spot is limited to up to three mm in 

coating thickness, and the local coating heating lasts less than five seconds [127]. 

Therefore, to achieve larger heating zones and longer heat treatment periods, it is likely 

that the laser power must be increased. However, this approach increases the risk of local 

melting of the coating top surface and oxidation. In addition, the use of a laser requires 

the enforcement of safety precautions and international standards and regulations. Not 

only that, but also the use of lasers often requires complex and large setups raising the 

operational costs. Therefore, as an alternative to avoid these problems and limitations, in 

this study, the use of an induction heating system is proposed to increase the coating 

temperature over longer duration periods than what is achieved through the use of laser.  

The induction heating process is commonly used as a heating process for metallic parts 

and complex geometries [103,104,107]. Because of that, information of the use of 

induction heating systems on relatively thin metallic pieces, such as cold-spray coatings 

(in the order of ≤100 up to 1000 µm), is extremely limited. For this reason, it is still unclear 

if eddy currents may form within a metallic pieces of a thickness typical of a cold-spray 

coating. To answer this question, as a first approximation, a finite element model is used 

to predict the potential development of an eddy current density distribution within 100-

µm pure aluminum and In718 coatings.  The following parameters are studied for the 

coating:  

1. The induction heating parameters 

2. The coating geometry  
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The finite element model is developed to better understand the effect of the IH 

parameters and coating geometry on the potential eddy current formation. This model is 

also used to better explain the experimental results.  

3.2.2. Measure the Coating Time-temperature History  

The coating time-temperature history has not been reported in previous studies focused 

on the influence of the coating temperature on the CS deposition process. Therefore, in 

this work, the time-temperature history is monitored during the deposition of In718-on-

Ti64 (hard-on-hard material combination). Two coating temperatures are investigated, 25 

and 600 °C. The coating time-temperature history is measured during the deposition of a 

nozzle pass over the coated area. 

3.2.3. Measure the Deposition Efficiency and Coating Thickness 

The deposition efficiency, the coating thickness and porosity values are also measured 

during the deposition of pure aluminum and In718 coatings.   The use of two dissimilar 

powders and the deposition efficiencies as a function of the coating temperature is 

expected to provide enough evidence to obtain a general conclusion of the influence of 

the coating temperature on the CS process. A detailed description of the different coating 

temperatures evaluated for the pure aluminum and In718 coatings is provided in sections 

5.2 and 5.5 (Chapter 5), respectively. 

3.2.4. Measure the Coating Mechanical Properties  

Previous studies have barely evaluated the as-sprayed mechanical coating properties, 

only micro-hardness values, as a function of the coating temperatures [60–62]. Therefore, 

the efforts in that regard are taken a bit further in comparison to other studies.  For the 

soft-on-hard material combination, micro-hardness testing, adhesion and tensile strength 

testing are used as characterization techniques to explain the influence of the coating 
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temperatures on the as-sprayed mechanical properties. Micro-hardness testing is used as 

a first approximation to evaluate if the coatings have experienced an in-situ heat 

treatment effect during the spray time. Subsequently, the coating adhesion strength is 

used to evaluate if the metallic bond formation at the interface is accelerated by the 

continuous heating of the coating. Finally, the tensile strength is used to assess if the 

characteristic brittle behavior of the cold-sprayed coatings persists even under the 

influence of a potential eddy current density distribution.  For the hard-on-hard material 

combination, micro-hardness testing is used, as a first approximation, to quantify the level 

of plastic deformation experienced by the particles, but also as method to visually assess 

the cohesion of the as-produced coatings.  

3.3  Assess the Importance of the Particle Impact Temperature on the 

Performance of the CS Process 

The particle impact temperature is believed to be a crucial factor in the CS process 

performance because it is said to reduce the critical velocity [14,15,18]. However, it is still 

unclear what the role of the particle impact temperature on the overall coating quality is. 

A few studies have reported that higher particle impact temperatures result in lower 

porosity values [18,64–66], at the same time others have shown that the porosity increases 

as the particle impact temperatures do as well [70–72]. The author of this work believes 

that this discrepancy arises because upstream injection is used. This causes the gas 

stagnation temperature, and thus, the gas velocity (and particle velocity) and the particle 

impact temperature to become intertwined variables. Therefore, the results make it 

difficult to draw any conclusions. To study the influence of the particle impact temperature 

on the CS process, the hard-on-hard material combination is used. In718 powder is 

deposited on Ti64 substrates. In718 is chosen as the feedstock powder material due to its 

high mechanical properties up to temperatures in the 650 °C range. This is because if a 

transitional behavior from a hard to a softer material is observed, it can easily be attributed 
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to the relatively high particle impact temperatures experienced by the material. A detailed 

explanation to support this material choice is provided in Chapter 4 

3.3.1. Decouple the Initial Particle Temperature from the Gas Stagnation 

Temperature 

To decouple and to independently increase the initial particle temperature from gas 

stagnation temperature, in this work, controlled powder preheating units are used. Not 

only that but also, the powder particle is fed in the downstream section of the nozzle 

(diverging section). By doing so, constant spray parameters (particle impact velocity) can 

be used while having full and independent control of the initial particle temperature. In 

consequence, the particles will experience similar impact velocities, while the particle 

impact temperature is independently changed. Three different initial particle 

temperatures are tested: 25, 400 and 750 °C. These particle temperatures are used in 

combination with two sets of spray parameters.  

3.3.2. Predict the Particle Impact Temperature  

In the CS process, the particles are characterized by their relatively low particle impact 

temperature and relatively high velocities once they exit the nozzle. Because of these 

reasons, the use of classical optical pyrometry is not possible, making any particle impact 

temperature measurement a technical challenge or an extremely lengthy process.  

Recently, a  computational fluid dynamics model has been developed and extensively 

validated using both a Cold-Spray meter and a high-speed infra-red camera [18,63]. The 

computational fluid dynamic model has been shown to be able to accurately predict the 

particle impact velocity and temperature. Therefore, in this work, the same extensively 

validated computational fluid dynamics model is used to predict the propellant gas flow 

characteristics inside a nozzle. From the resolved flow, the particle impact temperature is 

obtained. Because the gas velocity and temperature are needed to obtain the particle 
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impact temperature, the particle impact velocity is also estimated using the computational 

fluid dynamics model.  

3.3.3. Characterize the CS Deposition Process as a Function of the Particle 

Impact Temperature 

To completely determine the influence of the particle impact temperature on the overall 

coating quality, the deposition efficiency, coating porosity values, and micro-hardness 

values are used. These three characterization techniques in combination with fully 

controlled (independent of the gas stagnation temperature) particle impact temperatures 

are expected to provide enough information to fully explain the effect of the particle 

impact temperature on the coating deposition process. Three initial particle temperatures 

are explored: 25, 400, and 750 °C. Decoupling the initial particle temperature from the gas 

stagnation temperature, it is expected to finally answer the question of why some coatings 

exhibit higher porosity values even when the particle impact temperature increases.  

3.4  Enhance the CS Process Performance Based on the Findings of the 

Previous Objectives 

Based on the effect of each individual (substrate, coating, and particle) temperature, it is 

believed that increasing two or more of these temperatures, as controllable deposition 

parameters, can enhance the CS process performance. Enhancing the CS process 

performance means producing a better coating in comparison to coatings in which the 

gas stagnation temperature controls the substrate, the coating, and the particle impact 

temperatures. It is also expected that by having control of the initial substrate, coating, 

and particle impact temperatures (independent values from the gas stagnation 

temperature), the as-sprayed coating mechanical properties can be tailored and 

selectively chosen based on the application and requirements. 
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Chapter 4 - Research methodology 

In the present section, the experimental methodology to achieve the objectives set in 

Chapter 3 will be outlined. This chapter focuses more specifically on the feedstock and 

substrate materials, the CS and induction heating systems, controlled powder preheating 

unit, and various analysis techniques to characterize the powder and the coating 

properties.  

4.1 Feedstock Material 

In this study, Ti64 is chosen as the substrate material, while pure aluminum and In718 are 

used as the feedstock powder materials. An in-depth description of the substrate and 

feedstock powder materials is presented in the following sections:  

4.1.1. Substrate Material 

In this work, a hard substrate is used in combination with soft and hard powders. This type 

of substrate is selected to assess the influence of the substrate and coating temperatures 

on the metallic bond formation on the overall coating adhesion strength. For the soft/hard 

material combination specifically, the creation of anchor points due to the particle impact 

is restricted, as demonstrated in Figure 4.1 a), because the substrate deformation is 

limited. Additionally, for this material pair, the breakage of the native oxide layer is 

difficult, producing extremely localized metallic bonding at the interface producing an 

extremely low, if any, overall coating adhesion strength. To accurately assess the effect of 

the substrate and the coating temperatures, the hard material (in this case the substrate) 

must also be able of retaining its properties from 25°C to at least 650 °C. This strict 

requirement is needed to avoid a potential loss of strength that could produce a 

transitional behavior from a hard to a much softer substrate in comparison to its as-

received state at room temperature, as shown in Figure 4.1 b). Another strict requirement 

is that the substrate native oxide layer must not significantly grow by increasing the 
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temperature from 25 to 650 °C. For the hard-on-hard material combination, the same 

hard substrate material is used for consistency purposes and to facilitate the comparison 

results between material combinations.  

