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ABSTRACT 

Low density, high strength and anti-corrosion materials have become very 

important with the advancement in the automotive and aerospace industry. Among the 

several lightweight materials, Magnesium (Mg) and its alloys are the most important 

because of their remarkable physical and mechanical properties for various aerospace 

applications. However, the high corrosion susceptibility and low wear resistance of 

Mg alloys restrict their wider use. There are various surface modification techniques 

that may improve the surface performance of Mg alloys but these existing techniques 

are limited due to their high cost and reliability. The emerging cold spray technique 

can be foreseen as the most suitable technique for the surface protection of low 

melting temperature alloys because of its low spraying temperature (200 - 900 °C) and 

high velocity. Even though the cold spraying process has been developed there is a 

critical need for an in-depth study and optimization of the process to overcome the 

corrosion problems for Mg alloys. 

In this dissertation, I have investigated in detail the electrochemical, 

mechanical and tribological properties of cold sprayed Al and its Alloy coatings on 

AZ91D Mg alloy substrate for various aerospace applications. I have studied the 

optimization of the process parameters of cold sprayed Al coatings and its 

electrochemical and tribological properties. I have performed thorough studies on the 

effects of 6061 Al alloy coatings on the corrosion resistance and wear properties of 

AZ91D Mg alloy substrate and have investigated the microstructural annealing 

response of cold sprayed Al and 6061 Al alloy coatings. The densification, grain size 

increment and increase inter-particle bonding was attributed to the heat-treatment 

improvement on the electrochemical and tribological properties of the coatings. The 

effects of heat-treatment on the residual stresses of cold sprayed Al alloy coatings 

were investigated by X-Ray diffraction. Our studies revealed that the electrochemical, 

mechanical and tribological properties of the cold sprayed coatings can be further 

enhanced by the heat-treatments described in this work. Our results suggest that the 
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cold sprayed Al Alloy coatings can be effectively used in different areas of the 

aerospace industry. 
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CHAPTER I 

INTRODUCTION 

Magnesium (Mg) and its alloys are potential candidates for the replacement of 

heavier steel, cast iron, and even aluminum components in the aerospace and the 

automobile industries [1] due to their high specific strength, low density and good 

processability [2]. In the aerospace industry these properties have great potential to 

reduce fuel consumption, thereby contributing to energy savings and reducing 

environmental impact [1,3,4]. However, one of the main challenges that limits its wide 

application in industrial products is the inherent poor corrosion and wear resistance 

[1,5], due to which Mg and its alloys components have limited life cycle and high 

maintenance cost. However, the surface engineering of the Mg and its alloys can cope 

with these shortcomings.  

There are several surface modification techniques which enhance the corrosion 

and wear resistance of Mg and its alloys [6–10]. However, surface coatings are 

effective and convenient way for the surface properties modification of Mg alloys, and 

they have been applied widely to various industrial components. There are available 

several surface coating techniques: they differ in the way the coatings are applied, the 

coating thickness, the bonding nature and the temperature during the coating process. 

However, the shielding of Mg and its alloys with cold sprayed metallic coatings have 

received considerable attention over other coating processes due to various 

advantages. 

Cold Spray (CS) is a relatively new, simple and innovative coating technique 

which addresses some shortcomings of the traditional thermal spraying processes [11–

13]. In this technique,high-velocity gas stream is used to accelerate powder particles 

towards the substrate at a temperature much lower than the melting point of the 

coating material.  The impacting solid particles experience plastic deformation and 

produce a metallurgical bond with the substrate. The low processing temperature 

prevents various adverse processes such as oxidation, decomposition, evaporation, 

phase transformation and grain growth of the depositing material [14,15]. Meanwhile, 
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the high velocity impacting particles eliminate the interface oxidation and retain the 

substrate surface fresh which contributes to good particle/substrate adhesion [16].  

Often the material selected for the protective coatings have superior corrosion 

resistance and better wear properties when compared to the main bulk component and 

do not significantly change the density of the component. The coating material 

positively interact with the operating environment and protects the main bulk 

component. The electrochemical studies of Al and its alloys have shown their superior 

corrosion resistance when compared to Mg and its alloys. This is mainly due to the 

formation of dense and thin aluminum oxide surface layer. The possibility of getting 

compact coatings through cold spraying, good anti-corrosion properties of Al and its 

alloys make them ideal for corrosion protection metallic coatings.  

In this dissertation, I present the results of my detailed studies on the 

electrochemical, mechanical and tribological performance of cold sprayed Al and its 

alloy coatings on Mg alloy substrate. These investigations mainly focus on the coating 

fabrication and on a detailed study of the corrosion and wear mechanisms. In chapter 

I, I provide a brief introduction to Mg alloys properties and spraying technique. A 

detailed study of the corrosion and wear performance of cold spray Al coatings on 

AZ91D Mg alloy substrate is described in Chapter II. The focus of the work is to study 

the corrosion and wear mechanisms of the coatings. In Chapter III I describe the effect 

of 6061 Al alloy coatings on the corrosion and wear performance of AZ91D Mg 

substrate. The effect of heat treatment on the microstructure of Al and its alloys 

coating and its effect on the corrosion and wear properties of the coatings are 

described in Chapter IV. Chapter V provides detail residual stress measurements of as 

sprayed and heat-treated Al and its alloy coatings using the X-ray diffraction 

technique. The conclusions of the research discussed in this dissertation are detailed in 

Chapter VI. 

MAGNESIUM AND ITS ALLOYS 

Mg is an element with an atomic number 12. Pure Mg has hexagonal closed pack 

structure, as shown in Figure 1.1 [17], with lattice parameters, a = 0.32092 nm and c = 
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0.52105 nm at 25 °C. Mg has an axial ratio of 1.6236 and is difficult to deform due to 

fewer slip systems at room temperature. Mg is the eighth most abundant element 

found in the earth’s crust. The moderately low melting temperature of Mg makes the 

die cast easy even for complex shaped parts. However, like many other metals pure 

Mg is very reactive and rarely used in engineering design or for stressed applications. 

For practical applications, Mg is alloyed with other metals such as Al, Zn, Ag etc. 

Rare earth elements can also be used as alloying elements to strengthen the Mg 

especially at high temperatures. Moreover, the Mg alloys have specific manufacturing 

and design advantages, such as [17]: 

1. Castings can be made with thinner walls than aluminum (1-1.5mm versus 2-

2.5mm).  

2. Castings cool more quickly due to a reduced latent heat of fusion per unit volume.  

3. Due to the excellent castability of Mg alloys the fabrication of complex shapes by 

high productivity methods such as die casting is possible.   

4. High gate pressures can be achieved using moderate pressures due to the low 

density of Mg.  

Mg is the lightest structural metal having a density of 1.7g/cm
3
, which is 

considerably lower than Iron (7.9 g/cm
3
), Steel (8.07 g/cm

3
), Titanium (4.5 g/cm

3
) and 

Aluminum (2.7 g/cm
3
). Thus, Mg can be a good replacement for the above-mentioned 

metals for various industrial applications. The requirement of light weight, high 

specific stiffness and damping characteristics for the aerospace structural materials 

makes the Mg alloys ideal for particular applications where these properties have great 

potential to reduce fuel consumption, thereby contributing to energy savings and 

reducing environmental impact [1,3,18]. Despite the advantages and modest cost of 

Mg alloys, their use remains notably limited due to the poor corrosion resistance.    
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Figure 1.1 Example of Hexagonal Close Packed Crystalline Structure [17] 

 

CORROSION BEHAVIOR OF MAGNESIUM AND ITS ALLOYS 

Pure Mg does not exist in nature due to its high reactivity. The cost to separate 

pure Mg is very high. Mg has a standard potential of –2.375 V, which is the lowest 

among all the structural metals. Thus, the Mg cause galvanic corrosion when in 

conductive contact with other metals. Pure Mg is rarely used in the manufacturing of 

aerospace and automotive parts. In order to be used in manufacturing, it is alloyed 

with other metals. The corrosion mechanism of Mg and its alloys is explained as 

follow:  

Thermodynamics 

The tendency for any chemical reaction to occur, including the reaction of a metal 

with its environment, is measured by the Gibbs free energy change, ΔG. The value of 

ΔG can be calculated by using the formulas given below [19] 

              ……………. 1 
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Where ΔG
o
 is the standard free energy change, R is the gas constant, T is the absolute 

temperature in K and J is a constant.  

 

In general, for a given reaction  

            
 

Where A and B are reactant concentrations, C and D are product concentrations. Then 

 

       
[ ] [ ] 

[ ] [ ] 
                   ……………. 2 

 

The more negative the value of ΔG is, the greater the tendency for the reaction to 

occur. For example, consider the following reaction at 25 °C: 

 

   ( )      ( )    (  )  ( )ΔG°= ˗ 596,600 J 

 

The large negative value of ΔG ° indicates a pronounced tendency for magnesium to 

react with water and oxygen. 

The relation with electrode potential and free energy is given by Faraday's Law and is 

expressed as [19] 

          (  )      ……………. 3  

 

Where, F=96494 C/mole, Eo equilibrium electrode potential, z is the number of 

electrons transferred in the corrosion reaction. Also, for a standard state 

      (  )  
   ……………. 4 

 

From equations 1,2,3 and 4, we determined: 

     
  

  

  
     ……………. 5 

 

where,   
  is the standard equilibrium electrode potential. Equation (5) is known as the 

Nernst equation. 
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Corrosion Mechanism 

The corrosion behavior of Mg can be best understood using the Pourbaix 

diagram as shown in Figure 1.2 [20]. Mg is thermodynamically stable at potentials 

below – 2.4 V vs. Standard Hydrogen Electrode (SHE). Above this potential the Mg 

oxidizes to Mg
+2 

ion and reduces the water because the potential – pH domain in 

which magnesium is stable, is well below the domain in which water is stable. A 

protective film of Mg(OH)2 or MgO can provide some protection for pH varying from 

8.5 and 11.5. A stable Mg(OH)2 film protects the Mg from corrosion at pH greater 

than ~11.5.  The following half-cell reactions are involved in the corrosion of Mg 

[21,22].  

 

            ……………. 6    

(anodic reaction) 

 

       
         

     ……………. 7   

(cathodic reaction) 

 

            (  )     ……………. 8 

 

The dissolution of Mg releases the electrons which are consumed by the cathodic 

reaction (water reduction) to generate H2 gas [23]. The Mg
+2

 and OH
-
 ions are formed 

during the anodic and cathodic reactions, respectively, then combine to form 

Mg(OH)2 film [22]. Generally, the oxide layer formed on Mg surface is composed of 

an inner MgO and an outer Mg(OH)2 layer [24–26]. In Mg alloys the structure and 

composition of oxide and hydroxide layers are heavily influenced by the alloy 

composition. For example, the surface of AZ91D Mg alloy contains both Mg and Al 

oxides [27].   
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Figure 1.2 Potential-pH equilibrium diagram for the system magnesium-water, at 25°C 

[20]. 

CORROSION PROTECTION OF MG AND ITS ALLOYS  

Mg and its alloys are excellent materials for a large range of industrial 

applications, but their poor corrosion and wear resistance prevent further applications 

of these materials[5,28]. Therefore, the corrosion protection of Mg alloys is of critical 

relevance and has been receiving a great deal of interest during recent years. So far, 

there are mainly two methods to improve the corrosion performance of Mg alloys: 

composition variation and surface engineering. 
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Mg Alloys Modification 

The pure Mg is rarely used in aerospace and automotive industry; it is usually 

alloyed with other metal such as aluminum, zinc, cerium, thorium, yttrium, silver, and 

zirconium. The development of new Mg alloys improved their corrosion resistance 

when compared to commercial Mg. However, their anticorrosion performance is still 

poor when compared to Al-based alloys[29].  

Surface Modification 

The surface modification of prevailing Mg alloys is an economical and an 

effective approach to prevent them from severe corrosion. There are several methods 

which can be used for surface modification of Mg alloys[7,9,10,30,31]. However, 

corrosion resistance surface coatings on Mg alloys substrate are the most effective 

method to accomplish this task.  

SURFACE COATING TECHNIQUES 

The corrosion resistant surface coatings on Mg substrate can be applied using 

several techniques such as thermal spraying, electroplating, physical and chemical 

vapor deposition. Among these techniques thermal spraying can provide thick coatings 

over a large area at high deposition rates. In thermal spraying, the feedstock materials 

are melted or heated before spraying onto a surface. The basic principal is the same for 

all the thermal spray processes: i.e. to provide sufficient kinetic and thermal energies 

so that the particles can bond when impact the substrate.  

The cold spray is a relatively new technique and differs from traditional thermal 

spray processes. In cold spraying the particles are sprayed at much lower temperatures 

(typically ranging from room temperature to 500 °C) in comparison to the traditional 

thermal spraying techniques. Figure 1.3 shows a comparison of cold spray technique 

with traditional thermal spraying methods[32], and a brief introduction about this 

process is discussed below. 
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Figure 1.3 Schematic illustration of the ranges of gas temperatures and particle 

velocities of the main spray processes [32]. 

 

High Velocity Oxy Fuel Spraying 

High Velocity Oxy Fuel (HVOF) process uses the combustion of gases such as 

propylene, propane, hydrogen or some liquid fuel like kerosene. In this process, the 

fuel, oxygen and the spray powder are introduced together in the combustion chamber. 

High temperature and high pressure are produced within the chamber due to the 

combustion of the gases and causes the supersonic flow of the gases through the 

nozzle. The powder particles partially melt or melt in the combustion chamber and 

during the flight through the nozzle[33]. The flame temperature varies from 2500
o
C to 

3200
o
C and it depends on the fuel, the fuel gas/oxygen ratio and the gas pressure. The 

oxidation of the deposit material is the disadvantage of this process.   

Plasma Spraying 

Plasma spraying is one of the most versatile and widely used thermal spray 

methods. In this process a stream of high temperature ionized plasma gas is generated 

using DC electric arc. This ionized plasma gas acts as the spraying heat source [34].  

The powder is injected into the plasma flame and accelerated to about 200 m/s before 
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impacting the substrate. The spray rate depends on various parameters such as gun 

design, powder injection schemes, plasma gases, and material properties (particularly 

particle characteristics such as size distribution, melting point, morphology, and 

apparent density) [35]. There are two types of plasma spraying processes. The first one 

is the conventional plasma also known as atmospheric or air plasma spray (APS). In 

this process the plasma is generated by heating an inert gas typically Argon or Argon-

Hydrogen mixture by a DC arc. The commercial guns usually operate at powers 

ranging from 20 to 200 KW. 

The second type of plasma spraying is the Vacuum Plasma Spraying (VPS), 

also known as Low-Pressure Plasma Spraying (LPPS). In this method the modified 

plasma spray torches are used in a chamber at pressures ranging from 10 to 50 kPa. 

The advantages of VPS are the improved bonding strength, better deposition 

efficiency, and improved density of deposit and better control over coating thickness. 

The absence of oxygen eliminates the oxidation in this process, but its cost is very 

high. 

Electric Arc Wire Spray 

In the electric arc spray process, a pair of consumable wire electrodes are 

melted by means of an electric arc. Then, the molten material is atomized and a stream 

of air is used to propel the material towards the substrate. The spray rates depend 

primarily on the operating current and they vary with both the melting point and the 

conductivity. This technique has the advantage of low substrate temperature because 

no hot gas jet is directed towards the substrate. A controlled-atmosphere chamber or 

inert gases is used in this process [36]. Electric arc spray produces denser coatings in 

comparison with the equivalent combustion spray coatings. This method has low 

running cost and high spray efficiency. The major disadvantages of this process are 

that only metals can be sprayed through this process and a heating source is needed if 

substrate preheating is required. 
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Cold Spraying 

Cold Spray (CS) is a relatively new, simple and innovative coating technique 

which addresses some shortcomings of the traditional thermal spraying processes[11–

13]. This technique was invented in the mid-1980s by scientists from Institute of 

Theoretical and Applied Mechanics of the Russian Academy of Sciences (ITAM of 

RAS) in Novosibirsk, Russia [37]. In this technique,high-velocity (300-1200 m/s) gas 

(Air, He, N) stream is used to accelerate powder particles through the de Laval type 

nozzle towards the substrate at a temperature much lower than the melting point of the 

coating material. The solid particles experience a plastic deformation at the impact and 

produce a metallurgical bond with the substrate. 

The characteristics (size, shape and nature) of the feedstock powders as well as 

the nozzle geometry are the fundamental to determine the final process parameters 

such as velocity, pressure and temperature. The deposition conditions strictly affect 

the microstructure of the coating, and hence its physical and mechanical properties. 

The low processing temperature prevents various adverse processes such as oxidation, 

decomposition, evaporation, phase transformation and grain growth of the depositing 

material [14,15]. Meanwhile, the high impact velocity of the particles eliminates the 

interface oxidation and retain the substrate surface fresh which contributes to good 

particle/substrate adhesion[16]. There are mainly two types of cold spray systems 

available as discussed below. 

High Pressure Cold Spray (HPCS) 

The schematic of the HPCS system is shown in Figure 1.4. In this system 

highly pressurized (up to 5 MPa) gas (usually Helium or Nitrogen) is heated (up to 

1373 K) and supplied to the de Laval type nozzle. The nozzle accelerates the gas to a 

supersonic velocity (up to 1200m/s) while reducing its temperature. A separate carrier 

gas line is used to feed the feedstock powder axially to the gas stream before the 

nozzle throat. The feedstock powder gains the velocity from the accelerated gas and 

after leaving the nozzle impact the substrate to form the mechanical bonding. The 
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HPCS system is usually used to deposit a wide range of materials such as Cu, Ni, Cr, 

Ti, Ta and Al.  

 

 

Figure 1.4 Operating principle of high-pressure cold spray system [38] 

Low Pressure Cold Spray (LPCS) 
The schematic of LPCS is shown in Figure 1.5. In this method the low-

pressure gas (up to 1 MPa) such as Air or Nitrogen is heated (up to 873 K) and 

supplied to the nozzle. The gas preheating is done by the heater placed in the spraying 

gun. In order to improve the deposition efficiency and the bonding strength of the 

process a ceramic powder (Al2O3 or SiC) is usually added [39]. These ceramic 

powders also keep the gun nozzle clean. The LPCS method has a different powder 

feeding solution when compared to the HPCS method. In this method, the powder is 

fed radially, usually under pressure. In LPCS method the particle concentration in the 

gas stream is higher than that in the HPCS method. This is mainly due to the normal 

shock wave layer with a higher concentration of powder particles. The low strength 

materials such as Sn, Ni and Al are deposited with this technique due to relatively low 
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feedstock velocity. The on-site spraying is another important advantage of the LPCS 

equipment.  

 

Figure 1.5 Operating principle of low-pressure cold spray system[38] 

 

These two cold spray processes have their own advantages and uses. 

Generally, cold spray technique has several advantages, such as high deposition rate, 

compressive residual stresses, no oxidation and minimum thermal input to the 

substrate.  

Fabrication of Cold Sprayed Coatings 
The primary condition to form a coating through the cold spraying process is to 

exceed the critical velocity (vc) by spraying powder particles [40]. In the cold spraying 

process, the coating formation consists of two basic steps. The first one is the 

fabrication of the first layer i.e. particle-substrate interaction and the second step is the 

subsequent coating build up i.e. particle-particle interaction. The first step defines the 

adhesion strength between the coating and the substrate while the second step defines 

the cohesive strength inside the coating [41] . In the first step, the arriving particles 

remove the oxide layer from substrate surface and increase its roughness. Some of the 

particles attach to the substrate and decrease the activation energy of the particle-
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substrate interaction. In the second step, the subsequent particles stick to first 

deposited layer and a multilayer coating is built up. Further spray reduces the voids 

due to the hammering effect of the upcoming particles and hence a compact layer is 

formed near the coating-substrate interface due to the peening effect. A schematic of 

the coating fabrication using the cold spraying process is shown in Fig. 1.6 [41].   

 

 

Figure 1.6 Stages of coating formation in the cold spray process [41]. 

VELOCITY 

In the cold spraying process, the velocity and temperature of the spraying 

particles are the most important process parameters. A severe plastic deformation 

occurs due to the gas stream having high velocity particles, while the particles having 

high temperature increase material plasticity. Therefore, to obtain a dense coating with 
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high bonding strength the optimum process parameters are determined for each 

selected material.  

Critical Velocity 

Critical velocity (vc) is the main concept in the cold spray method. It is the 

minimum velocity which is required by each spraying particle for the successful 

deposition after impacting on the substrate. The critical velocity mainly depends on 

the nature of the spray material. It also depends on the particle morphology, powder 

oxidation and particle impacting temperature. The effect of the particle velocity on the 

material deposition is shown in Figure 1.7 [42]. When the particle velocity vp is lower 

than vc, the particles simply rebound from the substrate. When vp>vc, the particles 

plastically deform and adhere to the substrate, forming a coating. However, if vp>>vc 

there is no positive effect on the material deposition and erosion starts due to 

excessive deformation. The Erosion Velocity (ve) is represented by a second threshold 

in Figure 1.7. It is usually two or three times higher than vc. The area between vc and ve 

 

 

Figure 1.7 Correlation between particle velocity and deposition efficiency [42]. 
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for a given particle impact temperature is called window of deposition, as shown in 

Figure 1.7 [42]. Schmidt et al.[13]proposed a more advanced model for vc. This model 

considers tensile strength specific heat, thermal and mechanical calibrations and is 

given by the equation [13] : 
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Where, ρ is the density, σTS is the tensile strength, Tm is the melting temperature, Ti is 

the impact temperature, TR is the reference temperature (293 K), Cp is the specific heat 

of the particles, F1 is the mechanical calibration for cold spray (1.2) and F2 is the 

thermal calibration for cold spray (0.3).   

Particle Velocity 

Modeling of the process can be used to investigate the effect of spray parameters 

(pressure and temperature), particle size and nozzle design on particle 

velocity[13,41,43–45]. One-, two- and three-dimensional modeling techniques based 

on computational fluid dynamics are commonly used to calculate the expected particle 

velocities along the length of the nozzle, the nozzle exit, and just prior to the impact 

with the substrate. The present chapter will review the simple models used to predict 

the particle velocity.  

Gas Flow Model 

The gas-flow model uses isentropic relationships and linear nozzle geometry [46–

48]. The assumptions for the calculation are as follows: 

1 The gas flow is adiabatic and inviscid. 

2 The gas flow through the nozzle is assumed to be 1-D; therefore, the flow 

properties such as velocity, density and pressure vary only along the x-axis 

parallel to the nozzle axis. 

3 There are negligible gravitational effects on gas flow.  
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4 The gas conditions are not influenced by the spraying particles.  

In this model energy conservation between two points within the de Laval 

nozzle with fixed expansion ratio is consider to determine the pressure, temperature 

and density of the fluid in terms of the corresponding Mach number (M) of the gas and 

is given by the following equations[49,50] : 
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Where A, A*, A/A
*
, γ, P

o
, P T

o
, T, ρ

o
, ρ, R and v are the nozzle cross-section 

area, nozzle cross-section area at the throat, nozzle expansion ratio, the ratio of gas 

specific heats, gas stagnation pressure, gas pressure, gas stagnation temperature, gas 

temperature, gas stagnation density, gas density, gas constant and gas velocity, 

respectively. Considering the working conditions such as P
o
, T

o
 and A/A

*
, the detailed 

flow properties along the nozzle axis can be calculated using equations 10-14. This 

model is a convenient tool for a rough estimation of particle velocity, thus attracting 

many researchers. However, the significant shortcoming of this method is not 

considering the ambient pressure [46,51,52].   
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Particle Motion Model 

The adequacy of the cold spray process is determined by the resulting particle 

velocities that pass through the gas flow. The gas characteristics discussed in the gas 

flow model may be used to determine the particle velocity, but the assumption of 

negligible external forces such as isolation of the particles (no interaction with 

surrounding particles), no frictional losses, no energy dissipation due to the collision 

of particles between them and with the nozzle wall and also the assumption that all the 

particles have the uniform temperature, leads to an over estimation of the particle 

velocities within the nozzle. 

In the particle motion model, Newton’s second law is used to approximate the 

particles velocity within the nozzle. In this model it is assumed that the two-phase 

flow (particles and gas) is sufficiently dilute and moves along the nozzle axis. In this 

case the particle velocity can be calculated by the following equation[53]. 
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Where CD, vp, mp, t, v and Ap are the drag coefficient, particle velocity, particle mass, 

time, gas velocity and particle’s cross-sectional area. There are many equations in 

literature which can be used to calculate the drag coefficient for incompressible and 

compressible gas flows. Clift et al.[54] described the drag coefficient equations 

employed in this case. Here, if we assume the gas density, gas velocity and drag 

coefficient as constants, the above expression for estimating the particle velocity can 

be written as  
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Where x is the axial position from the nozzle inlet. Combining with equations 13 and 

14 equation 15 clearly reveals that the particle velocity inside the nozzle is affected by 

particle size, particle density, gas molecular weight, gas stagnation temperature and 
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nozzle shape. For small values of the spray particles velocity, as compared to the gas 

velocity, equation 16 can be simplified as 

 

    √
      

 
 ……………. 17 

 

This equation yields a simple relationship, where the spray particles velocity is 

proportional to the square root of the distance travelled over the particle diameter [51]. 

BONDING 

Although several theoretical and experimental studies have been performed to 

explain the nature of the bonding between metal particles and substrates, the actual 

bonding mechanism remains unclear. It is commonly believed that particles and 

substrate undergo extensive localized plastic deformation due to the impact. This 

enables to remove the oxide layer and hence it provides a close contact to clean 

metallic surfaces [22, 32, 42–44]. 