 

Figure 4.1 Particle/substrate interfacial deformation for a) the soft-on-hard material and b) hard material 

deformation under significant thermal softening upon impact. Reprinted from [41] with permission of Elsevier; 

permission conveyed through Copyright Clearance Center, Inc.   

Therefore, the chosen substrate material is commercially available Ti64 (Titanium 

Industries, Inc. Montreal, QC, Canada).  This alloy is characterized for its high hardness 

value and high mechanical properties from 25 up to 650 °C avoiding a potential loss in 

strength due to the preheating temperatures. Additionally, for the soft-on-hard material 

combination, the high hardness values at different temperatures are used to restrict 

particle penetration on the substrate (as shown in Figure 4.1 b)), while putting in evidence 

the accelerated metallic bond formation at the coating/substrate during the testing 

procedure. Ti64 is also chosen due to its oxidation resistance at elevated temperatures 

(up to 650 °C). This property restricts the native oxide layer growth as temperature 

increases facilitating the study of the influence of the initial substrate temperature on the 

coating adhesion strength without being hindered by the formation of a thick oxide layer. 

A Ti64 substrate is also used for the study of the hard-on-hard material combination.  
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Two substrate geometries and dimensions are used in this work. The rectangular Ti64 

coupons have a size of 25.0 x 115.0 x 3.2 mm (W x L x T) and the cylindrical Ti64 coupons 

have a size of 25.4 x 45 mm (Ø x T). For the soft-on-hard material combination, the 

rectangular and cylindrical coupons are used, while for the hard-on-hard only the 

cylindrical geometry is used. Three different surface preparation methods are used: 

Mirror-polished surface, grit-blasted surface, and ground. The first two surface 

preparation methods are used in the soft-on-hard material combination to investigate if 

the preparation methodology has an influence on the overall coating deposition process. 

For the hard-on-hard material combination a ground surface is used as it has been 

reported that the surface preparation method has little to no influence on the overall 

deposition process, which is supported by the results for the soft-on-hard material 

combination [30,36,37]. For the mirror-polished surface preparation, the standard 

metallographic sample preparation is used and polishing suspensions of 9, 3 and 0.04 μm 

(Anamet, Quebec, QC, Canada) are used. The grit-blasted surface is achieved using Ebony 

Grit EG 20 (Opta Minerals, Waterdown, ON, Canada). This grit is mainly composed of iron 

oxide and silicon oxide. The respective arithmetic average roughness (Ra) are provided in 

the results section in Chapter 5. 

4.1.2. Feedstock Powder Material 

Two powders are used in this work: pure aluminum and In718. For the soft-on-hard 

material combination, pure aluminum is chosen due to its low hardness and relatively 

high ductility. Because of that, particle deformation upon impact with the substrate should 

be maximized, while the substrate deformation should be limited. Therefore, the influence 

of the substrate and coating temperature on the adhesion strength by favoring metallic 

bond formation becomes more evident. Pure aluminum is also chosen because it is one 

of the easiest materials to spray using the CS process, and thus, many studies in the field 

have been dedicated to understand the cold-spray deposition of aluminum coatings 
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[14,58,77–82]. Therefore, the influence of the substrate and coating temperatures on the 

CS process can be compared with previous studies. The gas-atomized pure aluminum 

powder (SST-A5001) (99.8% Al, Centerline (Windsor) Limited, Windsor, ON, Canada) is 

characterized by an irregular morphology, as presented in Figure 4.2 a).  The 10th, 50th, 

and 90th size percentiles of the particle size distribution are 11.3, 25.8, and 60.3 µm, 

respectively.  

 

Figure 4.2 Feedstock powder materials used in this work. a)  Pure aluminum and in b) Inconel 718. 

To study the influence of the coating and particle impact temperatures, the hard-on-hard 

material combination is used.  Because of that, an extremely hard powder that is capable 

of retaining its properties from 25°C to at least 650 °C is needed. This is because if a 

transitional behavior from a hard to a softer material is observed, it can be attributed to 

the relatively high coating and particle impact temperatures experienced by the material.  

For the previous reasons, Inconel 718 is chosen because of its extremely good mechanical 

properties at a wide range of temperatures, from cryogenic temperatures up to 650 °C. In 

the as-received state, after the aging process, this alloy has limited plastic deformation 

due to its high yield strength (more than 1000 MPa) and it does not show significant 

thermal softening unless the material reaches higher temperatures than 650 °C. The 

commercially available gas-atomized In718 powder (TrueFrom718, Praxair Surface 
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Technologies, Indianapolis, IN, USA) is characterized by its spherical shape and smooth 

surface, as presented in Figure 4.2 b). The chemical composition (weight percentage) is 

Ni-19Cr-18Fe-Nb-5Ta-3Mo-1Ti. The powder particle size range is between 10 to 45 µm, 

with an average particle size of approximately 30 µm, according to the manufacturer’s 

data sheet. 

4.2   Experimental Equipment 

4.2.1. Cold Spray System 

A commercially available low-pressure CS system (SST-EPX, Centerline (Windsor) Limited, 

Windsor, ON, Canada) is used to produce all the samples in this work. The maximum 

operating pressure and temperature of the system are 3.45 MPa and 550 °C, respectively.  

The system is presented on Figure 4.3. 

 

 

Figure 4.3 SST-EPX cold spray system. a) Overview of the of the spraying system, and b) interior of the safety 

cabinet. 
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The system is composed of a spray cabinet, control system, filtration system (HEPA and 

water filters), a gas heater, a nozzle, an XY-robot, and a commercially available controlled 

powder preheating unit. Gas pressure is regulated prior to its injection into the control 

system.  For this work, nitrogen and helium will be used as the propellant gases. Once the 

gas is injected into the control system, the temperature of the gas is increased by the 

heater mounted to the robotic arm, presented on Figure 4.3 b). The temperature of the 

gas heater is controlled by a proportional–integral–derivative controller with feedback 

coming from a thermocouple at the nozzle inlet.  The spraying process takes place inside 

the spray cabinet where the nozzle moves driven by the XY-robot controlled by an 

external computer. The pure aluminum powder is deposited using a PBI nozzle to avoid 

powder deposition at the inner walls of the nozzle during the spraying time when using 

relatively high stagnation parameters, as in this work. To produce In718 coatings, a WC-

Co nozzle is selected. The PBI nozzle is switched to WC-Co nozzle to avoid erosion of the 

inner nozzle walls during the feeding of the hard In718 powder. Both nozzles have a throat 

diameter of 2 mm, and an exit diameter of 6.3 mm, and diverging length of 120 mm.  

4.2.2. Powder Feeding 

Powder is fed into the nozzle using a commercially available rotary powder feeder (AT-

1200 Rotary, Thermach Inc., Appleton, WI, USA). The amount of powder fed into the nozzle 

is controlled using a perforated wheel that turns at a constant angular velocity. The 

amount of powder will be a function of the angular velocity and the number of holes 

perforated on the wheel. Nitrogen will be used as the carrier gas to deliver the powder 

from the powder feeder to the nozzle. 

4.2.3. Controlled Powder Preheating Units 

In this study, two controlled powder preheating units are used to increase the initial 

particle temperature prior to being fed into the nozzle diverging section, as shown in 
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Figure 4.4. The commercially available powder-preheating unit shown in b) (Centerline 

(Windsor) Limited, Windsor, ON, Canada) can increase the initial particle temperature up 

to 500 °C.  This unit consists of a stainless steel coiled tube, and its temperature is 

increased by a heater radiating onto the coiled tube surface. The powder-preheating unit 

includes two built-in thermocouples, one at the inlet and the other at the outlet of the 

coiled tube, to control the tube wall temperature. The unit is assumed to reach a steady 

state temperature when the wall temperature difference between the inlet and outlet was 

less than 2 °C. Due to the extensive length of the heating tube, it is assumed that by the 

time the gas and the particles exit the powder-preheating unit, these reach the tube wall 

temperature. The configuration used to feed powder in the downstream section of the 

nozzle using this powder preheating unit is shown in Figure 4.4 b).  
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Figure 4.4 Downstream injection configurations using: a) no powder preheating, b) a commercially available 

controlled powder preheating unit, and c) an in-house controlled powder preheating unit. The insulation 

around the mixing coil in c) has been removed to provide a detailed perspective of the in-house controlled 

powder preheating unit. 

To increase the initial particle temperature above 500 °C, an in-house powder preheater 

unit is used. The configuration used to feed powder in the downstream section of the 

nozzle using this powder preheating unit is shown in Figure 4.4 c). This preheating unit 

consists of a mixing T and a stainless steel coil in which hot (Thot) and cold (Tcold) gases are 

brought together and mixed to reach a mixed gas temperature (Tmixed). The hot gas 

temperature is heated prior to its injection and its temperature is measured before 

entering the coil. The cold flow carries the powder into the in-house powder preheating 
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unit. The mixing coil is perfectly insulated from the exterior to avoid any potential heat 

loss to the environment. The mixing coil is long enough to ensure equilibrium between 

the gas and the particles at a temperature equal to Tmixed. A detailed image of the in-

house preheater is presented in Figure 4.5.  