Plastic Deformation 

The general consensus among the researchers is that the deposition of the 

metallic feedstock powder is achieved through high strain rate deformation of the 

powder particles [13,55]. For the particle bonding, all the kinetic energy of the 

spraying particles must be transformed into strain energy and heat on the impact with 

the substrate. An inelastic collision process (such as plastic deformation) between the 

particle and the substrate is required in this case. The yield stress of the particle and/or 

the substrate must be exceeded during the collision, and it is a part of necessary energy 

transformation. Bea et al. [56] studied the deformation behavior of four types of 

particle-substrate combinations in cold spray by finite-element modeling . Figure 1.8 

shows an example of soft particle/soft substrate (Al/Al), where a large deformation 

was observed when compared to the hard particle /hard substrate (Ti/Ti) due to low 
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Figure 1.8 Classified four cases of particle impact on substrate: (a) soft /soft (Al 

particle onto Al substrate at 775 m/s), (b) hard /hard (Ti particle onto Ti substrate at 

865 m/s), (c) soft /hard (Al particle onto mild steel substrate at 365 m/s), (d) hard /soft 

(Ti particle onto Al substrate at 655 m/s) [56] 

 

material strengths in the former case. In both cases, the authors found higher 

temperature at the substrate side as compared to the particle side. In the other two 

cases of soft particle/hard substrate (Al/mild steel) and hard particle/soft substrate 

(Ti/Al), the deformation occurred in the relatively softer counterpart. In addition, a 

much higher temperature was achieved in the softer side. 

Moreover, the extent of plastic deformation occurring in the material is highly 

dependent on the dislocation mobility. The materials with FCC structure such as Al 

and Cu have 12 slip systems, four (111) slip planes and three slip directions, by which 

the dislocations can propagate. Consequently, the FCC structured materials can have 

numerous dislocation events and extensive plastic deformation under relatively low 

stresses.  The BCC structured materials such as Fe also have twelve slip systems but 

with a lower coordination number and packing density. Therefore, the deformation 

capability of BCC structured materials is lower in comparison to the FCC structured 

material [57]. The HCP structured materials such as Ti have only three slip planes at 
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room temperature and do not show extensive material deformation. In spite of this 

fact, Ti was successfully deformed and deposited via cold spraying process which 

suggests that some other bonding mechanisms are also involved in this process 

[13,55,58,59] 

Adiabatic Shear Instability and Material Jets 

In the cold spraying process, the material deforms at a high strain rate (up to 5 

x 10
9
 s

-1
) and impact stresses (5-10 GPa) [13,55,60,61]. These impact stresses are 

adequate to induce dislocation nucleation, grain refinement and recrystallization in the 

deposited materials. Kim et al. [60] illustrated the process which is schematically 

illustrated in Figure 1.9.  

Figure 1.9(a) shows a coarse grain microstructure of the particle prior to the 

impact with the substrate. Figure 1.9(b) shows that during the impact, the material is 

subjected to a dislocation nucleation and entanglement. Figure 1.9(c) shows that the 

dislocations agglomerate into lower energy sub-grains which cause grain refinement 

[60,62]. 95% of the kinetic energy of the impact is believed to dissipate as heat [59].  

Figure 1.9(d) illustrates that the increase in the temperature leads to visco-elastic 

material flow, often characterized by material jetting, and dynamic rotational 

recrystallization [60,63]. This phenomenon is called “adiabatic shear” [5, 19, 28, 29, 

36].  

The adiabatic shear process explained above contributes to the metallurgical 

bonding [37, 38]; however, the mechanisms by which the bonding takes place are still 

unclear. Some researchers believe that the metallurgical bonding occurs due to the 

material melting in the adiabatic shear instability region [3, 27, 37, 39, 40] while 

others believe that the bonding occurs through mechanical interlocking [8, 19].  
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Figure 1.9 Grain refinement mechanism with a) pre-impact feedstock powder, b) 

entanglement of dislocations c) formation of persistent dislocation cells and re-

elongation and d) brake-up rotation and recrystallization of sub-grains [60].  

AL ALLOYS AS CORROSION RESISTANT COATINGS 

The Pourbaix diagram of Al can best explained by its theoretical potential-pH 

domains for immunity, corrosion, and passivation, as shown in Figure 1.10. The 

Pourbaix diagram indicates that Al is stable at potentials below –1.8 V vs. SHE and 

will oxidize to Al
3+

 above this potential in the pH ranging from –2 to 4.5.  The Al2O3 

film is thermodynamically stable in the pH range from 4.5 to 10. The formation of 

Al2O3 layer helps to protect the underneath metal and acts as a passive layer. The 

formation of a dense and thin aluminum oxide surface layer for such a large pH range 

makes Al and its alloys as effective corrosion protection metallic coatings. Moreover, 

the possibility of getting compact Al and Al alloy coatings through the cold spraying 
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process makes them ideal for corrosion protection metallic coatings on Mg and Mg 

alloys substrates. 

 

 

Figure 1.10 Potential-pH equilibrium diagram for the system aluminum-water, at 25°C 

[20] 
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CHAPTER II 

 

FABRICATION AND CHARACTERIZATION OF Al COATINGS ON 

MAGNESIUM ALLOY SUBSTRATE 
 

INTRODUCTION 

In the aerospace industry, an effective approach to enhance energy efficiency 

and fuel-saving is the mass reduction [3]. Magnesium and its alloys are lightweight 

materials and are increasingly used in the aerospace, automotive and electronic 

industries [1]. However, Mg and its alloys are highly prone to corrosion and have low 

wear resistance which restricts its industrial application [64].  There are several 

surface modification techniques which enhance the corrosion and wear resistance of 

Mg and its alloys [6–10]. However, the shielding of Mg and its alloys with cold 

sprayed metallic coatings have received attention over the other thermal spray 

processes due to various advantages. As mentioned in Chapter 1, these advantages 

include no melting of feedstock powder due to low process temperature thereby 

minimizing oxidation, phase transformation and grain growth [14].  

Al coatings have significant technical importance as the formation of natural 

Al2O3 passive layer on the surface of Al prevents the penetration of corrosive media, 

hence good corrosion resistance can be achieved. In addition, Al is a good candidate 

for the cold spraying process due to moderate hardness, low density and high ductility 

[65]. Therefore, cold sprayed Al coatings on Mg substrate can effectively improve the 

corrosion resistance of the substrate. Moreover, the density of Al is relatively low in 

comparison to other heavy metals such as Ni, Cu and Ti so there is less increase in the 

density of the Mg alloy substrate material after coating. 

In this chapter we describe the corrosion and wear resistance enhancement of 

AZ91D Mg alloy substrate after cold sprayed Al coating. A comparison between the 

corrosion mechanism of the Mg substrate and the as-sprayed Al coating was 

investigated in detail. We have also studied the wear properties and mechanism of 

AZ91D Mg substrate and as-sprayed Al coatings. 
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Experimental Details 

The commercially available gas atomized Al powder (Xing Rong Yuan 

Technology Co., Ltd. Beijing, China) having particle sizes ranging from30 to50 µm 

was used for cold spraying. Particle morphology and size of Al powder was examined 

using Field Emission Scanning Electron Microscope (FESEM) (MIRA3 TESCAN) 

and laser particle size analyzer (MALVERN master size hydro 3000). The Secondary 

Electron (SE) image of pure Al feedstock powder is shown in Figure 2.1(a) and 2.1(b), 

respectively, while Figure 2.1(c) shows the size distribution of the powder. Typically, 

the particles exhibited a round morphology. 

In this study, as cast AZ91D Mg alloy sheet (10 cm × 8 cm × 0.5cm) was used 

as the substrate for cold spraying. In order to improve the adhesion between the 

coating and the substrate, the substrate was sandblasted using 24 mesh alumina grits at 

0.6 MPa compressed air pressure followed by 10 min. cleaning in an ultrasonic 

acetone bath.  The Al coatings were deposited by a cold spraying system DWCS-2000 

(Dewei Automation Company, Xi’an, China) with an optimized de Laval nozzle. 

Nitrogen was used as an accelerating and powder carrier gas. The cold spraying 

process was controlled by a computer program to ensure good reproducibility of the 

coatings. The optimized process parameters used to fabricate Al coatings are described 

in Table 2.1. 

 

Table 2.1 Spraying parameters of Al coatings 

Gas Gas  

Pressure 

(MPa) 

Gas 

Temperature 

(
o
C) 

Gun 

traverse 

speed 

(mm/s) 

Standoff 

distance 

(mm) 

Powder 

feeder 

rate 

(g/min.) 

N2 2 300 40 20 20 
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Figure 2.1 FESEM micrographs of the as-received Al powder showing (a) powder 

morphology, and (b) surface grain structure (c) particle size distribution of as-received 

Al powder measured by laser particle size analyzer. 

 

The cross-section of the sample was polished to a standard metallographic 

level [66] and the microstructure of the coating was examined using FESEM. The 

inter-particle bonding of as-sprayed (AS) Al-coating was revealed by etching of the 

polished cross-section in Kroll’s reagents. X-Ray Diffraction (XRD) (GNR analytical 

instruments group EXPLORER) was used to characterize the phases present in the 

feedstock, bulk Al and AS Al-coatings.   

The corrosion resistance of the AS Al-coatings, bulk Al and the substrate was 

evaluated by open circuit potential (OCP), Potentiodynamic Polarization (PDP) and 

Electrochemical Impedance Spectroscopy (EIS), techniques. The tests were carried out 
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in 3.5wt% NaCl solution by an electrochemical workstation (prostate) using a classical 

three-electrode cell with saturated calomel electrode (SCE) as the reference electrode, 

graphite as the counter electrode and test samples (of 1 cm
2
 area) as the working 

electrode. All the samples were ground up to 1200 grit and 1hour of stabilization 

period was expended prior each measurement to obtain a steady-state OCP. A sweep 

rate of 1 mV/s was used for the PDP measurements and the EIS measurements were 

carried out in the frequency range0.01 Hz to 10,000 Hz.  

The dry sliding wear test in the air was performed using a Pin-On-

Disk Tribometer (MT/60/NI/HT/L, Micro test S.A.). A ball-on-plate geometry was 

employed with a 3 mm diameter steel ball used as the counter body to slide against the 

samples with the polished surface of 1 μm finish. A 3 N load, 15 cm s
−1

 linear speed 

and 50 m wear distance with 6 mm track diameter was used in this experiment.  

RESULTS AND DISCUSSION 

Microstructure and Phase Analysis 

Figure 2.2(a) shows the FESEM image of the cross-section of an AS Al-

coating. The image reveals that the AS Al-coating is dense with only few visible 

pores.  The polished and etched interface of the AS Al-coating was observed in  

Figure 2.2 FESEM micrographs (a) cross-section (b) etched cross-section 

microstructure of AS Al-coating. 
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FESEM for further detailed investigation of grain boundaries and inter-particle 

regions, as shown in Figure 2.2(b).  The etched cross-section showed small grains with 

visible grain boundaries gaps.    

The phase analysis of feedstock powder, bulk Al and AS Al-coatings was 

carried out by XRD and the acquired diffraction patterns are shown in Figure 2.3. All 

the samples revealed the presence of Al peaks that matches the JCPDS 01-071-4625 

card. The diffraction peaks labeled as (111), (200), (220), (311) lattice planes are 

attributed to the Al crystal with a face-centered cubic (FCC) structure. A comparison 

between the diffraction peaks of the feedstock powder and the AS Al-coating revealed 

that no phase transformation or degradation, oxidation or chemical reactions had 

occurred during the spraying process, which further confirms the advantage of the cold  

spraying technique over the other thermal spraying processes.  

Figure 2.3 X-ray diffraction patterns of the AS Al-coatings, bulk Al and feedstock Al 

powder. 
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Electrochemical Corrosion Evaluation 

Open Circuit Potential (OCP)  

The OCP technique is used to evaluate the corrosion tendency of coatings in 

aqueous solutions. The coatings with higher OCP value are considered difficult to 

degrade [67] and the stable OCP curve versus time indicates the stability of 

passivation of the formed film[68]. The OCP evolution of the AS Al-coating sample in 

3.5wt.%NaCl solution is shown in Figure 2.4(a). For comparison, the substrate and 

bulk Al results are also presented. The OCP value of the substrate remained constant 

and the potential was stabilized at – 1.635 V after 1 h of immersion. The OCP of bulk 

Al started with a lower value of – 0.8 V and then increased gradually to a steady value 

of – 0.746 V within 10 min. of measurement. This is mainly due to the formation of a 

passive film on the surface of the bulk Al. The OCP curve of AS Al-coating is similar 

to that of the bulk Al, but its amplitude oscillation is much larger than that of the bulk 

Al. This indicates that the AS Al-coating has more active pitting process than the bulk 

Al, since OCP oscillations in many cases, can be attributed to pitting initiation or a 

passive film breakdown [69].  

The corrosion resistant metallic coatings have higher electrode potential than 

pure Mg and its alloys. However, the intrinsic properties, density and inter-particle 

boundaries of the coating material also determine the corrosion resistance.  