 

Figure 4.5 In-house powder preheater. Hot and cold gases are brought together and mixed inside a stainless 

steel coil. The insulation around the mixing coil has been removed to provide a detailed perspective of the in-

house controlled powder preheating unit. 

4.2.4. Induction Heating System 

A 3kW induction heating system (Tucker Induction Sys. Inc. Shelby Township, MI, USA) is 

coupled to the CS process. The induction heating is used to preheat the substrate and the 

coating. The induction heater is positioned behind the spray cabinet, as show in in Figure 

4.6 a). The induction coil is placed inside the spray cabinet through two perforated holes 

that allow its connection to the induction heating system located behind the spray cabinet 

(Figure 4.6 b)). The induction coil is made out of copper tubing with an outer diameter of 

6.3 mm, and an inner diameter of 5.0 mm. The coil is composed of a total of four and half 

turns with an internal diameter of 42.0 mm, and an external diameter of 110.0 mm. Prior 

to the deposition process, the copper coil is covered with commercially available epoxy 
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resin, as presented in Figure 4.6 c). This is done to avoid material deposition and alter the 

electrical resistivity of the copper coil. The resin is also used to extend the coil life as the 

continuous bombardment of particles can erode the copper tubing and produce water 

leakage. Once the coil is covered with epoxy resin, it is placed inside the spray cabinet as 

presented in Figure 4.6 d). Once the deposition process is completed, the coil must be re-

covered in epoxy resin, as the heat from the gas being decelerated by the gas damages 

and removes epoxy resin from the coil (Figure 4.6 e)). The rectangular and cylindrical 

substrate configurations when the induction heating system is used are presented 

respectively in Figure 4.6 f) and g).  
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Figure 4.6 Induction heating system setup. In a) Induction heating system positioned behind the spray cabinet, 

in b) perforated holes that allow the copper coil connection to the induction heating system located behind 

the spray cabinet, in c) the copper coil covered in epoxy resin, in d) copper coil inside the spray cabinet, in e) 

zoomed-in image of the copper coil after the spraying process. Cross- sectional schematic view of the 

rectangular and cylindrical substrate configurations in f) and g), respectively.  

4.2.5. Sample Preparation for Optical and Scanning Electron Microscope 

After the spraying process, the samples are prepared for analysis using standard 

metallographic sample preparation procedures. The samples are first sectioned using a 

precision cut-off saw (Secotom-10, Struers, Mississauga, ON, Canada). Once the sample 

has the adequate size, the coupons are mounted using a phenolic plastic powder 

(LaboPress-3, Struers, Mississauga, ON, Canada). The mounted samples are then 
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mechanically ground and polished (TegraPol-31, Struers, Mississauga, ON, Canada). These 

equipment are shown in Figure 4.7. 

 

Figure 4.7 a) Secotom-10 precision cut-off saw, b) LaboPress-3 mounting machine, c) TegraPol-31 grinding 

and polishing machine and d) VHX-2000E optical microscope. 

An optical microscope (Figure 4.7 d)) (VHX-2000E, Keyence, Canada) is used to get an 

overall assessment of the state of the coatings. The microscope is capable of providing a 

maximum magnification of 1000X through a digital camera mounted to an automated XY 

stage. The microscope is controlled using a computer that is able to move the stage and 

focus the sample. This microscope can produce 2D images and 3D compositions. The 

images taken with this microscope are used to calculate the porosity of the coatings.  
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4.2.6. Scanning Electron Microscope  

To investigate the microstructure of the coatings, a scanning electron microscope (SEM) 

is used. The SEM (EVO-10MA, Carl Zeiss AG, Oberkochen, Germany), presented in Figure 

4.8, is equipped with a tungsten source from which electrons are extracted and then 

accelerated to produce the images. The SEM can generate images using the secondary 

electron (SE) or the back-scattered electron (BSE) detectors. The SEM is also capable of 

performing other microscopy analyses using the energy dispersive X-ray spectrometer 

(EDS), electron backscatter diffraction (BSE) detectors. X-ray computed tomography (CT) 

is also available on the SEM. 

 

Figure 4.8 EVO-10MA scanning electron microscope. 

4.2.7. Micro-hardness Testing 

To quantify the influence of the initial substrate, coating, and particle impact 

temperatures, the coatings micro-hardness values are measured. To do so, a Duramin-10 

(Struers, Mississauga, ON, Canada) is used. This equipment has range loading values from 

0.05 kgf to 2 kgf.  For this study, the coating micro-hardness is measured using a load of 

0.3 kgf. The loading time is 10 seconds. The micro-hardness is measured from the 
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interface with the substrate up to the top of the coating every 50 µm.  To avoid the effect 

of the stress field, the distance between two consecutive indentations is kept at 3 times 

the indentation size. This testing strategy follows the procedure reported by previous 

studies [13,128]. To properly characterize the sample, the testing procedure is repeated 

twice in different regions of a cross-section and in two different cross-sections. All the 

values are then averaged.  

4.2.8. Splat Adhesion Strength Testing 

To quantify the influence of the initial substrate temperature on the adhesion strength of 

individual pure aluminum particles on hard Ti64 substrates, a Micro-Combi Scratch Tester 

(Anton Paar, Graz, Austria) equipped with a light optical microscope (LOM) is used, as 

presented in Figure 4.9. A stylus with a semicircular cross section and a diameter of 100 

µm is used to shear a particle. A normal force (Fn) of 100 mN is applied on the stylus to 

ensure that contact is maintained with the substrate. To calculate the adhesion strength 

of a particle, the tangential force (Ft) exerted on the stylus as a function of the scratch 

length and the projected area of the particle are used.  
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Figure 4.9 Micro-combi scratch tester. In a) overall setup of the equipment, in b) zoom-in image of the testing 

zone, in c) light-optical microscope objective, and in d) the output of the light-optical microscope objective.  

4.2.9. Particle Distribution 

The pure aluminum powder size distribution is characterized using a laser diffraction 

particle analyzer (Microtrac 3550, Nikkiso, Japan). To obtain the particle distribution, a 

sample of the powder is first left for 12 hours in a solution to remove any possible 

agglomeration of the particles that could exist. The samples are then vibrated and mixed 

in an aqueous solution inside the equipment. Finally, the solution is passed through to 

the dynamic analyzer, and the data is subsequently retrieved. 
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4.2.10. Tensile Strength 

To assess the influence of the coating temperatures on the mechanical properties of the 

as-produced samples, the soft-on-hard material combination is used and the tensile 

strength of the pure aluminum coatings is measured following the ASTM-E8 standard. 

The sample thickness is 1.50 mm and three testing samples are produced. The samples 

are deposited using the Ti64 rectangular coupons and the spray setup presented in Figure 

4.6 f). Once the samples are sprayed, the coatings are machined to the adequate geometry 

and tested in a universal testing system (Instron 4202, Norwood, MA, USA).   

4.2.11. Adhesion Strength 

The influence of the substrate and coating temperature on the coating adhesion strength 

is quantified using the soft-on-hard material combination. The adhesion strength of the 

pure aluminum coatings is obtained following the ASTM-633C standard. Therefore, round 

cylindrical Ti64 coupons are used. The cylindrical coupons are positioned in the middle of 

the coil as shown in Figure 4.6 g). Once the coatings are sprayed on the Ti64 coupons, the 

coatings are machined down to the adequate thickness (400 µm). After the machining 

process, the coatings are glued to a counter coupon using FM-1000 glue. The samples 

are then cured for 5 hours at 190 ºC. After the curing process, the samples are pulled in a 

universal testing machine.  

4.2.12. Deposition Efficiency 

To quantify the role of the initial substrate, coating, and particle impact temperatures on 

the coating production process, the deposition efficiency is measured. To do so, a 

constant feed rate is used and the substrate weight is measured before and after the 

spraying process. The DE is calculated from the ratio between the mass gained and the 

total powder into the nozzle, as presented by Eq. 4.1:  
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𝐷𝐸(%) =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝐴𝑓𝑡𝑒𝑟 𝑡ℎ𝑒 𝐶𝑜𝑎𝑡𝑖𝑛𝑔 𝑃𝑟𝑜𝑐𝑒𝑠𝑠

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
 × 100  Eq. 4.1 

 

4.2.13. Other Relevant Tools and Equipment 

Image J 

To quantify the porosity of the coatings, the open source Image J software is used. The 

porosity measurements are performed four times in different spots of a cross section. The 

contrast method is used to quantify the value. 

Surface Roughness Meter 

To measure the surface roughness of the substrate, a profilometer equipped with a 5 µm 

diamond stylus (Phase II, SRG-4000, NJ, USA) is used. The profilometer is capable of 

measuring values of Ra, Rz, Rq, and Rt. The resolution of this equipment is 0.001 µm. 

Non-contact Infrared Thermometers 

The substrate and coating temperatures are monitored using a RAYGPRSF non-contact 

infrared thermometer (Raytek, Santa Cruz, CA, USA), which has a working temperature 

range from -18 to 538 °C. For the production of samples with substrate and coating 

temperatures above 550 °C, a non-contact infrared thermometer OptCT3MH2SF (Optris, 

Portsmouth, NW, USA) is used. This infrared thermometer has a working range from 200 

up to 1500 °C. Due to the different temperature working ranges, two infrared 

thermometers are required to accurately measure the time-temperature history during 

the spray time.  

To calibrate the infrared thermometers, the substrate is heated from 25 to 300 °C, and the 

substrate time-temperature history is recorded using a thermocouple, as shown in Figure 

4.10. Then, using an infrared thermometer with an emissivity value, such as 0.40, the 
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substrate time-temperature history is recorded. If the temperature difference is larger 

than 5 °C, the process is repeated with a different emissivity value in an iterative manner. 

The infrared thermometer is set to be calibrated once the temperature difference is less 

than 5 °C. For the RAYGPRSF non-contact infrared thermometer, it is found that an 

emissivity of 0.65 produces a similar substrate time-temperature history as the 

thermocouple. This process is also performed for the non-contact infrared thermometer 

OptCT3MH2SF and the Inconel 718 coating. 

 

Figure 4.10 Calibration of the RAYGPRSF non-contact infrared thermometer for a Ti64 substrate in the 25 to 

300 °C range.  

4.3 Numerical Model Structure   

4.3.1. Electromagnetic Model: Eddy Current Density Distribution 

Studies using induction heating systems to increase the coating temperature during the 

spray time have not been reported, and thus, it is still unclear if eddy currents may form 

within a 100 µm coating to heat the latter.  Consequently, in this work, Ansys Maxwell 

2019 is used to predict the potential development of an eddy current density distribution 

within 100 µm pure aluminum and In718 coatings. 
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The eddy current density distribution within the coating geometries are predicted using 

a frequency-dependent 3D model. In this model, the resulting magnetic field (H) is 

calculated at a given frequency due to an AC source. The frequency-dependent 3D model 

has an adaptive mesh solution. This means excessive mesh operations are not required 

and over-defined meshes can lead to extensive computational times and time consuming 

calculations. The adaptive mesh tool refines after each iteration the regions where the 

resulting magnetic field is stronger, while the rest of the volume uses a coarser mesh to 

minimize the computational time. A 3-node adaptive uniform mesh is used. At least 1 

million elements are used for all the simulations. As a convergence criterion, the energy 

error percentage must be less than 0.02% and the delta energy percentage between last 

and second-to-last pass must be less than 0.02%. A maximum number of 30 iterations for 

the solution is set. For none of the geometries, the maximum number is reached. 

The default and only boundary condition is the “natural” boundary condition which is 

automatically applied on all surfaces of the problem space.  In other words, there are no 

discontinuities in the magnetic field due to magnetic insulators. From the resulting 

magnetic field (H), the eddy current density distribution for any metallic piece can be 

predicted, as demonstrated in Chapter 2 (Section 2.4.1).  

To accurately predict the eddy current density distribution produced by the 

electromagnetic field, the copper coil, the substrate and the coating are drawn using the 

computer aided design (CAD) tool available in Ansys Maxwell 19, as presented in Figure 

4.11. The substrate, coating and coil position and dimensions used in the electromagnetic 

model are identical to the information provided in section 4.4.1 “Feedstock Substrate 

Material” and section 4.2.4 “Induction Heating System”. To predict the eddy current 

density distribution within 100-µm pure aluminum and In718 coatings, the geometries 

presented in Figure 4.11 c) and d) are used. A 100-µm coating size is selected because it 

is the thickness of the first deposited layer produced by one nozzle pass over the substrate 
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when these two powders are sprayed. For the rectangular configuration, the coating 

dimensions are 14 x 25 x 0.10 mm (L x W x T), while for the cylindrical configuration, the 

coating dimensions are 25 x 0.10 mm (Ø x T). These dimensions are identical to the size 

of the experimentally produced coatings. 

 

 

Figure 4.11 Computer aided designed geometries used to predict the eddy current density distribution within  

a 100 µm coating. The copper coil used in the experimental section of this work is presented in a) and in b) 

the CAD copper coil used for the electromagnetic simulations. Substrates with a 100 µm coating on top of the 

rectangular and cylindrical substrates are presented in c) and d), respectively.  
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As demonstrated in Chapter 2 (Section 2.4.1), to estimate the eddy currents inside a metal 

due to an electromagnetic field, the Maxwell Equations and the constitutive relationships 

between the electric displacement field (D), the electric field (E), the magnetic field (H) 

and the magnetic flux density (B) are required. The Maxwell-Àmpere equation (Eq. 4.2), 

which after mathematical manipulation can be re-written as Eq. 4.6 for a conductor in 

which eddy currents occur, is used to calculate H and from there the eddy currents density 

distribution can be obtained. 

𝐽 =  ∇  × 𝐻 Eq. 4.2 

𝜕𝐵

𝜕𝑡
+  ∇  × 𝐸 = 0 Eq. 4.3 

∇  ∙ 𝐷 =  𝜑𝑓𝑟𝑒𝑒𝑐ℎ𝑎𝑟𝑔𝑒  Eq. 4.4  

∇  ∙ 𝐵 = 0 Eq. 4.5 

∇ × (
1

𝜎+𝑗𝜔𝜀𝑟𝜀𝑣𝑎𝑐
+ ∇ × 𝐻) = −𝑗𝜔𝜇𝑟𝐻 Eq. 4.6 

Table 4.1 presents the current and frequency values used in this work to predict the eddy 

current density distribution within the coatings. The current and frequency values 

presented in Table 4.1 are chosen as these are typical values used in industrial 

environments and commercial induction heating systems.  

Table 4.1 AC source boundary conditions 

AC source boundary conditions Set 1 Set 2 Set 3 Set 4 Set 5 

Current (A) 58 62 100 58 58 

Frequency (kHz) 192 192 192 250 300 
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In these electromagnetic models, the relative permeability and electrical conductivities 

are needed as material properties. Ti64, pure aluminum, In718, and copper 

electromagnetic properties used to predict the eddy current density distribution within 

the substrate and the coating are presented in Table 4.2. 

Table 4.2 Material properties of the different materials used in the electromagnetic models [73,76,99]. 

Material properties Copper Ti64 Aluminum In718 

Conductivity (S/m) 58,000,000 588,325 40,000,000 826,446 

Magnetic  permeability (µr) 0.999991 1.0005 1.00021 1.0011 

 

A frequency-dependent solver is used to calculate the eddy current density distribution 

within the coating. This solver follows the steps presented in Figure 4.12 to calculate a 

solution to Eq. 4.6 and the Maxwell equations under specific boundary conditions, 

frequencies, current values, and material properties:  

1. The model is initialized with the material properties and the specified boundary 

conditions. 

2. A solution is calculated, called adaptive solution, as an approximate solution.  

3. The convergence criteria are checked (delta energy and energy error percentages). 

4. If the adaptive solution does not fulfil the convergence criteria, then the mesh is 

refined and the solution is iterated and a new solution is calculated.  

5. If the maximum number of passes is reached or the convergence criteria are 

fulfilled, then the adaptive solution becomes the final solution and the magnetic 

and electric fields are calculated.   

6. From the magnetic and electric field, other parameters and quantities are 

calculated, such as the eddy current density distribution.  
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7. If more than one frequency is evaluated, then the solver proceeds to the next one. 

If only one frequency is analyzed, then the solver stops. 

 

Figure 4.12 Ansys Maxwell frequency-dependent solution steps. 

4.3.2. Single-Particle Impact and Adhesion Strength Bonding Simulation  

A single-particle impact model and an adhesion strength finite element model are carried 

out to further understand the influence of the initial substrate temperature on the CS 

deposition process. The single-particle impact model is carried out to gain further 

understanding of the impact process and to access data that cannot be obtained 

experimentally due to the challenging time scales. Additionally, the finite element model 

is used to better understand the deformation behavior at particle/substrate interface and 
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deposition mechanisms as a function of initial substrate temperature. The single-particle 

impact finite element model is carried out using the soft-on-hard material combination.  

A detailed description of the geometries and boundary conditions used in the single-

particle impact model is provided in Chapter 5 (section 5.2).  

Previous studies have outlined the procedure to carry out a finite element model capable 

of predicting with extremely good accuracy the adhesion strength of CS coatings due to 

mechanical anchoring [36,38]. Following the outlined procedure by previous studies, a 

similar model is used to predict the mechanical anchoring contribution on the overall 

coating adhesion strength of aluminum coatings on TI64 substrates as a function of the 

initial substrate temperature. This model has a complementary purpose and it aims to 

provide further support of the experimental coating adhesion strength evaluation.  Due 

to the selected material combination used to evaluate the influence of the initial substrate 

temperature on the adhesion strength (Al-on-Ti64), the mechanical contribution on the 

overall adhesion strength is likely to be non-significant (even at higher initial substrate 

temperatures). Therefore, if an improvement on the overall adhesion is observed during 

the experimental procedure, the results can be attributed to the enhanced metallic 

bonding. This can unequivocally be concluded because the finite element model is 

capable of predicting with extremely good accuracy the adhesion strength of CS coatings 

due to mechanical anchoring, but it lacks the ability to estimate the metallic bond 

contribution strength. A detailed description of the geometries and boundary conditions 

used in the adhesion strength finite element model is provided in Chapter 5 (section 5.3). 