Potentiodynamic Polarization 

Potentiodynamic polarization technique was employed to evaluate the corrosion 

behavior of the AS Al-coatings. Curves of the substrate and bulk Al have also been 

presented for comparison. The response of the samples subjected to the polarization 

test is shown in Figure 2.4(b) and the results derived from the data are summarized in 

Table 2.2.  It can be seen from Figure 2.4(b) that the AS Al-coating has a significant 

effect on the polarization behavior of the substrate. Compared to the substrate, all the 

samples had more noble corrosion potential (Ecorr) and corrosion current density 

(Icorr). The Ecorr of the substrate, AS Al-coating and bulk Al is – 1.43 V, – 0.68 V and –

0.67 V respectively. These results indicate that the substrate has more active potential 
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when compared to the AS Al-coating and bulk Al in 3.5% NaCl solution. The 

substrate revealed a high Icorr 23.68 µA/cm
2 

when compared to AS Al-coating (4.65 

µA/cm
2
) and bulk Al (7.15 µA/cm

2
). The cathodic current density of the AS Al-

coating is lower than the bulk Al, which is attributed to the less Cu and Fe impurity 

levels in the coated film. Thus, it was concluded that the AS Al-coatings are effective 

corrosion barriers. The corrosion parameters obtained in this study are either better or 

comparable to the reported values.  

 

Table 2.2 Corrosion parameters derived from potentiodynamic curves after 2h 

exposure to 3.5% NaCl solution. 
Alloy Ecorr 

(V) 

Icorr (µA/cm
2
) Corrosion Rate 

(mpy) 

AS Al-Coating -0.68 4.65 1.99 

AZ91D Mg 

Substrate  

-1.43 23.68 20.17 

Al Bulk - 0.63 7.15 2.01 
 

      

       

       

       

 

 

 

 

 

 

 

 

Figure 2.4 (a) OCP curves as a function of time (b) potentiodynamic polarization 

curves of AS Al-coatings, Al bulk and AZ91D Mg substrate in 3.5wt.% NaCl 

solution. 

 

 

(a) (b) 
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Electrochemical Impedance Spectroscopy (EIS) 

To further understand the corrosion mechanism of AS Al-coatings, bulk Al and 

substrate, the EIS of the samples in 3.5 wt.% NaCl solution was measured at their 

OCP and the results are presented in Figure 2.5 with the corresponding equivalent 

circuits [70–72] in Figure 2.6. The Nyquist and Bode plots are shown in Figure 2.5(a) 

and 2.5(b), respectively. The Nyquist plot of the substrate (inset in Figure 2.5(a)) 

consists of one high-frequency capacitive loop and one low-frequency inductive loop.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 The EIS measurements of AS Al-coatings, bulk Al and AZ91D Mg 

substrate in 3.5% NaCl solution (a) is the Nyquist (b, c) is the Bode plots.  

 

(a)

(b) (c) 
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The capacitive loop is associated with the properties of the electric double layer 

capacitor at the interface of electrode/electrolyte, while the inductive loop in the fourth 

quadrant is the corresponding result of the electrochemical dissolution of passivation 

film at outer layer [73,74]. Figure 2.5(a) clearly shows that the diameter of the 

capacitive loop for the substrate is significantly increased after AS Al-coating, 

resulting in significant improvement in corrosion resistance. 

There is a common feature for the EIS plots of bulk Al and AS Al-coating: 

both samples have an approximately straight line in the low- frequency range. This 

indicates that a mass transfer step is involved in the corrosion process of both 

specimens. Taking into account the characteristics of EIS data, the equivalent 

electrical circuits models used to fit the experimental spectra and to simulate the 

interfacial electrochemical processes occurring at the metal/electrolyte are shown in 

Figure 2.6(a-c). In these Figures, Rs represents the solution resistance, Rct is the 

charge transfer resistance, CPE1 is the constant phase element, RL and L are the 

resistance and inductance related to the low frequency pitting corrosion respectively. 

The CPE2 represents the capacitance and R1 is the resistance associated with 

Al2O3/Al(OH)3 film. W is the Warburg constant related to the mass diffusion during 

the process.  

The values of the electrochemical parameters used in the models are listed’ in 

Table 2.3. The relatively lower value of RS corresponds to the increment in the anions 

mobility towards the surface under the applied electric field. The lowest Rs value is 

obtained for the substrate which represents the highest anions mobility. The Rct value 

is a very important parameter and it is directly related to the active protection provided 

by the coatings. The AS Al-coating Rct (2.23×10
3 

Ω-cm
2
) value is about four times 

higher than that of the substrate (506.80 Ω-cm
2
). The value of Rct is usually inversely 

proportional to the corrosion rate of test specimen. Hence, the anticorrosion properties 

of the AS Al-coating have enhanced the corrosion resistance of the substrate. 
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Figure 2.6 EIS equivalent electrical circuits. Schematics (a) AZ91D Mg substrate and 

(b) AS Al-coating and bulk Al. 

 

 

 

 

Table 2.3 Calculated parameters of the elements of the equivalent electrical circuit for 

the samples in 3.5 wt.% NaCl solution 

 

 

Alloy Rct 

(Ω-cm
2
) 

CPE1 

µF/cm 

Rs 

Ω-cm
2
 

L 

(H.cm
2
) 

RL 

(Ω-cm
2
) 

CPE2 

µF/cm 

R1 

(Ω-cm
2
) 

W 

AS Al-Coating 2.23×10
3
 2.90 934.8   8.24 2.84×10

3
 

2.52×10
-4

 

AZ91D Mg 

Substrate 

506.80 9.38 5.48 2929 1067    

Al Bulk 1.5910
3
 43.44 180.40   55.74 113.3 2.65×10

-4
 

(a) 

(b) 
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Tribological Measurements 

Wear Behavior 

The wear behavior of AS Al-coatings is compared to the Al bulk and AZ91D Mg 

substrate, as shown in Figure 2.7. The variation in Coefficient of Frictions (COF) with 

the sliding distance is shown in Figure 2.7(a). The COF for AS Al-coating is unstable 

and gradually increased as the sliding distance increased, which is mainly related to 

the looseness and falling of the Al particles. As a result, the contact area between the 

steel ball and the wear track was increased, thus increasing the frictional force [75]. 

The bulk Al exhibited higher COF value in the beginning of the experiment. 

Afterwards, the COF decreased and then became nearly constant, indicating steady-

state abrasion of Al particles [76]. The AZ91D Mg substrate exhibited steady-state 

COF value of ~0.36. The AS Al-coating showed no significant improvement in wear 

rate in comparison to that of AZ91D Mg substrate, as shown in Figure 2.7(b).  

 

Figure 2.7 (a) Variation of COF with sliding distance (b) average wear rate of AS Al-

coatings, bulk Al and AZ91D Mg substrate. 

Wear Mechanism 

The wear mechanism of the samples was further investigated by analyzing the 

wear track of the individual sample using FESEM representative images of the  

(a) (b) 
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Figure 2.8 Typical worn surface morphologies of the (a-b) AS Al-coatings (c-d) bulk 

Al and (e-f) AZ91D Mg substrate. 
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morphology of worn surfaces is shown in Figure 2.8. Figure 2.8(a) and 2.8(b) revealed 

the adhesive delamination of AS Al-coating [77]. The worn surface of bulk Al 

exhibited a very similar behavior as that of AS Al-coating. On the other hand, in 

Figure 2.8(e) and 2.8(f) AZ91D Mg substrate worn surface showed numerous grooves 

and ridges (ploughing) parallel to the sliding direction which is a typical example of 

abrasive wear. Moreover, another feature of the worn surface is the traces of the 

abrasive particles. The above mentioned metallographic features of the worn surfaces 

represent the abrasive wear behavior of the sample [78,79]. 

CONCLUSIONS 

 In this chapter the microstructure, electrochemical and tribological properties 

of cold sprayed Al coatings were investigated. A dense coating was achieved by the 

optimization of the cold spraying process parameters. The electrochemical tests 

revealed that the dense Al-coating has corrosion properties better than that of bulk Al 

in 3.5 wt.% NaCl aqueous solution. Hence, the corrosion resistance of the substrate 

was enhanced. This was confirmed by the decrease in the corrosion rate of the 

substrate from 21 mpy to 1.99 mpy after coating. However, the coating has not 

significantly improved the wear resistance of the substrate. Therefore, it can be 

concluded that the cold sprayed Al-coating developed in this work has significantly 

enhanced the corrosion resistance properties of Mg substrate and this have prospective 

applications in various industries where low density and high corrosion resistance is 

required.  
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CHAPTER III 

 

FABRICATION AND CHARACTERIZATION OF 6061 AL ALLOY 

COATINGS ON MAGNESIUM ALLOY SUBSTRATE 

INTRODUCTION 

 Magnesium (Mg) alloys are excellent materials for a large range of 

applications. Their high damping capacity, low density, good specific strength and 

recyclability make them an appropriate candidate for the automotive/aerospace 

applications where these properties have great potential to reduce fuel consumption, 

thereby contributing to energy savings and reducing adverse environmental 

impact[1,3,4].  Although the surface properties of Mg alloys are acceptable for certain 

applications, their poor corrosion and wear resistance prevent further applications of 

these materials[28]. Therefore, the corrosion protection of Mg alloys has been 

receiving a great deal of interest during recent years. So far, there are mainly two 

methodologies to improve the corrosion performance of Mg alloys: composition 

variation and surface engineering. Pan et al.[29] reported that the development of new 

Mg alloys improved their corrosion resistance when compared to commercial Mg 

alloys. However, their anticorrosion performance is still poor when compared to Al-

based alloys. On the other hand, the surface modification of prevailing Mg alloys is an 

economical and effective approach to prevent them from severe corrosion. Protective 

coatings through different surface treatments such as anodization [7], chemical vapor 

deposition (CVD) [8], spray coatings[9,10], chemical conversion [30] and 

electroplating [80] have been used to modify the surface properties of Mg alloys. 

However, the above-mentioned techniques are restricted either by cost or by 

performance. In addition, Mg alloys are chemically reactive and their high affinity in 

aqueous solution makes it challenging to apply these surface modification techniques 

to these alloys when compared to other metals [81].  

The electrochemical studies of Al and its alloys have shown their superior 

corrosion resistance when compared to Mg and its alloys. This is mainly due to the 

formation of dense and thin aluminum oxide surface layer[82]. The possibility of 
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producing compact coatings through the cold spraying technique with good anti-

corrosion properties of Al and its alloys make them ideal for corrosion protection 

metallic coatings. Henao et al.  [83] and Shockley et al. [84] reported that it is very 

difficult to coat compact Al or Al alloy coatings using air or Nitrogen as accelerating 

gas in cold spraying. Balani et al. [85] used Helium as the accelerating gas in the cold 

spray process to deposit Al alloy coatings. The results confirm that the coatings are 

compact enough to provide good corrosion resistance. However, the Helium gas is 

much more expensive when compared to Nitrogen.  

6xxx Al alloys are widely used in various applications because of their 

excellent corrosion resistance and good mechanical properties. The AZ91D Mg alloy 

has many applications in aerospace/automotive industry. In this study, we selected 

6061Al alloy for surface coating of Mg substrate since in the previous chapter we have 

shown that the Al-coatings improved the corrosion resistance of the Mg alloy substrate 

but could not significantly improved the wear resistance of the Mg alloy substrate. 

Thus, the aim of the work described in this chapter is to deposit a dense 6061 Al alloy 

coating using nitrogen as the accelerating gas via optimization of cold spraying 

process parameters to enhance the corrosion and wear resistance of the AZ91D Mg 

substrate. The study of coating’s microstructure and the comparison of corrosion and 

wear mechanisms between both the coating and the substrate is also the subject of our 

investigation. 

EXPERIMENTAL DETAILS 

The commercially available gas atomized 6061 Al alloy powder (Xing Rong 

Yuan Technology Co., Ltd. Beijing, China) was used as the feedstock material for 

cold spraying with 10 to 70 µm particle size range. Particle size and morphology was 

examined using FESEM. The secondary electron (SE) image of 6061 Al alloy 

feedstock powder is shown in Figure 3.1(a). Figure 3.1(b) shows the detailed size 

distribution of the powder. The particles generally have around morphology, many of 

these having attached satellite particles.  
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The 6061 Al alloy coatings were fabricated via the cold spraying process on 

the AZ91D Mg alloy substrate. Prior to spraying, the substrate was sandblasted and 

cleaned as described before. The cold spraying system has a convergent-divergent De 

Laval nozzle. Nitrogen was used as an accelerating and powder carrier gas. During the 

deposition, the spray gun was manipulated by a robot and 5 to 6 passes were 

performed to obtain coatings ~1000 µm thick. The optimized process parameters used 

to fabricate 6061 Al alloy coatings are listed in Table 3.1. 

 

Table 3.1Spraying parameters of 6061 Al alloy coatings 

Gas Gas 

pressure  

Gas 

temperature  

Gun traverse 

speed  

Standoff 

distance  

Powder 

feeder rate  

N2 2.8 MPa 330
o
C 40 mm/s 20 mm 30 g/min. 

 

 

 

Figure 3.1 (a) Morphology (b) and particle size distribution of feedstock 6061 powder. 

 

The coating/substrate interface was also examined using FESEM. The cross-

section of the coated specimen was prepared to metallographic level as described in 

[66] and etched in 5 ml HF, 10 ml H2SO4 and 85 ml H2O solution for 10 sec. The 
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phases present in the feedstock and coating were investigated using the XRD 

technique.  

Electrochemical properties of the 6061 Al alloy coated AZ91D (coating), 

AZ91D Mg alloy bulk (substrate) and the 6061 Al alloy bulk were comparatively 

investigated. The corrosion resistance of the samples was assessed through 

potentiodynamic polarization. The tests were performed in same conditions as 

described in chapter 2. Prior to individual measurement, the exposed surfaces of all the 

samples were ground up to 1200 grit and 2hour stabilization period was expended to 

establish a steady state OCP.  

To further understand the effect of coating on the corrosion resistance 

mechanism, EIS measurements of the coating, substrate and 6061 Al alloy bulk were 

performed at OCP using a 10 mV (RMS) amplitude AC voltage. The frequency 

dependent impedances were measured from 0.01 Hz to 10 KHz. All the EIS 

measurements were carried out in 3.5 wt% NaCl aqueous solution. 

The dry sliding wear tests on coating and bulk samples were performed using a 

ball on Disk Tribometer. The tests were performed under same conditions as described 

in chapter 2. To study the worn surface morphology and wear mechanism, FESEM 

analysis of wear tracks were carried out.  

RESULTS AND DISCUSSIONS 

Microstructure and Phase Analysis 

 The microstructure of the coating/substrate interface is displayed in Figure 

3.2(a). A thick and dense coating was observed with a porosity level of 2 to 3 vol % as 

measured by image analysis software, FESEM micrograph indicates deformation of 

6061 Al alloy powder during the deposition. The substrate is comparatively softer than 

6061 Al alloy so deformation of the substrate may be caused by the impacting 

particles and particles are penetrated into the substrate. Hence, no pores or cracks were 

observed at the interface, as evident from Figure 3.2(c).  Moreover, for the detailed 

study of inter-particle bonding, polished and etched cross-section of the coating was 

observed using FESEM as shown in Figure 3.2(b). Figure 3.2(d) is the etched and 
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enlarged cross-section exhibited a well-compactedcoating with good interparticle 

bonding and few pores. 

 

 

Figure 3.2 The field emission scanning electron micrographs: (a) cross-section 

microstructure image of cold sprayed 6061 coating (b) etched 6061 coating (cross-

section) (c) is a close view of (a) near the coating/substrate interface (d) is the enlarged 

image of (b). 

 

The XRD patterns of initial 6061 feedstock, as-sprayed coating, and 6061 Al 

alloy bulk are shown in Figure 3.3. The patterns revealed the standard peaks for pure 

Al slightly shifted on the 2θ position because of the alloy elements. After cold 

spraying of 6061 powder, no other phase was observed on the coated specimen 

besides 6061 Al alloy (matched with the card number 01-074-5237). The missing 

(220) and (311) planes in XRD pattern of 6061 alloy bulk is due to the rolling texture.   
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Figure 3.3 XRD patterns of the 6061 feedstock powder, coating and bulk. 

ELECTROCHEMICAL BEHAVIOR 

Open Circuit Potentials (OCP) 
In order to monitor the corrosion process of the samples, we used the OCP 

method as a function of time. As shown in Figure 3.4(a), the corrosion potentials for 

6061 Al alloy bulk and the substrate remained stable during the experiment. For the 

coated sample the OCP potential varied from –1.0 V to –0.9 V over the 3500 s 

measurement time period, which indicates that hydrous aluminum oxide is produced 

on the surface. The variation in the OCP amplitude of the coating is higher when 

compared to the 6061Al alloy bulk which shows that the dense coating is more active 

than its bulk alloy and the variation may be due to some reactions at the inter-particle 

interface.  We determined nearly constant OCP values of –0.73 V and  –1.57 V Vs. 

SCE for 6061 Al alloy bulk and the substrate, respectively, which are comparable to 

previously reported values [71,86]. The corrosion potential of the coating shifts 



Texas Tech University, Sumera Siddique, December 2019 

43 

 

towards the positive potential because of the higher nobility of the Al when compared 

to Mg, hence exhibiting improved corrosion resistance than the substrate.  

Potentiodynamic Polarization 

Figure 3.4(b) shows the response of the samples subjected to potentiodynamic 

polarization testing. The curves were obtained at a scan rate of 1 mV/s. The corrosion 

parameters such as the corrosion current density (Icorr), corrosion potential (Ecorr) and 

corrosion rates were derived from the polarization curves and they are summarized in 

Table 3.2. The determined values are comparable to those previously reported in the 

literature [66,71,86,87]. Superior stability of the coating, when compared to the 

substrate, can be verified from this table. The corrosion current density Icorr of the 

substrate is nearly 3 times larger than the coating, further confirming the corrosion 

resistance improvement of the substrate after the coating process.  The Icorr value of 

the coating is close to the 6061 Al alloy bulk which indicates that the coating is dense 

enough to resist the corrosion process similarly to the bulk alloy. The slightly higher 

value of the Icorr for the coating when compared to the 6061 Al alloy bulk is because  

the coating has numerous inter-particle boundaries, pores and severely deformed 

microstructure as evident from Figure 3.2(d).  

Figure 3.4 (a) Open-circuit potential curves (b) Potentiodynamic polarization curves of 

6061 coating compared to 6061bulk and AZ91D Mg substrate in 3.5% NaCl solution. 

E
pit
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The anodic polarization curve of the coating exhibits a passive tendency while the 

6061 Al alloy bulk shows a rapid increase of current density with the increase of 

polarization potential [88].This difference is attributed to the solution treatment used 

followed by the age hardening of the bulk, resulting in the formation of insoluble 

intermetallic particles of the alloying elements (Al2Cu, FeAl3 and Mg2Si etc) which 

forms local electrochemical cells between them and the aluminum matrix. This gives 

rise to the localized pitting attack and a coincided pitting corrosion potential (Epit) with 

the Ecorr, as shown in Figure 3.4(b) [89]. On the other hand, the solid solution of the 

alloying elements makes the coating more active for general corrosion than that of the 

pitting. Thus, separating the Ecorr from Epit without changing the Epit (–0.68 mV) value, 

as shown in Figure 3.4(b). Moreover, a protective Al(OH)3 film formed on the coating 

surface in aqueous solution which provides passivation from further corrosion due to 

its low solubility. Hence, a passivation region can be verified in the polarization curve 

of the coating film. However, the discontinuous hydroxide film (due to the pores and 

cracks in the coating) causes pitting. The passivation potential of the coating indicates 

both the beginning of the pitting corrosion potential (Epit.) region and the corrosion 

product’s re-passivation of the pits [90].  

 

Table 3.2 Corrosion parameters derived from potentiodynamic curves after 2h 

exposure to 3.5% NaCl solution 
Alloy Ecorr 

(V) 

Icorr 

(µA/cm
2
) 

Corrosion 

Rate (mpy) 

 6061Coating -1.16 7.18 3.11 

AZ91D Mg substrate  -1.37 24.50 20.90 

6061 Bulk - 0.67 4.66 2.01 
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Electrochemical Impedance Spectroscopy (EIS) 

Taking into account the different characteristics of Nyquist and Bode's plots 

shown in Figure 3.5(a) and 3.5(b,c), respectively, two equivalent circuits are proposed 

in the literature to model the frequency dependent impedance of the investigated 

samples. One for the 6061 Al alloy coating and bulk as shown in Figure 3.5(d) [87,88] 

and the other for the AZ91D Mg alloy substrate which is shown in Figure 3.5(e). The 

Solution Resistance (Rs,), Constant Phase Element (CPE) and Charge Transfer 

Resistance (Rct) correspond to the capacitance loop on the higher frequency side of the 

Nyquist plot. Rct represents the electron transfer resistance during the electrochemical 

reaction process. Considering the rough surface of the metal, the CPE is used instead 

of the electric double layer capacitance [86].  The low-frequency loop in the Nyquist 

plots indicates the electrochemical dissolution of the passivation film at the outer layer 

with corresponding inductance resistance (RL) and inductance (L). The Nyquist plot of 

the substrate (inset of Figure 3.5(a)) shows one capacitive loop at high frequencies and 

an inductive loop at a low-frequency side. In contrast, the 6061 Al alloy coating and 

the bulk have one capacitance loop with different diameters. This indicates that both 

samples have the same corrosion mechanism with different corrosion rates. In addition 

the simulated EIS curves using the same equivalent are in good agreement with 

measured EIS plots for the 6061 Al alloy coating and the bulk. Moreover, the diameter 

of the capacitive loop of the coating significantly increased when compared to the 

substrate which indicates the higher corrosion resistance of the coating when 

compared to the substrate [72]. 

The frequency spectra shown in Figures 3.5(b, c) revealed higher impedance 

and broader phase angle for the coating when compared to the substrate. This is 

attributed to the better protective property of the coating when compared to the 

substrate. Moreover, from Table 3.3, it can be noticed that there is no significant 

difference in the solution resistance for all the samples. The value of Rct is usually 

inversely proportional to the corrosion rate of the sample under investigation. The Rct 

of the substrate increased from 300 to 6.23×10
3 

Ω-cm
2
 after coating. Thus, Rct value of  
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Figure 3.5(a) The Nyquist plots (b,c) The Bode plots of 6061 coating, 6061 bulk and 

AZ91D Mg substrate in 3.5% NaCl solution. Inset in Figure (a) is an enlarged Nyquist 

plot of AZ91D Mg substrate. The solid lines are showing curve fittings. Equivalent 

circuit for the analysis of the impedance spectra (d) 6061 coating and bulk (e) AZ91D 

Mg substrate. 

 

Table 3.3Calculated parameters of the elements of the equivalent electrical circuit for 

the samples in 3.5 wt.% NaCl solution 
Alloy L1 

(H.cm
2
) 

Rct 

(Ω-cm
2
) 

CPE 

µF/cm 

Rs 

Ω-cm
2
 

L2 

(H.cm
2
) 

RL 

(Ω-cm
2
) 

    6061 coating  6.23×10
3
 13.86 0.48   

AZ91D Mg 

Substrate 

3.62×10
-12

 300.40 10.28 6.50 233.40 343.40 

6061 Bulk  18.33×10
3
 7.11 3.90   
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the substrate increases to several orders of magnitude after coating but it is slightly 

lower than that of the 6061 Al alloy bulk. On the other hand, there is a slight 

difference in the CPE value for coated and uncoated AZ91D Mg alloy. The higher 

CPE value for the coating when compared to the substrate is attributed to the porosity 

and defects in the film [72,86]. Since this difference is small the high quality of the 

coating is confirmed. It can be clearly observed that the coating developed in this work 

is dense enough and has higher corrosion resistance when compared to the substrate.  

The corrosion resistance of the coating is also comparable to the 6061 Al alloy bulk. 

So far, many studies on the corrosion behavior of Al and its alloys on Mg 

substrate at different spray conditions have been reported [66,71,86,87,89]. On those 

reports, it is argued that these coatings are dense enough to provide good protection to 

Mg-based alloys. It is difficult to rank the results based on Icorr values because of the 

different testing systems and environments. However, in our work, through the series 

of electrochemical measurement results, it can be concluded that the coatings, we have 

deposited, have their corrosion rates comparable to the 6061 Al alloy bulk. Hence, 

these coatings are dense enough to provide excellent protection to the Mg substrate. 

Tribological Measurements 

Wear Behavior 
 An assessment of wear stability of the samples in wear test is the behavior of 

their Coefficient of Friction (COF).  The COF as a function of distance is shown in 

Figure 3.6(a). The substrate exhibits a largersteady-state COF value (COF=0.35) when 

compared to the coating (COF=0.15) at the beginning of the wear test. Afterwards, it 

increases to COF ~0.6 for the coating. The fluctuating COF behavior can be explained 

by the dense structure of the coatings which is ductile and it easily deforms to create a 

contact between the ball and the coating surface resulting in constant COF values at 

the very beginning of the sliding test [91]. Later on, as shown in Figure 3.6(c) and 

3.6(d), the transfer of material from coating to the steel ball increases the COF. This is 

also evident from the sharp upward deviations in COF values suggesting stick-slip 

behavior with the periodic material transfer from coating to the steel ball [66]. The 
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fluctuation in the COF can be attributed to excessive sub-surface fracturing and 

delamination as well [92]. We determined a constant COF (0.25) for the 6061 Al alloy 

bulk, which is lowest one when compared to the substrate and the coating. Figure 

3.6(b) shows the wear rate comparison for the substrate, 6061 Al alloy bulk and the 

coating. The 6061 Al alloy exhibited the largest wear resistance. We emphasize here 

that the coating increased the wear resistance of the substrate by several orders of 

magnitude. 

 

 

 

Figure 3.6 (a) Coefficient of friction (COF) versus sliding distance and (b) wear rate 

for 6061coating, 6061 bulk and AZ91D Mg substrate. Field emission scanning 

electron micrograph of the steel ball (c) before the wear test (d) after the wear test. The 

inset of (d) is the enlarged image of the material stuck to the steel ball after the wear 

test. 