These finite element models are carried out using the commercially available software 

Abaqus/Explicit. The single-particle impact and the adhesion strength models are solved 

using non-linear analyses. In this type of analyses, the solution is found by specifying the 

loading as a function of time and incrementing time to obtain the nonlinear response. 

Abaqus/Explicit breaks the simulation into a number of time increments and finds the 



P a g e  | 72 

 

 

approximate equilibrium configuration at the end of each time increment. The time 

increments are not arbitrarily selected, the stability limit is used for the time incrimination, 

which dictates the maximum time increment used by the explicit solver. An approximation 

of the stability limit is described by Eq.4.7 

∆𝑡𝑠𝑡𝑎𝑏𝑙𝑒 =
𝐿𝑠𝑚𝑎𝑙𝑙

𝑊
 Eq. 4.7 

Where Lsmall is the smallest element dimension used in the meshing process and W is the 

wave speed of the material, defined as follows: 

𝑊 = √
𝐸𝑦𝑜𝑢𝑛𝑔

𝜌
  Eq. 4.8 

In Eq. 4.8, Eyoung is the material young modulus.  

Materials can experience a change in volume and shape as a consequence of an arbitrary 

load. The hydrostatic and deviatory behaviors are related to the change in volume and 

shape, respectively. To model the hydrostatic response to an arbitrary load, an equation 

of state (EOS) is used. The energy conservation equation (Eq. 4.9) describes that the 

change in internal energy per unit mass Em (left side of the equation) is equal to the rate 

at which work is being produced by stresses (first and second term right hand side) plus 

the rate at which heat is being added (third term on the right hand side), such that:  

𝜌
𝜕𝐸𝑚

𝜕𝑡
=  (𝑝 − 𝑝𝑏𝑣)

1

𝜌

𝜕𝜌

𝜕𝑡
+ 𝑆: 𝑒̇ + 𝜌𝑄̇ Eq. 4.9 

Where 𝑝 is the pressure stress, 𝑝𝑏𝑣  pressure stress due to the bulk viscosity (resistance to 

deformation), 𝑒̇ is the deviatoric part of strain rate, S is the deviatoric stress tensor,  and 

𝑄̇ is the heat rate per unit mass.  An EOS as a function of the density and the Em can be 

defined such that:  

𝑝 = 𝑓(𝜌, 𝐸𝑚) Eq. 4.10 
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In this work, the Mie-Grϋneisen equation of state is used to model the hydrostatic 

deformation in the single-particle impact model as well as for the adhesion strength 

model. The EOS can be written as follows: 

𝑝 − 𝑝𝐻 = 𝜌Γ(𝐸𝑚 − 𝐸𝐻) Eq. 4.11 

In Equation 4.11, 𝑝𝐻 and EH are the Hugoniot pressure and specific energy per unit mass, 

respectively, and Γ is the Mie- Grϋneisen constant defined as: 

Γ =
Γ0𝜌𝑟𝑒𝑓

𝜌
 Eq. 4.12 

Where 𝜌ref is the density at a reference state and Γ0 is a material constant.  

The Hugoniot pressure becomes only a function of density, as shown by Eq. 4.13, and is 

generally defined from fitting experimental data.   

𝑝𝐻 =  
𝜌𝑟𝑒𝑓𝑐𝑟𝑒𝑓

2 𝛽

(1−𝑠𝛽)2  Eq. 4.13 

Where cref is the speed of sound at the reference state, s is the Hugoniot slope, and = 1 −

𝜌ref

𝜌
 . The Hugoniot energy, 𝐸𝐻, is related to the Hugoniot pressure as follows: 

𝐸𝐻 =
𝑝𝐻𝛽

2𝜌𝑟𝑒𝑓
 Eq. 4.14 

Using the Eq.4.13 and Eq.4.14, the Mie-Grϋneisen EOS can be re-written as follows: 

𝑝 =
𝜌𝑟𝑒𝑓𝑐𝑟𝑒𝑓

2 𝛽

(1−𝑠𝛽)2 (1 −
Γ0𝛽

2
) + Γ0𝜌𝑟𝑒𝑓𝐸𝑚 Eq. 4.15 

To use the Mie-Grϋneisen EOS is Abaqus/Explicit, the material dependent constants (cref, 

𝜌ref, Γ0) are required as input parameters to model the hydrodynamic stress.  

The deviatory response is predicted using a linear isotropic elastic model. The deviatoric 

behavior is governed by the following relationship: 
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𝑆 = 2𝐺𝑒𝑒𝑑𝑒𝑣 Eq. 4.16 

S is the deviatory stress, Ge is the elastic shear modulus and edev is the deviatoric elastic 

strain. The linear isotropic relationship presented in Eq. 4.16 is used to predict the 

deviatoric stress in the single-particle impact and the adhesion strength models.  

The Johnson-Cook (JC) model is used for the plastic response of the single-particle impact 

and adhesion strength numerical models. This plasticity model is ideal for problems in 

which rate-dependent effects and kinematic hardening are expected.  Using the Johnson-

Cook model, the yield stress can be calculated as follows:  

𝜎𝑦 =  [𝐴 + 𝐵𝜀 ̅𝑝𝑙𝑎𝑠𝑡𝑖𝑐
𝑛 ] [1 + 𝐶𝐼𝑛 (

𝜀̇𝑝𝑙𝑎𝑠𝑡𝑖𝑐

𝜀̇𝐽𝐶𝑟𝑒𝑓
)] [1 − (

𝑇− 𝑇𝑟𝑒𝑓

𝑇𝑚𝑒𝑙𝑡𝑖𝑛𝑔− 𝑇𝐽𝐶𝑟𝑒𝑓
)

𝑚

]  Eq. 4.17  

Where A, B, and C are Johnson-Cook material constants, n is the strain hardening 

constant, m is the thermal softening power coefficient, 𝜀𝑝̅𝑙𝑎𝑠𝑡𝑖𝑐 is the equivalent plastic 

strain, 𝜀𝑝̇𝑙𝑎𝑠𝑡𝑖𝑐  is plastic strain rate, 𝜀𝐽̇𝐶𝑟𝑒𝑓  is strain rate at which the Johnson-Cook 

parameters were obtained, TJCref is the reference temperature at which Johnson-Cook 

parameters were obtained, and T is the absolute current temperature.  This plasticity 

model has limitations at very high strain rates (>x107 𝑠 −1) and it has been shown that the 

Preston-Tonks-Wallace (PTW) predicts more accurately the CS process particle/substrate 

deformation. However, PTW material model parameters are limited and not readily 

available for materials like Ti64 and In718. On the other hand, the JC materials constants 

for aluminum, TI64 and In718 can be found in the literature. For that reason, the JC 

plasticity model is used.  

4.3.3. Computational Fluid Dynamic Model: Gas and particle interaction 

To experimentally measure the particle impact temperature has been demonstrated to be 

a technically challenging and time-consuming process [63]. This is caused by the relatively 
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low temperatures and high velocities experienced by the particles which cause the use of 

classical optical pyrometry impossible. For these reasons, a computational fluid dynamics 

(CFD) model has been recently developed, allowing the estimation of the particle impact 

temperature. The CFD model has been able to accurately predict the particle impact 

temperature based on experimental data obtained using high-speed, high-definition 

infrared imaging technique and a cold spray meter [63]. In this work, the extensively 

validated CFD model is also used to predict the particles impact temperature. A detailed 

description of the geometries and boundary conditions used in the CFD model is provided 

in Chapter 5 (section 5.5).  

The extensively validated model is carried out using the commercially available Ansys 

Fluent, solving the mass, momentum and energy conservation equations. The 

compressible flow is solved assuming that the flow follows the ideal gas law described by 

Eq. 4.18. 

𝜌𝑔𝑎𝑠 =  
𝑃𝑜𝑝+𝑃𝑙𝑜𝑐𝑎𝑙 

𝑅

𝑀𝑤
𝑇

 Eq. 4.18 

Where Pop is the operating pressure, defined as atmospheric pressure, Plocal is the local 

static pressure relative to the atmospheric pressure, and Mw is the molecular weight. The 

temperature is computed from the energy equation. 

The mass conservation is presented in Eq. 4.19 

𝜕𝜌

𝜕𝑡
+  ∇ ∙ (𝜌𝑣⃗) =  𝑆𝑚 Eq. 4.19 

Where Sm is the mass added to the continuous phase from the dispersed second phase, 

i.e. powder particles injected inside the flow. It has been shown that the effect of the 

particles on the gas phase and the particle-particle interactions are not significant because 

of the low volume fraction of the powder particles with respect of the gas flow (volume 

fraction <10%). Therefore, the Sm in Eq. 4.19 can be neglected.  
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Conservation of momentum is presented by Eq. 4.20 

𝜕

𝜕𝑡
 (𝜌𝑣⃗) +  ∇ ∙ (𝜌𝑣⃗𝑣⃗) =  −∇ 𝑃 + ∇  ∙ (𝜏̿) +   𝑝𝑔⃗ + 𝐹⃗ Eq. 4.20 

where P is the pressure, 𝑝𝑔⃗ and 𝐹⃗ are the gravitational and external body forces (like lift 

force or external body force), respectively. Gravitational and body forces are also 

considered to be negligible. 𝜏̿ is the stress tensor and it is described by Eq. 4.21 

𝜏̿ =  𝜇 [(∇𝑣⃗ + ∇𝑣⃗𝑇) −
2

3
∇ ∙ 𝑣⃗𝐼] Eq. 4.21 

Where µ is the molecular viscosity, I is the unit tensor, and the second term on the right 

hand side is the effect of volume dilation.  