 

(a) 
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Wear Mechanism 

In order to further understand the wear mechanism, worn surfaces of the 

samples are observed using FESEM imaging. Figure 3.7(a) shows the circular wear 

track of the coating and the inset of this figure is the enlarged view of the worn 

surface. The worn surface exhibited granular morphology and grains are detached 

from the surface during the wear test, with some of them adhered to the counter pin 

and others become wear debris. This is an example of the transfer of material due to 

adhesion from a softer surface to the harder counter material resulting in adhesive 

wear [66].  The EDX analysis of the worn surface revealed clear evidence of oxide on  

 

 

 

Figure 3.7 Field emission scanning electron micrograph of the wear track on (a) 6061 

coating inset is enlarge portion of the coating with EDX analysis (b) 6061 bulk (c) 

AZ91D Mg substrate. 
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the wear track and a typical characteristic of oxidative wear. Figure 3.7(b) shows the 

worn surface of the 6061 Al alloy bulk which is a rough surface with mixed regions of 

micro-abrasive and delamination wear[92]. A wear track for the substrate is shown in 

Figure 3.7(c) which suggests that the surface is worn due to the localized plastic 

deformation. The furrows are closely spaced, continuous and deep, and the main wear 

mechanism is the abrasive wear [93,94]. 

In this study, the effect of speed and load was not observed, and the selected 

load is relatively low since we were particularly interested in studying the phenomena 

involved in the worn surface of the coating rather than making the surface smooth due 

to the heavy load. 

CONCLUSIONS 

6061 Al alloy coatings were successfully cold sprayed onto AZ91D Mg alloy 

substrate for the corrosion and wear resistance enhancement.  A dense coating was 

achieved by the optimization of the cold spraying process parameters. Electrochemical 

tests reveal that the dense coating has corrosion properties comparable to the 6061 Al 

alloy bulk in 3.5 wt.% NaCl aqueous solution. Hence, the corrosion resistance of the 

substrate is enhanced, as evidenced by the decrease in corrosion rate of the substrate 

from 21 mpy to 3 mpy after coating.  The low porosity and strong adhesion are the 

major developments of this study resulting in the significant anti-corrosion 

performance of the coated substrate. Furthermore, the coating has improved the wear 

resistance of the substrate by several orders of magnitude. Hence, it can be concluded 

that the 6061 Al alloy cold sprayed coating developed in this work have significantly 

enhanced the corrosion and wear properties of Mg substrate and could have promising 

applications in various industries where low density and high corrosion resistance is a 

critical requirement. 
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CHAPTER IV 

 

EFFECT OF HEAT TREATMENT ON COLD SPRAYED Al ALLOY 

COATINGS 

 

INTRODUCTION 

Aluminum and its alloys exhibit a wide range of properties that can be 

precisely engineered to meet the demands of specific applications[95]. The good 

corrosion resistance of Al and its alloys makes them ideal for corrosion-resistant 

coatings. The properties of Al and its alloy coatings can be further improved through 

heat treatment.  However, temperature, duration, rate of temperature change, and 

atmosphere are important factors which affect the properties of the coatings. This 

chapter explains briefly the effect of heat treatment on the properties of Al and its 

alloy coatings.      

EFFECT OF HEAT TREATMENT ON ALUMINUM COATINGS 

Various studies have shown that the electrochemical and tribological properties 

of Mg and its alloys can be improved via aluminizing i.e. heating the Mg alloys 

substrates in contact with Al (powder or coating). The formation of Mg/Al 

intermetallic compounds such as β (Mg17Al12) and γ (Al3Mg2) phases depend on the 

heat treatment conditions [96–98]. Previous studies have been conducted involving 

one step or multi-steps aluminizing.  In one step aluminizing Shigematsu et al. 

[99]produced Mg17Al12 intermetallic layers by heating Mg alloy substrate in aluminum 

powder at 450
o
C/1h in Argon atmosphere. Mola et al. [100] produced 

Mg17(Al,Zn)12 and Mg5Al2Zn2 alloyed layers on Mg substrate by heating Al+Zn 

powder mixtures at 445 
o
C/1h under pressure. Christoglou et al. [8] used pack bed 

chemical vapor deposition (PBCVD) technique for aluminizing the Mg 

alloy. Recently, Fu et al. [101] produced Mg2Al3 and Mg12Al17 intermetallic in Mg 

alloy substrate by heating it in AlCl3-NaCl salts at 400
o
C up to 10h in Argon 

atmosphere. However, all the previous studies showed that one step aluminizing 
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processes could not produce continuous intermetallic coatings in the Mg substrates, 

which results in limited corrosion resistance enhancement.  

The multi-step aluminizing of Mg alloys can cope with the limitations of 

conventional one-step diffusion coating techniques. In multi-step aluminizing, an Al 

film fabricated through different techniques such as thermal spraying [102], 

electrochemical deposition [97] and cold spraying [96] and subsequent heating was 

performed below the eutectic point. The Al diffused into the Mg substrate during the 

heating process resulting in the formation of continuous layers of intermetallic 

compounds (Mg2Al3 and Mg17Al12) depending on the heating time and temperature. In 

multi-step aluminizing, the generated intermetallic compounds were homogeneously 

distributed but the layers were thin and the processing temperatures were high with 

long heating periods, resulting in degradation of the mechanical properties of the Mg 

substrate (by dissolving the strengthening intermetallic phases).  

The aforementioned heat treatments of the Al coatings focused on the 

aluminizing process for the generation of Mg-Al intermetallic compounds to improve 

the corrosion and wear resistance of the Mg substrate at the cost of degradation of its 

mechanical properties. However, the detailed studies on the density enhancement of 

the Al coating through relatively low-temperature heat treatment and its effects on 

electrochemical and tribological properties have not yet been investigated in any 

detail. In the present study, cold sprayed Al coatings were developed on AZ91D Mg 

alloy (the fabrication details were described in chapter 2), followed by heat treatment 

at 300
o
C for 1h in vacuum. The effects of post-deposition heat treatment on the 

microstructure, density and surface properties of the Al coatings has been studied for 

enhancement of the structural integrity, corrosion and wear resistance of the Mg alloy. 

Microstructure and Phase Analysis 

Figure 4.1 shows FESEM cross-section images of AS and HT Al-coatings. 

Figures 4.1(a) and 4.1(b) show FESEM images of the coating-substrate interface and 

the etched AS Al-coating, respectively. The AS Al-coating is dense with few visible 

pores (detailed description was provided in chapter 2). The cross-sectional micrograph  
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Figure 4.1 FESEM micrographs of (a) cross-section (b) etched cross-section 

microstructure of AS Al-coating, (c) cross-section and (d) etched cross-sectional 

microstructure of HT Al-coatings (e-f) EDX line scanning (Mg and Al) spectra of HT 

Al-coating interface. 
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of the HT Al-coating exhibited excellent inter-particle bonding without any visible 

gaps, pores, and cracks (Figure 4.1(c)). To further investigate the inter-particle 

regions, the etched and enlarged view of HT-coating is shown in Figure 4.1(d). 

Compacted grains with fairly good inter-particle bonding were observed. The obtained 

coating was free from cracks and pores when compared to AS-coating. Moreover, the 

grain size increased by almost 5 times when compared to the AS-coating. The HT Al-

coating exhibited a dense structure when compared to the AS Al-coating. The (EDX) 

line scans, across the coating-substrate interface, are shown in Figures 4.1(e-f), which 

provided the elemental concentration (i.e., Mg and Al) along the yellow line. Nearly 4 

µm thick area adjacent to both sides of the coating-substrate interface showed the 

presence of the Mg and Al, which suggests that Mg-Al alloy was formed around the 

interface due to the heat treatment. Thus, the adhesion strength between the coating 

and substrate was improved due to the solid-state diffusion.  

Figure 4.2 X-ray diffraction patterns of the bulk Al, AS and HT Al-coatings. 
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The phase analysis of bulk Al, As Sprayed (AS) and Heat Treated (HT) Al-

coatings was carried out by XRD measurements and the acquired diffraction patterns 

are shown in Figure 4.2. All the samples revealed the presence of Al peaks that 

matches the JCPDS 01-071-4625 card. The diffraction peaks labeled as (111), (200), 

(220), (311) correspond to the Al lattice planes with a face-centered cubic (FCC) 

crystal structure. Hence, the XRD pattern for the HT Al coating did not reveal any 

intermetallic compound or oxide formation due to the heat treatment.  

Figure 4.3 shows a schematic illustration of the heat treatment process 

resulting in the formation of Mg-Al alloy at the interface and the densification of the 

top Al layer. Figure 4.3(a) shows a conventional cold sprayed Al coating on the Mg 

alloy substrate, which is subjected to the heat treatment. Figure 4.3(b) shows that 

during heating process the Mg-Al solid solution is formed at the interface due to the  

 

Figure 4.3 Schematic illustration of the post-deposition heat treatment of cold sprayed 

Al coating (a) AS Al-coating microstructure (b) post-deposition heat treatment (c) 

microstructure after furnace cooling. 
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solid-state diffusion of elements [96]. Since the heating time is short and the 

temperature is low, limited diffusion occurred at the interface and the grain growth 

occurred at the top layer of the Al coating. Finally, the furnace cooling helped the 

grain growth process which reduced pores and inter-particle boundaries (Figure 4.3(c).   

Electrochemical Corrosion Evaluation 

Open Circuit Potential 
The OCP changes with time of the bulk Al, AS and HT Al-coatings in 

3.5wt.%NaCl solution are shown in Figure 4.4(a). The OCP behavior of bulk Al 

shows the formation of the passive layer and the fluctuation in the AS Al-coating 

shows the more active pitting process when compared to the bulk Al. This trend was 

previously discussed in chapter 2. On the other hand, the OCP curve of HT Al-coating 

is very close to that of the bulk Al and has a steady value around - 0.780 V. The OCP 

stability of the HT Al-coating can be attributed to the reduction in activated inter-

particle boundaries and strong passive film formation due to the heat treatment. 

The corrosion resistant metallic coatings have higher electrode potential than 

pure Mg and its alloys. However, the intrinsic properties, density and inter-particle 

boundaries of the coating material also determine the corrosion resistance. In this 

study, the microstructure observations presented in Figure 4.1 revealed a denser and 

finer grain structure of HT Al-coatings when compared to the AS Al-coatings. 

Consequently, the HT Al-coatings resulted in enhanced corrosion resistance. 

Potentiodynamic Polarization 
Potentiodynamic polarization technique was employed to evaluate the 

corrosion behavior of bulk Al, AS and HT Al-coatings. The responses of the samples 

subjected to the polarization test are shown in Figure 4.4(b) and the results derived 

from the data are summarized in Table 4.1.  It can be seen from the Figure 4.4(b) that 

the heat treatment of Al-coatings has reduced the electrochemical noise in the curve 

which indicates the reduction in pitting. This is attributed to the densification of the 

coatings and decreased porosity as evident from Figure 4.1(d). Table 4.1 shows that 

the Ecorr of the bulk Al, AS and HT Al-coating are – 0.63 V, – 0.68V and – 0.67V, 



Texas Tech University, Sumera Siddique, December 2019 

57 

 

respectively. The HT Al-coating has relatively lower Icorr value 0.40 µA/cm
2 

when 

compared to AS Al-coating (4.65 µA/cm
2
) and bulk Al (µA/cm

2
). Thus, the 

polarization behavior of the HT Al-coatings is nobler than the bulk Al and AS Al-

coatings since they have lower values of Icorr, and hence better corrosion rate.  

Thus, the HT Al-coatings act as an effective corrosion barrier for protecting the 

Mg alloy substrate. Moreover, the corrosion resistance of the HT Al-coatings reported 

in this work is better than those reported for Al/Mg17Al12composite coatings [103]. 

Thus, we conclude that the dense pure HT Al-coatings are more effective corrosion 

barrier when compared to the AS Al-coatings or the Al composite coatings with 

Mg/Al intermetallic. The corrosion parameters obtained in this study are either better 

or comparable to previous reported values [70,88,96,98,103–105]. However, in this 

study, the heat treatment process was carried out at relatively low temperatures and 

short times in order to avoid the degradation of the mechanical properties of the Mg 

substrate. 

Figure 4.4(a) OCP curves as a function of time(b) potentiodynamic polarization curves 

of AS, HT Al-coatings and bulk Al in 3.5wt.% NaCl solution. 

 

 

 

 

 

 

 

(a) (b) 
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Table 4.1 Corrosion parameters derived from potentiodynamic curves after 2h 

exposure to 3.5% NaCl solution 
Alloy Ecorr 

(V) 

Icorr 

(µA/cm
2
) 

Corrosion 

Rate (mpy) 

AS Al-Coating -0.68 4.65 1.99 

HT Al-Coating -0.67 0.40 0.27 

Al Bulk - 0.63  2.01 

Electrochemical Impedance Spectroscopy 
To further understand the corrosion mechanism of AS & HT Al-coatings and 

bulk Al, the EIS of the samples in 3.5 wt.% NaCl solution were measured at their OCP 

and the results are presented in Figure 4.5 with the corresponding equivalent circuits 

[70–72] in Figure 4.6. The EIS plots for the AS Al-coating and bulk Al are similar and 

the characteristic of the plots were previously discussed in detail (see chapter 2). The 

EIS spectra of HT Al-coating exhibit similar results to the 6061 Al alloy. The Nyquist 

plot shows just a capacitive loop which indicates that there is no mass transfer step 

involved in the corrosion process of HT Al-coating in contrast to the bulk Al and the 

AS Al-coatings. The quantitative information about the electrochemical parameters 

used in the models is listed in Table 2. The Rct value is a very important parameter and 

it is directly related to the active protection provided by the coatings. The HT Al-

coating Rct (8.57×10
3 

Ω-cm
2
) value is four times larger than the AS Al-coatings 

(2.23×10
3 

Ω-cm
2
). The value of Rct is usually inversely proportional to the corrosion 

rate of the test specimen. Hence, the anticorrosion properties of the HT Al-coating are 

much better than the AS Al-coatings. 
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Figure 4.5 The EIS measurements of bulk Al, AS and HT Al-coatings, in 3.5% NaCl 

solution (a) is the Nyquist (b, c) is the Bode plots. 

(b) (c) 

(a) 
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Table 4.2 Calculated parameters of the elements of the equivalent electrical circuit for 

the samples in 3.5 wt.% NaCl solution 

 

 

 

 

 

 

Figure 4.6 EIS fitting equivalent electrical circuits. Schematics (a) is the equivalent 

circuit for the HT Al-coating and (b) for AS Al-coating and bulk Al. 

 

 

 

 

Alloy Rct 

(Ω-cm
2
) 

CPE1 

µF/cm 

Rs 

Ω-cm
2
 

CPE2 

µF/cm 

R1 

(Ω-cm
2
) 

W 

    AS Al-Coating 2.23×10
3
 2.90 934.8 8.24 2.84×10

3
 2.52×10

-4
 

HT Al-Coating 8.57×10
3
 26.40 90.26    

Al Bulk 1.5910
3
 43.44 180.40 55.74 113.3 2.65×10

-4
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Tribological Measurements 

Wear Behavior 

The wear behavior of HT Al-coatings is compared to the AS Al-coatings and 

Al bulk in Figure 4.8. The variation in COF with the sliding distance is shown in 

Figure 4.7(a). The AS Al-coatings exhibited larger COF and different wear 

mechanism when compared to the HT Al-coatings. The COF for the AS Al-coating is 

unstable and gradually increases as the sliding distance was increased. On the other 

hand, we determined COF~1 for the HT-Al coating at the initial stage of the test and 

this value remained nearly constant up to a wear distance of 15m, after which it 

gradually decreased to 0.6 at the end of the experiment. The lower COF of the HT Al-

coating is attributed to the increased hardness due to the densification of the coating 

microstructure after the heat treatment, which reduces the effective contact area 

between the ball and the wear track, and thus reducing the frictional force. The COF of 

HT-Al coating had a similar trend of the Al bulk and had same COF value at a wear 

distance of ~48 m. The bulk Al exhibited larger COF at the beginning of the 

experiment. Afterwards, the COF decreased and then remained nearly constant, 

indicating a steady-state abrasion of Al particles [76].  

 

Figure 4.7 (a) Variation of COF with sliding distance and (b) average wear rate of 

bulk Al, AS and HT Al-coatings. 

 

(a) (b) 
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The wear rate of the HT Al-coating is slightly larger than the bulk Al, as 

shown in Figure 4.7(b). The wear rates of the AS Al-coating and the HT Al-coating 

have a significant difference, which indicated the change in wear mechanism for both 

samples, as evident from the COF plots. The densification of the structure in HT Al-

coating was the main reason for the improvement of wear rate when compared to AS 

Al-coating. 

Wear Mechanism 

The wear behavior of the samples was further investigated by analyzing the 

wear track of the individual sample using FESEM. Representative morphology images 

of the worn surfaces are shown in Figure 4.8. There are significant metallographic 

differences between the AS and the HT Al-coatings worn surfaces. Figure 4.8(a-b) 

show the adhesive delamination of AS Al-coating [77] while the images of the HT Al-

coating worn surface shown in Figure 4.8(c-d) revealed that the microcracks are 

initiating during wear test. This indicates that the surface particles are strongly 

bonded, and the cracks initiated and propagated due to the continuous ploughing 

process. Thus, the propagating cracks get interlinked further causing delamination of 

the matrix locally. The worn surface of bulk Al showed a very similar behavior to the 

AS Al-coating shown in Figure 4.8(e-f). 
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Figure 4.8 Typical worn surface morphologies of the (a-b) AS Al-coatings (c-d) HT 

Al-coatings and (e-f) bulk Al. 
 

EFFECT OF HEAT TREATMENT ON 6061 AL ALLOY COATINGS 

The broader sense of heat treatment use typically concerns the heating and 

cooling cycles that are performed for the improvement of the metallurgical structure, 

electrical and mechanical properties of the metallic product. When the term heat 
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treatment is applied to Al alloys it is restricted to separate the heat-treatable alloys 

from non-heat-treatable alloys. The 6xxx series of Al alloys are the heat treatable 

alloys. The effect of heat treatment on the mechanical properties of cold sprayed 6061 

Al alloy coatings has been previously discussed in [106]. However, the 

electrochemical and tribological properties of 6061 Al alloy cold spray coatings are 

not discussed in any detail yet. In the following section the effect of heat treatment 

(180
o
C/4h) on the electrochemical and tribological properties of cold sprayed (the 

description of the process was provided in chapter 3) 6061 Al alloy coatings is 

discussed in detail. 

Microstructure and Phase Analysis 

The effect of heat treatment on the grain growth and inter-particle regions the 

etched and enlarged FESEM images of AS and HT6061 coatings are shown in Figures 

4.9(a) and (b), respectively. The AS coating is dense with few visible pores (detailed 

description was provided in chapter 3). The etched image of the HT coating revealed 

compact and improve grain size without any visible gaps, pores, and cracks when 

compared to the AS coating. Hence, the heat treatment further improved the 

microstructure of the coating. 

 

Figure 4.9 FESEM micrographs of etched cross-sectional microstructure of (a) AS 

6061 coating and (b) HT 6061 coating.  

(a) (b) 
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The phase analysis of bulk 6061 Al, AS and HT 6061 coatings were carried out 

by XRD analysis and the corresponding diffraction patterns are shown in Figure 4.10. 

All the samples revealed the presence of Al peaks that matches with the JCPDS 01-

071-4625 card with little displaced 2θ position due to the alloying elements. The XRD 

pattern for the HT 6061 Al coating did not reveal any intermetallic compound or oxide 

formation due to the heat treatment. However, we determined a small shift of the 

diffraction peak positions on 2θ axis of the HT coating when compared to the AS 

coating and this is attributed to the relaxation of the coated film. 

 

Figure 4.10 X-ray diffraction patterns of the bulk 6061, AS and HT 6061 coatings. 

 

Electrochemical Corrosion Evaluation 

Open circuit potential 

In order to further understand the corrosion process, we performed time-

dependent OCP measurements. Figure 4.11 shows the OCP curve for bulk-6061, 

where no significant variation in the amplitude over the elapsed time (3600 sec) was 

observed and an average potential of – 0.78 V was measured. In contrast, the AS 

(a) 
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coating exhibited a much larger OCP variation spanning from – 1.07 V to – 1.19 V. 

The pores and inter-particle boundaries of the AS coating makes it more active than its 

bulk alloy resulting in larger potential fluctuation. The measured OCP values are in 

good correspondence with previously reported data [71,86]. The OCP for the HT 

coating (– 1.16 V) is more stable when compared to AS coating. The OCP stability of 

the HT coating is attributed to the reduction in activated inter-particle boundaries and 

strong passive film formation due to the heat treatment. 

 

Figure 4.11 OCP curves of AS, HT 6061 coatings and bulk 6061 alloy in 3.5wt.% 

NaCl solution. 

 

Potentiodynamic Polarization 

In order to evaluate the corrosion potential, the polarization curves were 

recorded at the scan rate of 1mV/sec and the results of the Tafel fit are shown in 

Figure 4.12(a). The AS coating shows a slightly larger corrosion rate when compared 

to the bulk alloy and the corrosion current density of the AS coating is 1.5 times larger 

than that of bulk alloy. The increase in the number of inter-particle boundaries, the 

deformation of the particles morphology which occurred during the coating process, 
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and the porosity in the coated film are responsible for the observed larger Icorr. The 

detailed description of the corrosion resistance of AS coating and bulk alloy was 

provided in chapter 3. A direct comparison between the corrosion current density of 

AS, HT coating and bulk alloy shows that the heat treatment has enhanced the coating. 

The heat treatment also helped to relax the strained morphology of coating particles, 

thus the high energy sites decreased in number, causing an improvement in the 

corrosion resistance. A comparative corrosion rates for all the samples are shown in 

Figure 4.12(b).  

 

Figure 4.12 (a) Potentiodynamic polarization curves (b) comparison of corrosion 

parameters of AS, HT 6061 coatings and bulk 6061 alloy in 3.5wt.% NaCl solution. 

Electrochemical Impedance Spectroscopy 

Figures 4.14(a-c) shows the EIS results for AS, HT 6061 coatings and bulk 

6061 alloy. Rs(CRct) circuit was predicted for the unique Nyquist and Bode plots of all 

the samples via Zsim 3.20 software and the circuit is shown in Figure 4.13 (d). The 

detailed description of the circuit elements was described in chapter 3. The same 

equivalent circuit applies to all the samples which indicate that a similar 

electrochemical mechanism is occurring in all samples. An improvement in the 

corrosion resistance of  HT coating is observed as the diameter of semicircle increases 

when compared to the AS coating [89]. Although the heat treatment has improved the 

charge transfer resistance of the coating its value (11.60×10
3 

Ω-cm
2
) is still small 

when compared to the bulk alloy. The corrosion parameters obtained from the 

(a) (b)
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equivalent circuit are listed in Table 4.3. The improved Rct value of the HT coating 

when compared to the AS coating is due to the structural integrity of the HT coating as 

evident from Figure 4.9.  

Figure 4.13 (a) The Nyquist plots (b,c) The Bode plots in 3.5% NaCl solution and (d) 

Equivalent circuit for the analysis of the impedance spectra for AS, HT 6061 coatings 

and bulk 6061 alloy. 

 

Table 4.3 Calculated parameters of the elements of the equivalent electrical 

circuit for samples in 3.5 wt.% NaCl solution. 

 

 

 

 

 

 

Sample   (Ω-cm
2
) CPE (µF/cm)    (Ω-cm

2
) 

AS 6061 Coating 4.98 42.59  7.22×10
3
 

HT 6061 Coating 7.10 7.99  11.60×10
3
 

6061 Bulk 3.90 7.11 18.33×10
3
 

(a) (b) 

(c) (d) 
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Tribological Measurements 

Wear Behavior 

A comparison between the wear behavior of the HT coating and the AS 

coating and bulk 6061 alloy is shown in Figure 4.14. The COF change with the sliding 

distance is shown in Figure 4.14(a). It was observed that AS coating exhibited lower 

COF at the beginning of the test and around a wear distance of 20 m the COF of both 

coatings had almost same values. On the other hand, the HT-Al coating exhibited the 

largest COF value around 0.56 at the initial stage of the test and remained fluctuating 

around this value throughout the remainder of the experiment. The fluctuation of COF 

for the HT coating can be attributed to the excessive subsurface fracturing and 

delamination [107]. The bulk 6061 exhibited almost constant COF value and this was 

previously discussed in more detail in chapter 3.  

The wear rate of the HT coating is slightly larger than the bulk 6061 alloy (see 

Figure 4.14(b)). The wear rate of the AS coating and HT coating has a significant 

difference, which indicated the change in wear mechanism for both samples. It can be 

seen that the heat treatment has increased the wear resistance of the coating when 

compared to the AS coating by several orders of magnitude. The densification of the 

structure in the HT coated film was the main reason for the further improvement of the 

wear rate. 

Figure 4.14 (a) Variation of COF with sliding distance and (b) average wear rate of 

bulk 6061 alloy, AS and HT 6061 Alloy coatings. 

 

(a) (b) 
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CONCLUSIONS 

In this chapter we described the effects of heat treatment on the microstructure, 

electrochemical and tribological properties of cold sprayed Al and its alloy coatings. 

The heat treatment process changed the microstructure of the coatings. We observed 

that the low temperature (~300 
o
C) and short time period (~1h) post-deposition heat 

treatment of as-sprayed Al coatings densified the microstructure, reduced the inter-

particle boundaries and improved the bonding strength between the coating and the 

substrate. The electrochemical results showed that the HT Al-coatings have better 

anti-corrosion performance when compared to the as-sprayed Al coating and bulk Al. 

The HT Al-coating not only improved the corrosion resistance but also significantly 

improved the wear resistance of the as-sprayed Al coating.  