The energy equation is given by Eq. 4.22: 

𝜕(𝜌𝐸𝑛)

𝜕𝑡
+ ∇ ∙ (𝑣⃗[𝜌𝐸𝑛 + 𝑃]) = ∇ ∙ (𝑘𝑒𝑓𝑓∇𝑇 − ∑ ℎ𝑠𝑗

𝐽𝑗 + [𝜏𝑒̿𝑓𝑓 ∙ 𝑣⃗]𝑗 ) + 𝑆ℎ Eq. 4.22 

The first three terms on the right-hand side of Eq. 4.22 represent energy transfer due to 

conduction, species diffusion, and viscous dissipation, respectively.  𝐽𝑗 is the diffusion flux 

of species, 𝑘𝑒𝑓𝑓 is the effective conductivity (𝑘𝑒𝑓𝑓 =  
1

𝑃𝑟
𝐶𝑝𝜇𝑒𝑓𝑓 in which Pr is the Prandtl 

number).  𝑆ℎ are the source terms to take into account heat from chemical reactions, which 

are null in the CS process as there no chemical reactions.  The energy term, 𝐸𝑛, is 

comprised of multiple terms to consider internal energy and kinetic energy, as shown by 

Eq. 4.23: 

𝐸𝑛 = ℎ𝑠 −
𝑃

𝜌
+

𝑣2

2
 Eq. 4.23 

Where hs is the sensible enthalpy and it is defined as follows for ideal gases: 

ℎ𝑠 =  ∑ 𝑌𝑗𝑗  ℎ𝑗 Eq. 4.24 

And where Yj is the mass fraction of the species j and hj is defined as: 
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ℎ𝑗 =  ∫ 𝐶𝑝𝑗𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓
 Eq. 4.25 

Where Tref = 298.15 K. In Eq. 4.22, the  𝜏𝑒̿𝑓𝑓 ∙ 𝑣⃗ term describes the thermal energy created 

by viscous shear in the flow. Compressible flows typically exhibit important viscous 

dissipation; therefore, this term must be considered when the energy equation is solved.  

Turbulence is the three-dimensional unsteady random motion observed in fluids at 

moderate to high Reynolds numbers. Turbulence is, in principle, described by the Navier-

Stokes equations, but in most situations it is not feasible to resolve the wide range of 

scales in time and space by Direct Numerical Simulation (DNS) as the CPU requirements 

would by far exceed the available computing power. For this reason, averaging 

procedures have to be applied to the Navier-Stokes equations to filter out all, or at least, 

parts of the turbulent spectrum. The most widely applied averaging procedure is 

Reynolds-averaging (which, for all practical purposes is time-averaging) of the equations, 

resulting in the Reynolds-Averaged Navier-Stokes (RANS) equations. By this process, all 

turbulent structures are eliminated from the flow and a smooth variation of the averaged 

velocity and pressure fields can be obtained. However, the averaging process introduces 

additional unknown terms into the transport equations (Reynolds Stresses and Fluxes) 

that need to be provided by suitable turbulence models (turbulence closures). 

RANS models offer an economic approach for computing complex turbulent flows. One 

of the most well-known RANS models is the κ-ϵ. This turbulence model is based on the 

transport equations for the turbulence kinetic energy (κ) and its dissipation rate (ϵ). 

Previous studies have demonstrated that the most accurate model to evaluate the 

turbulent nature of a flow in the CS process is the renormalized group (RNG) κ-ϵ model 

[63,129]. For that reason, in this work, the RNG-derived κ-ε model is used and this model 

is described by the following equations: 
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𝜕

𝜕𝑡
(𝜌𝐾) +  

𝜕

𝜕𝑥𝑖
(𝜌𝐾𝑢𝑖) =  

𝜕

𝜕𝑥𝑗
 (𝛼𝐾𝜇𝑒𝑓𝑓

𝜕𝐾

𝜕𝑥𝑗
) +  𝐺𝐾 +  𝐺𝑏 − 𝜌 − 𝑌𝑀 + 𝑆𝐾 Eq. 4.26 

and 

𝜕

𝜕𝑡
(𝜌ϵ) +  

𝜕

𝜕𝑥𝑖
(𝜌ϵ𝑢𝑖) =  

𝜕

𝜕𝑥𝑗
 (𝛼ϵ𝜇𝑒𝑓𝑓

𝜕ϵ

𝜕𝑥𝑗
) + 𝐶1ϵ

ϵ

𝑘
(𝐺𝐾 + 𝐶3ϵ𝐺𝑏) − 𝐶2ϵ𝜌(

ϵ2

𝑘
) − 𝑅ϵ + 𝑆ϵ Eq. 4.27 

In these equations, GK represents the generation of turbulence kinetic energy due to the 

mean velocity gradients, while Gb is the generation of turbulence kinetic energy due to 

buoyancy. YM represents the contribution of the fluctuating dilatation in compressible 

turbulence to the overall dissipation rate. The quantities αk and αε are the inverse effective 

Prandtl numbers for κ and ϵ, respectively.  Any potential additional user-defined source 

terms are taken into account by SK and Sϵ. The model constants 𝐶1ϵ =1.42 and 𝐶2ϵ = 1.68. 

𝐶3ϵ is the degree to which ϵ is affected by the buoyancy and it can be calculated 𝐶3ϵ =

 tanh |
𝜈

𝑢
|. ν is the component of the flow velocity parallel to the gravitational vector and u 

is the component of the flow velocity perpendicular to the gravitational vector. In this 

way,  𝐶3ϵ will become 1 for buoyant shear layers for which the main flow direction is 

aligned with the direction of gravity. For buoyant shear layers that are perpendicular to 

the gravitational vector,  𝐶3ϵ will become zero. Part of the RNG procedure is to generate 

a differential equation for turbulent viscosity as shown below: 

𝑑 (
𝜌2𝐾

√𝜖𝜇
) = 1.72 

𝑣̂

√𝑣̂3−1+𝐶𝑣𝑥
𝑑𝑣 Eq. 4.28 

Where 𝑣 =  
𝜇𝑒𝑓𝑓

𝜇
 and 𝐶𝑣𝑥 ≈ 100. Equation 4.28 provides a description of how the effective 

turbulent transport varies with the effective Reynolds number in order to better handle 

low-Reynolds number and near-wall flows. 

To calculate the flow properties in the converging/diverging nozzle model, a pressure-

based solver is used. The coupled algorithm solves the momentum and pressure-based 
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continuity equations together. The full implicit coupling is achieved through an implicit 

discretization of the pressure gradient terms in the momentum equations, and an implicit 

discretization of the face mass flux. Using the coupled approach offers some advantages 

over the non-coupled or segregated approach, such as SIMPLE algorithm. The coupled 

scheme obtains a robust and efficient single phase implementation for steady-state flows, 

with superior performance compared to the segregated solution schemes. This pressure-

based coupled algorithm offers a good alternative to the density-based and pressure-

based segregated algorithm. The governing equations controlling the flow properties is 

presented in Figure 4.13. 

 

Figure 4.13 Illustration of the Coupled algorithm approach used by Ansys Fluent to solve the governing flow 

equations. 

The steps are the following:  

1. The flow properties (density, viscosity, specific heat, turbulent viscosity) are 

updated based on the initialization or the most recent solution.  

2. The momentum and pressure-based continuity equations are solved 

simultaneously, in a coupled manner. 
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3. The mass flux is updated and with that the next set of equations is solved. 

4. The energy, species, turbulence and other scalar equations are solved in a non-

segregated manner.  

5. The solution convergence is verified. If the solution has reached its convergence 

criteria, then solving algorithm stops. Otherwise, the steps are repeated until the 

solution has converged.  
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Chapter 5 - Results 

This chapter is composed of five different sections. This is done to present the results 

obtained for the influence of the substrate, coating, and particle impact temperature on 

the CS deposition process for the two material combinations in a structured way. A 

detailed breakdown of each section and its relationship with each objective is presented 

in Table 5.1 The five sections of this Chapter address the objectives presented in Chapter 

3. 

Table 5.1 Objectives and specific section addressing each objectives 

Objectives 

Description of the Tasks to 

Complete Objective 

Section Addressing Each Task 

to Complete Objective 

Evaluate the role of 
the initial substrate 
temperature on the 
CS process. 

1. Evaluate the Particle/Substrate 

Deformation at the Interface and 

the Adhesion Strength at a Single-

particle Level 

2. Measure the Substrate Time-

temperature History  

3. Measure the Deposition Efficiency 

and Coating Thickness 

4. Measure the Coating Mechanical 

Properties 

1. Section 5.2 and 5.4 

2. Section 5.2  

3. Section 5.2  

4. Section 5.2 and 5.3 

 

Characterize the 
influence of the 
coating 
temperature on the 
CS process 

1. Predict the Coating Eddy Current 

Density Distribution 

2. Measure the Coating Time-

temperature History 

3. Measure the Deposition Efficiency 

and Coating Thickness 

4. Measure the Coating Mechanical 

Properties 

1.  Section 5.1 

2.  Section 5.5 

3.  Section 5.2 and Section 5.5 

4.  Section 5.3 and Section 5.5 
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Assess the 
importance of the 
particle impact 
temperature on the 
CS process 

1. Decouple the Initial Particle 

Temperature from the Gas 

Stagnation Temperature 

2. Predict the Particle Impact 

Temperature 

3. Characterize the CS Deposition 

Process as a Function of the 

Particle Impact Temperature 

1. Section 5.5 

2. Section 5.5 

3. Section 5.5 

Enhance the CS 
process 
performance based 
on the findings of 
the previous 
objectives 

 

 
1. Section 5.2, Section 5.3 and 

Section 5.5 

 

5.1 Induction Heating System Evaluation  

Two studies have used the induction heating process as a method to increase the initial 

substrate temperature [49,126]. However, increasing the coating temperature using an 

induction heating system has never been investigated. In consequence, it is still uncertain 

if an eddy current density distribution may form within 100-µm pure aluminum and In718 

coatings. Therefore, coatings matching the experimental size and dimensions are 

modeled to predict if an eddy current density distribution might develop within the 

consolidated material.  

To determine the potential development of eddy currents within cold-sprayed coatings, 

100-µm aluminum and In718 coatings are modeled. The eddy current density distribution, 

at the amplitude (or peak value) of the sinusoidal AC source, for 100-µm coatings is 

presented in Figure 5.1. The predicted eddy current density distribution for a 100-µm pure 

aluminum coating changes as a function of the coating shape, as shown in  Figure 5.1 c) 

and d). This difference is attributed to the different geometry configuration, and thus, the 

different surface area exposed to the magnetic field, as has been previously discussed in 

Chapter 2. For the rectangular substrate configuration, it can be seen that the lowest eddy 
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current density values are located in the middle of the coating, as presented in Figure 5.1 

c). This is because the magnitude of the magnetic field quickly decays towards the center 

having its lowest value in the middle of the coil. For the cylindrical substrate configuration, 

the pure aluminum coating exhibits a non-uniform eddy current density distribution, as 

presented in Figure 5.1 d). This result is caused by the coating and the first inner turn of 

the coil that have the smallest coil-to-coating air gap. Therefore, the magnetic field 

concentrates in that area resulting in a higher eddy current density distribution. This non-

uniform distribution could potentially lead to an uneven heating pattern, especially for 

materials with low thermal conductivity such as Ti64 and In718. This result demonstrates 

the importance of having a good coil design to avoid the potential development of hot 

spots that could create a detrimental heating pattern on the substrate. For future studies, 

the coil shape should be optimized to avoid potential hot spots and an uneven density 

distribution, especially if material with low thermal conductivity are to be sprayed. These 

results also suggest that the current coil shape is potentially more efficient in creating an 

eddy current density distribution for the coating modeled under a rectangular substrate 

configuration.  
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Figure 5.1 Finite element electromagnetic model of the Ti64 substrates and 100 µm coating. Isometric view a) 

the rectangular substrate configuration, and in b) of the cylindrical substrate configuration. c) to f) eddy current 

density distribution in a 100 µm coating. In c) and d), the coating is modeled as pure aluminum, while in e) 

and f) In718 is used as the coating material. The IH parameters were 58 A and 192 kHz. All the values are 

shown at the peak values of the sinusoidal AC source.  
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The eddy current density distribution for a 100µm In718 coating produced on top of 

rectangular and cylindrical substrates is also presented in Figure 5.1 e) and f), respectively. 

The predicted values are significantly lower in comparison to the values exhibited by pure 

aluminum. As presented in Chapter 2, the eddy currents are controlled by the electrical 

conductivity of a material ( 𝐽𝑒𝑑𝑑𝑦 =  𝜎𝐸). Thus, this difference is caused by the low electrical 

conductivity of In718 in comparison to pure aluminum. The electrical conductivity for 

aluminum is almost 50 times larger than the value for In718, as presented in Table 4.2. 

Using the rectangular substrate configuration, 58 A and 192 kHz as IH parameters (values 

used in Figure 5.1), and the aluminum coating result in a maximum eddy current  density 

value of 1.59x107 J/m2. If the same substrate configuration were to be used, an AC source 

of 1000 A would be required to produce a maximum value of 1.25x107 J/m2 (same order 

of magnitude) in an In718 coating. This is approximately 17 times the initial current 

required to produce a peak value of 1.59x107 in an aluminum coating. The 1000 A source 

is obtained by assuming that the frequency is kept constant, as this parameter has less 

influence over the eddy current density distribution as will be shown in the following 

paragraph. The non-uniform eddy current density distribution is also present in the 

cylindrical configuration. Due to the constant heat generation of the eddy current density 

distribution and the low thermal conductivity of In718, the non-uniform distribution might 

lead to a more prominent uneven heating pattern as the heat cannot be re-distributed 

fast enough within the coating in comparison to pure aluminum. 

In Chapter 2, it was mentioned that the current and frequency are the most relevant set 

of parameters in the IH process. In Figure 5.2, the effect of these is explored for a 100 µm 

pure aluminum coating. In Figure 5.2 b), c) and d), the role of the AC source on the eddy 

current density distribution is investigated. It can be seen that using higher current values 

increases the eddy current density distribution within the pure aluminum coating. The 

maximum value for the case presented in Figure 5.2 b) is 1.59x107 J/m2. By almost 
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doubling the current (Figure 5.2 d)), the peak eddy current value is increased by 

approximately 70% (2.76x107 J/m2). On the other hand, comparing  Figure 5.2 b) and  

Figure 5.2 f), and their respective peak eddy current values, the effect of frequency is less 

prominent. For the case presented in Figure 5.2 f), the maximum eddy current value is 

approximately 1.96x107 J/m2. This is equivalent to an approximate increase of 25% in 

comparison to the baseline case presented in Figure 5.2 b).  

 

Figure 5.2 Finite element electromagnetic model of the Ti64 substrates and 100 µm pure aluminum coating 

using different IH parameters. 
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5.2 Influence of the Substrate and Coating Temperatures on the CS 

process using the Soft-on-Hard Material Combination – Part I 

In this section, the influence of the substrate and coating temperatures on the CS process 

is investigated using the soft-on-hard material combination. To have independent control 

of the substrate and coating temperatures from the gas stagnation temperature, an 

induction heating system is used.  

In this section, the following tasks are carried out to evaluate the role of the initial 

substrate temperature on the CS deposition process:  

 Evaluate the Particle/Substrate Deformation at the Interface at a Single-particle 

level. 

 Measure the Substrate Time-temperature History.  

 Measure the Deposition Efficiency and Coating Thickness. 

To characterize the influence of the coating temperature on the CS deposition process, 

the following tasks are completed:  

 Predict the Coating Eddy Current Density Distribution. 

 Measure the Deposition Efficiency and Coating Thickness. 

To demonstrate how the CS process can be modified based on the previous findings, 

samples are produced using different combinations of substrate and coating 

temperatures. 

The detailed evaluation of the individual and combined effect of the substrate and coating 

temperatures on the CS deposition process using the soft-on-hard material combination 

is presented in the form of a published peer-reviewed paper (Reprinted from [30] with 

permission of Springer; permission conveyed through Copyright Clearance Center, Inc.) 

as follows.   
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5.3  Influence of the Substrate and Coating Temperatures on the CS 

process using the Soft-on-Hard Material Combination – Part II 

In this section, the influence of the initial substrate and coating temperatures on the CS 

process are investigated using the soft-on-hard material combination. To have 

independent control of the substrate and coating temperatures from the gas stagnation 

temperature, an induction heating system is used.  

In this section, the following task is carried out to evaluate the role of the initial substrate 

temperature on the CS deposition process:  

 Measure the Coating Mechanical Properties (micro-hardness and adhesion 

strength testing). 

To characterize the influence of the coating temperature on the CS deposition process, 

the following task is completed:  

 Measure the Coating Mechanical Properties (micro-hardness, adhesion and tensile 

strength testing). 

To demonstrate that the mechanical properties of the cold-sprayed coatings can be 

modified based on the previous findings, samples are produced using different 

combinations of substrate and coating temperatures, and the coating mechanical 

properties are characterized. 

The detailed evaluation of the individual and combined effect of the substrate and coating 

temperatures on the coating mechanical properties of cold-sprayed coatings using the 

soft-on-hard material combination is presented in the form of a published peer-reviewed 

paper (Reprinted from [130] with permission of Springer; permission conveyed through 

Copyright Clearance Center, Inc.).  
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5.4  Influence of the Initial Substrate Temperature on the CS process 

at the Single-Particle Level using the Soft-on-Hard Material 

Combination 

In this section, the influence of the initial substrate temperature on the CS process at the 

single-particle level is further investigated using the soft-on-hard material combination. 

In the first two studies, the importance of the initial substrate temperature is investigated. 

However, the mechanisms leading to a superior adhesion strength are still unclear as the 

characterization methodology used did not allow the proper identification of the 

adhesion mechanisms. The use of transmission electron microscopy (TEM) could 

potentially be used to investigate the mechanisms leading to a superior adhesion 

strength. However, the use of this technique is complex and time-consuming. 