Similar results to that of Al coatings were observed for the heat treatment 

(180
o
C/4h) of 6061 Al alloy coating. The heat treatment improved not only the 

corrosion resistance of the coating but also improved the wear rate by several orders of 

magnitude when compared to the as-sprayed 6061 Al alloy coatings. We conclude that 

the heat treatment of cold sprayed Al and its alloy coatings investigated in this work 

enhanced the structural integrity, the corrosion and the wear resistance when 

compared to as-sprayed coatings. Thus, the heat treated Al and its alloy coatings are 

very good corrosion resistant coatings. 
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CHAPTER V 

 

RESIDUAL STRESSES MEASUREMENTS OF AS-SPRAYED AND 

HEAT TREATED Al ALLOY COLD SPRAYED COATINGS 

INTRODUCTION 

As previously discussed, cold spray is an emerging technique in which powder 

material, usually comprising metal, is accelerated to high velocities (~500 - 1000 m/s), 

using a supersonic nozzle. The material impacts upon a substrate and deposits 

primarily through plastic deformation. Hence, build-up coating without melting and 

oxidation of the material [51]. The work hardening occurs within the deposited 

material due to a large amount of plastic deformation and causes residual 

stresses[108]. The residual stresses in part determine the durability and bond strength 

of the coatings. In cold sprayed coatings the magnitude of residual stresses depends on 

the processing parameters. The stress increases with increasing particle size and 

velocity. The angle of deposition is also an important factor which affects the 

magnitude of residual stresses [109].  

 The technological challenge is to tailor the residual stresses together with 

other properties accordingly to the intended application through variations of the 

spraying parameters and deposition conditions. In cold sprayed coatings both 

compressive and tensile residual stresses can be generated [110], where its 

compressive they do not always anticipate in improvement of fatigue strength of the 

coatings[111]. Several methods have been attempted to reduce the magnitude of 

residual stresses in cold sprayed coatings. Rech et al.[112] investigated the effect of 

substrate preheating on residual stresses and found that it does not have a significant 

effect on the level of residual stresses. Moreover, the in-process and post-deposition 

laser heat treatment can be used to relieve the residual stresses in cold sprayed 

coatings[113] . However, for laser heating an optimum amount of energy is required 

because the low heat input does not affect, while the higher heat input can cause 

cracks in the coating. The post-spray heat treatment can be an effective and easy 

approach to relieve the residual stresses in cold sprayed coatings.  
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X-ray diffraction is an effective and widely used technique in the analysis of 

residual stresses in coated films. In this technique the crystallographic lattice 

deformation is measured. The deformed lattice spacing induces a shift in the diffracted 

X-ray angle according to Bragg’s Law. This peak shift can be used to calculate the 

strain and then the corresponding stress. The traditional sin
2
ψ method has been 

employed for decades to measure the residual stresses. In this method a high 

diffraction angle (2θ>125
o
) crystal plane is selected for strain measurement so that a 

series of angles can be obtained by acquiring its diffraction peaks at different incident 

angles of the X-ray beam. There are several limitations of this method [114]: a 

primary issue is the extremely weak diffraction peak and strong peak broadening at 

large diffraction angles due to the reduced thickness of coatings and thin films. To 

overcome this issue, the multiple hkl method was introduced. In this method, the ψ 

angles of the lattice planes were determined through 2θ scan. Thus, it is possible to 

observe the variation in the lattice spacing by determining the changes in the ψ angle. 

This method has advantages such as the volume contributing to X-ray diffraction can 

be increased for thin films and the X-ray penetration depth can be controlled at 

nanometer scale even for thick coatings [115]. 

In this chapter we investigate the effect of heat treatment on residual stress 

states of 6061 Al alloy coatings on AZ91D Mg alloy substrate. The selected system is 

important for the aerospace and automotive industries. Results from residual stresses 

measured by the multiple (hkl) method before and after heat treatment are compared 

and the obtained results suggest that heat treatment of cold sprayed coating is an 

effective way to relieve residual stresses. 

EXPERIMENTAL DETAILS 

6061 Al alloy coatings on AZ91D Mg substrate were fabricated using cold 

spraying process as previously described in detail in chapter 2. The heat treatment 

6061 Al Alloy coatings was performed at 180
o
C/4 h. The residual stresses on both 

samples were measured by XRD technique using the multiple (hkl) method [115].  In 

this method the X-ray beam illuminates the sample at a specific grazing angle and then 
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a 2θ scan of the diffracted beams is performed in order to determine the multiple 

diffraction peaks corresponding to the crystallographic lattice planes (see the 

schematic illustration shown in Figure 5.1). Moreover, it is assumed that the 

crystallites of a cubic material have their (h1k1l1) planes preferentially oriented parallel 

to the sample surface, the (h2k2l2)lattice planes of these crystallites are making an 

angle ψ with the sample surface given by [116] 
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Figure 5.1Schematic of X-ray stress measurement by using multiple hkl method. 

 

In this method, it is assumed that the preferred orientation of the material is 

independent of the rotation of the sample around its surface normal. The peak 

positions corresponding to different lattice plane reflections at ψ values are determined 

according to Equation 5.1 and are used to calculate the residual stresses. 

To analyze the residual stresses, the strain is measured using Equation 5.2 

[117]. 
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 …………….. 5.2 

 

Strain is the rate of change in lattice spacing (di) of multiple lattice planes and 

doi is the unstrained lattice spacing of the i
th

 lattice plane.  In equation 5.3(Hook’s 

Law), the stress (σ) is related to the strain (    ) by assuming that the coating is 

isotropic and the stress is biaxial.  

 

       (    
      

   ) …………….. 5.3 

 

Where   is the biaxial stress and  function   (constant) can be calculated as [114] 
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In equation 5.4, S1 and S2 are X-Ray elastic constants and can be calculated as[118] 
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 …………….. 5.6 

 

Where in above mentioned equation v and E are the Poisson’s ratio and Young’s 

modulus respectively and they can be calculated for each lattice plane by using the 

following equations [119]. 
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Here So (3.55   10
-12

 m
2
/N), S11 (15.7   10

-12
 m

2
/N) and S12 (–5.82   10

-12
 m

2
/N) are 

the compliances for Al and its alloys [119]. Equation 5.8 shows that Young’s modulus 

is independent of the diffraction angle. The slope of the function  (    
      

   ) vs. 

    curve gives the residual stress of the material under study. This technique is 

known as multiple hkl technique and can be applied for residual stresses measurement 

in thin films and thick coatings.  

RESULTS AND DISCUSSIONS 

The X-ray diffraction residual stresses measurements were performed for AS 

and HT 6061 coatings. XRD curves are recorded through 2θ scanning with incident 

X-Ray angle fixed at approximately 0.4
o
 and are shown in Figure 5.2. The comparison 

of intensity ratio of each reflection in the actual measured profile and the intensity 

ratio of each reflection in the diffraction profile for a randomly orientated sample 

shows that all the samples have preferred orientation in the [111] direction. Table 5.1 

shows the ψ values and Young’s modulus calculated by using equations 5.1 and 5.8 

respectively. The lattice spacing (d spacing) for both samples are calculated using 

Bragg’s law and then strain is calculated.  

 

 

Table 5.1 Ψ values and Young’s modulus for 6061 Al Alloy 
 

Lattice Plane 
Ψ

 

Preferred orientation  
(111)

 

 

 
Ehkl(10

10
×N/m

2
) 

(111) 0
o
 7.50 

(200) 54.4
o
 6.37 

(220) 35.16
o
 7.18 

(311) 39.25
o
 7.43 
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Figure 5.2 X-ray diffraction patterns of AS and HT 6061 coatings. 

 

The strain, X-Ray elastic constants and function f for both samples are 

calculated using the above mentioned equations and their values are listed in Tables 

5.2 and 5.3, respectively. The      – f distribution of three higher angle peaks for 

samples are shown in Figures 5.3 and 5.4, respectively. The slopes of the fitted lines 

provided the residual stresses in the film and they are listed in Table 5.4.  

There are many factors which can affect the magnitude and type of residual 

stresses generated within the coatings such as thermal mismatch between the coating 

material and the substrate and the difference in thermal expansion coefficient between 

the substrate and the coating material [110]. Spencer et al. [120] discussed that the 

absolute value of the residual stresses mainly depends on the substrate and coating 

thickness. Lin at el. [121] explained that in cold sprayed coatings residual stresses are 

largely due to kinetic peening and bonding effects. The absolute value of residual 

stress determined for the AS coating was –115.9 MPa.  The compressive residual 

stresses of the AS coating show the typical peening effect of cold spray technique and 

also shows that the thermal expansion coefficient of the Al alloy is less than that of 
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Figure 5.3εhkl – f(ψ) distribution for as sprayed 6061 coating. 

 

 

 

Table 5.2 Material constants for as sprayed 6061 coating for the measured reflection 
(hkl) θ

°
 di (A

o
)     (10

-3
) v S1 (TPa

-1
)  

 
   (TPa

-1
) f (TPa

-1
) 

        

(111) 19.45 2.313 -8.148 0.348 -4.636 17.97 -9.272 

(200) 22.55 2.009 -4.459 0 0 15.07 9.961 

(220) 32.72 1.425 -2.799 0.451 -6.284 20.21 -5.867 

(311) 39.26 1.217 -2.459 0.378 -5.096 18.57 -5.745 
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Figure 5.4 εhkl – f(ψ) distribution for heat treated 6061 coating. 

 

 

 

 

Table 5.3Material constants for heat treated 6061 coating for the measured reflection 
(hkl) θ

°
 di (A

o
)     (×10

-3
) v S1 (TPa

-1
)  

 
   (TPa

-1
) f (TPa

-1
) 

(111) 19.08 2.357 10.51 0.348 -4.636 17.97 -9.272 

(200) 22.21 2.038 98.12 0 0 15.70 1.0379 

(220) 32.38 1.438 65.78 0.443 -6.167 20.09 -5.6718 

(311) 38.94 1.226 45.90 0.379 -5.099 18.571 -9.755 

 

 

AZ91D Mg alloy substrate [110]. The magnitude of the measured residual stress for 

HT coating was 39.2 MPa. The tensile nature of the stress shows that heat treatment 

relieved the compressive stresses and relaxed the structure. The heat treatment 

performed in this study reduced the stresses in the coated film from –115.9 MPa to 

39.2 MPa.  
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CONCLUSIONS 

The residual stress evolution of cold spray 6061 Al alloy coatings has been 

studied through XRD (multiple hkl method). The compressive stresses in the as-

sprayed coating are due to the peening effect of the cold spray method. Our results 

show a considerable effect of the heat treatment on the residual stress relaxation.  Heat 

treatment relaxed the structure and relieves the stresses. The magnitude of tensile 

residual stresses in the heat treated coating can be further improved by varying the 

heating time. However, the best electrochemical and tribological properties of heat 

treated coating were found with this particular heat treatment conditions. 
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CHAPTER VI 

CONCLUSIONS 

 

We fabricated and studied the electrochemical and tribological properties of 

cold sprayed Al and its alloy coatings on AZ91D Mg alloy substrate. First, we 

fabricated the Al coatings on AZ91D Mg alloy substrate and studied the 

electrochemical and tribological properties of coated and uncoated Mg substrate. The 

electrochemical tests revealed that the dense Al coating enhanced the corrosion 

resistance of the substrate and decreased the corrosion rate of the substrate from 21 

mpy to 1.99 mpy after coating. However, the Al coating did not significantly improve 

the wear resistance of the substrate. Hence, cold sprayed Al coatings developed in this 

work have prospective applications in various industries where low density and high 

corrosion resistance is an important requirement. Secondly, we presented the results of 

electrochemical and tribological properties of cold sprayed 6061 Al alloy coatings on 

AZ91D Mg Alloy substrate. We achieved a dense coating by optimization of the cold 

spraying process parameters. The low porosity and strong adhesion were the major 

developments of this study resulting in the significant anti-corrosion performance of 

the coated substrate. Coating not only improved the corrosion rate of the substrate 

from 21 mpy to 3 mpy but also improved the wear resistance of the substrate by 

several orders of magnitude. Thirdly we studied the effects of heat treatment on the 

microstructure, electrochemical and tribological properties of cold sprayed Al and its 

alloy coatings. We observed that the low temperature (~300 
o
C) and short time period 

(~1h) post-deposition heat treatment of as-sprayed Al coatings densified the 

microstructure, reduced the inter-particle boundaries and improved the bonding 

strength between the coating and the substrate. The electrochemical results showed 

that the HT Al-coatings have better anti-corrosion performance (0.27mpy) when 

compared to the as-sprayed Al coating and bulk Al. The HT Al-coating not only 

improved the corrosion resistance but also improved the wear resistance. However, the 

wear rate was still not comparable to bulk Al. Similar results to that of Al coatings 

were observed for the heat treatment (180
o
C/4h) of 6061 Al alloy coating. The heat 
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treatment improved not only the corrosion resistance of the coating (1.45 mpy) but 

also improved the wear rate by several orders of magnitude when compared to the as-

sprayed coatings. We concluded that the heat-treated cold sprayed 6061 Al alloy 

coatings investigated in this work can have promising applications in various 

industries where low density, high corrosion resistance and better wear properties are 

required. Fourthly, we calculated the residual stresses of 6061Al alloy coatings using a 

simple XRD method. The effect of heat treatment on residual stresses was also 

investigated. The compressive stresses in the as-sprayed coating were due to the 

peening effect of the cold spray method and heat treatment suggested in this work 

relaxed the structure and relieved the stresses. We concluded that the magnitude of 

tensile residual stresses in the heat-treated coating can be further improved by varying 

the heating time. However, the best electrochemical and tribological properties of the 

heat-treated coating were found with this particular heat treatment conditions. 
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