Additionally, TEM would only allow the investigation of extremely localized regions at the 

interface, and any conclusions would be based on the investigation of a few locations. 

Therefore, a third study focused on a macroscopic monitored approach:  the deposition 

and removal of single pure aluminum particles from the Ti64 substrates. To have 

independent control of the substrate temperature from the gas stagnation temperature, 

an induction heating system is used. To limit the number of samples to analyze (as many 

particles have to be evaluated for statistical significance of each case to be studied) two 

initial substrate temperatures are evaluated: 25 and 600 °C. 

In this section, the following task is carried out to evaluate the role of the initial substrate 

temperature on the CS deposition process:  

 Evaluate the Particle/Substrate Deformation at the Interface and the Adhesion 

Strength at a Single-particle Level. 

The detailed evaluation of the effect of the initial substrate temperature on the CS 

deposition process at the single-particle level using the soft-on-hard material 

combination is presented in the form of a published peer-reviewed paper as follows 
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(Reprinted from [42] with permission of Springer; permission conveyed through Copyright 

Clearance Center, Inc.).  
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5.5 Influence of the Coating and Particle Impact Temperatures On the 

CS Process using the Hard-on-Hard Material Combination 

 In this section, the influence of the coating and particle impact temperatures on the CS 

process are investigated using the hard-on-hard material combination. To have 

independent control of the coating temperatures from the gas stagnation temperature, 

an induction heating system is used. The initial particle temperature is controlled using 

powder preheating units and feeding the powder in the diverging section of the nozzle. 

By doing so, the initial particle temperature is not a function of the gas stagnation 

temperature. In this section, the following tasks are carried out to evaluate the role of the 

coating temperature on the CS deposition process:  

 Measure the Coating Time-temperature History. 

 Measure the Deposition Efficiency and Coating Thickness. 

 Measure the Coating Mechanical Properties. 

To characterize the influence of the particle impact temperature on the CS deposition 

process, the following tasks are completed:  

 Decouple the Initial Particle Temperature from the Gas Stagnation Temperature. 

 Predict the Particle Impact Temperature. 

 Characterize the CS Deposition Process as a Function of the Particle Impact 

Temperature. 

To demonstrate that the CS process can be enhanced based on the previous findings, 

samples are produced using different combinations of coating and particle impact 

temperatures.  

The detailed evaluation of the effect of the coating and particle temperatures on the CS 

deposition process using the hard-on-hard material combination is presented in the form 

of a manuscript that has been accepted for publication in a peer-reviewed journal.  
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Chapter 6 - Conclusions and Future work 

6.1 Conclusions 

This work focused on establishing how the initial substrate, coating, and particle impact 

temperatures affect the CS process performance by trying to decouple these three 

variables from the general spray parameters, in particular the gas stagnation temperature. 

To systematically investigate the effect of these temperatures on the CS deposition 

process, the following objectives were set:  

1. Evaluate the role of the initial substrate temperature on the CS process. 

2. Characterize the influence of the coating temperature on the CS process. 

3. Assess the importance of the particle impact temperature on the CS process. 

4. Enhance the CS process performance based on the findings of the previous 

objectives. 

The role of the initial substrate temperature on the CS deposition process was evaluated 

using the soft-on-hard material combination. A few small particles bonded with the 

substrate when the initial substrate temperature was set at room temperature, but as the 

substrate temperature increased, the number and the size of deposited particles also 

increased.  It was concluded that critical velocity was substrate-temperature dependent 

at the single-particle level. Higher initial substrate temperatures promoted the breakage 

of the substrate native-oxide layer. This facilitated the bonding process as intimate 

contact between particles and the substrate was achieved. The induction heating failed in 

retaining the initial substrate surface temperature, and thus, independently of the initial 

substrate temperature, the latter was always brought to the “steady-state” temperature. 

As the initial substrate temperature increased, minimal changes in DE were observed, and 

the coatings experienced no significant changes in micro-hardness values. However, a 

significant increase in the adhesion strength of coatings was measured. These results 
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confirm that the influence of higher substrate temperatures was limited to the deposition 

of the first layer. The FE model results discarded any significant mechanical contributions 

to the overall adhesion strength of the coating, and thus, the higher adhesion strength 

values were attributed to the improved metallic bond formation at the interface.  

The influence of the coating temperature on the CS deposition process was investigated 

using the soft-on-hard and the hard-on-hard material combinations. Firstly, an FE analysis 

helped predict the eddy current density distribution experienced by pure aluminum and 

In718 100-µm coatings. The predicted values for In718 coatings were significantly lower 

in comparison to the values exhibited by pure aluminum coatings. This was attributed to 

the electrical conductivity for aluminum which is significantly larger in comparison to 

In718. The influence of the AC source and frequency values on the eddy current density 

distribution was investigated. The AC source had a more prominent effect over the 

frequency values. The coating surface time-temperature history demonstrated that the 

induction heating failed in maintaining a constant coating surface temperature during the 

spray time, but as the nozzle left the coating top surface, the coating was quickly heat up 

between passes promoting significant thermal softening on the already deposited layers. 

For the deposition of aluminum-on-Ti64, significant increases in the DE (from 50 to 75%) 

were observed as the coating temperature increased, but for the deposition of In718-on-

Ti64, the coating temperature caused the opposite effect. A dissimilar deformation 

behavior between the thermally softened coating layers and the hard particles caused this 

different result. The aluminum coatings experienced a 20% decrease in coating micro-

hardness values, and a significant increase in adhesion strength as the coating 

temperature increased. These results were explained by the development of an in-situ 

heat-treatment process that strengthened the bonds.   

The importance of the particle impact temperature was assessed using the hard-on-hard 

material combination. The initial particle temperature was decoupled from the gas 
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stagnation temperature by feeding the powder in the diverging section of the nozzle. The 

impact temperature was estimated using a CFD model. The powder particles experienced 

a cooling effect once the powder was fed into the nozzle as heat was exchanged with the 

gas. The cooling effect must be considered when the powder is preheated prior its 

injection inside the nozzle as the initial temperature and the impact temperature will be 

different. The influence of the particle impact temperature on the coating quality was 

linked to the particle impact velocity.   

Based on the previous findings, the CS process performance was optimized using both 

material combinations as feedstock materials. For the deposition of aluminum-on-Ti64 

substrates, combining the coating and substrate temperatures increased the DE from 50 

to almost 100%. The coating micro-hardness by 20% and the adhesion strength was 

raised from 0 to at least 70 MPa. It was also shown that superior adhesion could be 

achieved without the need of high initial substrate temperatures. Finally, combining these 

two temperatures increased the ductility in comparison to the baseline coupons, but the 

brittle behavior was still present. The superior coating mechanical properties were 

attributed to the development of an in-situ heat-treatment process. For the deposition of 

In718-on-Ti64 substrates, combining the coating and particle impact temperatures 

helped reduce the hardness dissimilarity found between the hard particles and the 

thermally softened coating layers resulting in a reduction in the critical velocity. Because 

the impingement effect was the densification mechanism due to the relatively low particle 

impact velocities, the repetitive impact of the relatively hard particles on the soft coating 

layers densified the coating.  
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6.2 Future Work 

Several studies that further expand the understanding of the role of the initial substrate, 

coating and particle impact temperatures on the CS process can potentially be carried 

out.  In the following list, some potential studies are proposed:  

1. The influence of the initial substrate temperature on the deposition process for the 

soft-on-hard material combination was investigated, but to generalize the results, 

other combinations should also be tested.  

2. It was proposed that higher substrate temperatures promoted the breakage of the 

native-oxide layer on the Ti64 substrate increasing the bonded area with the particles. 

However, experimental evidence using high resolution microscopy tools was not 

provided. Therefore, TEM analysis could be conducted at the particle/substrate 

interface to further understand the bonding process.  

3. As a first approximation, an electromagnetic FE model was used to predict the eddy 

current density distribution within the coating. However, the current model does not 

take into account material phases, grain size, and defects. Therefore, an FE model in 

which these variables are included could be developed.  

4. A comprehensive model in which the gas flow, the eddy current density distribution, 

and the nozzle pattern over the coating could be developed to further understand the 

role of the coating temperature on the deposition process.  

5. To develop a more effective heating pattern on the coating, different coil shapes could 

potentially be modeled, developed and experimentally tested. The as-sprayed coating 

properties could also be evaluated to quantify the effectiveness of the heating pattern. 

6. To explain the superior cohesion and adhesion of the coatings, it was hypothesized 

that high-resistivity bridges were created. Experimental evidence using high resolution 

microscopy tools, such as TEM or EBSD, could be used to help support this theory.  
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7. The micron-sized powders are only heated up by the eddy currents once they are 

consolidated in the form of a coating. Therefore, a potential research project could be 

focused on investigating if a minimum thickness is needed to have eddy currents 

within the coating.  

8. Further investigation on the influence of the coating temperature for other materials. 

This will help fully characterize the benefits and potential disadvantages of increasing 

the coating temperature during the CS process.  

9. Two different consolidation mechanisms, as a function of the particle and coating 

impact temperatures, were proposed in the last peer-reviewed paper. Extensive 

mapping of these could be done to further understand and validate the different 

consolidation mechanisms on the CS process. 
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