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Abstract 

MCrAlY coatings are commonly applied as the bond coat in TBCs used in modern gas turbines. 

Cold spray (or CS), characterized by low process temperature and high particle impact velocity, 

has been demonstrated as a promising alternative to thermal spray processes, such as air plasma 

spray (APS) and high velocity oxygen fuel (HVOF), for manufacturing MCrAlY coatings. The 

general objective of the thesis research is to characterize CS deposition on a single-crystal 

nickel-base superalloy and to develop low-cost/high-performance NiCoCrAlTaY coatings 

using the CS technique.  

Several individual studies were carried out with each having a specific focus towards achieving 

the general research objective. CS deposition of NiCoCrAlTaY coatings using nitrogen was 

first examined to verify the feasibility of replacing the expensive helium gas typically used as 

the CS process gas. Several materials were used as the substrates, and the effects of substrate 

materials and surface preparation on coating microstructure and properties were investigated. 

Recycling of non-deposited powder particles was then explored to reduce the costs 

associated with the feedstock powder. A cost model that includes the economics of powder 

recycling was developed for the CS process, showing that the use of nitrogen and powder 

recycling could potentially be cost-effective for CS deposition of MCrAlY coatings.  

A CS process that can produce in-situ nanocrystalline NiCoCrAlTaY coatings was proposed 

to develop coatings with enhanced oxidation performance. This CS approach utilizes 

conventional commercial powders instead of pre-milled nanocrystalline powders. Detailed 

characterization using the scanning electron microscope (SEM), scanning transmission 

electron microscope (STEM), and X-ray diffraction (XRD) was carried out to investigate the 

microstructure of the resulting CS NiCoCrAlTaY coatings, single-crystal substrate, and their 

interface. Isothermal oxidation performance of the CS NiCoCrAlTaY coatings was evaluated 

at 1100°C for 1h to 500h. Results revealed that the nanostructure promoted the α-Al2O3 scale 

formation and sustained α-Al2O3 scale growth, suggesting good isothermal oxidation 

performance.  

Finally, the effects of different processing sequences on CS NiCoCrAlTaY coating 

characteristics and short-term isothermal oxidation performance were investigated. 
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Specifically, CS deposition of NiCoCrAlTaY coatings was carried out on single-crystal 

superalloy substrates that underwent various degrees of full heat treatments prior to being 

coated. The remaining superalloy heat treatments required were then performed on the coated 

samples after the CS deposition. The microstructures of the superalloy substrates and CS 

NiCoCrAlTaY coatings were characterized after each heat treatment. Isothermal oxidation 

performance of the coated samples following different sequences was evaluated at 1100°C for 

2 hours. The results suggested a promising processing sequence that could potentially further 

improve the oxidation performance of CS NiCoCrAlTaY coatings.  
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Some of the thesis research results were presented in the format of peer-reviewed journal 

articles. These articles were reprinted in the thesis with permissions from the corresponding 

copyright owners, Springer Nature and Elsevier. My contributions as well as of the co-authors 

to each of the journal articles are summarized below. 

I have co-authored (first author) the journal article entitled “Cold Spray MCrAlY Coatings on 
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performed the pertinent experiments and examinations, including sample preparations, 
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addition, I have developed the cost model for the CS process that incorporates powder 

recycling. I have also prepared the original manuscript, including the production of all the 

tables and figures, and made the necessary revisions based on the co-authors’ comments. Mr. 
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insightful feedback on the organization of the tables and figures. Dr. Zhao, the third author, has 

participated in the discussion of the results and reviewed the manuscript. Dr. Jodoin, my thesis 

supervisor, has guided me throughout the study and provided invaluable discussions on the 

presentation and interpretation of the experimental and analytical results. He has also reviewed 

the manuscript and directed me on improving the structure, conciseness, and readability of the 

manuscript, as well as on preparation and submission of the manuscript. All the co-authors 

agreed that I should be the first author as I contributed the most to the technical/scientific 

content of the article. 

I have co-authored (first author) the journal article entitled “Cold Spray for Production of In-

Situ Nanocrystalline MCrAlY Coatings – Part I: Process Analysis and Microstructure 
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metallographic analysis, SEM characterization, and mechanical testing. In addition, I have 
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drafted the original manuscript, including the production of all the SEM and TEM figures as 

well as the tables, and made the necessary revisions based on the co-authors’ comments. Dr. 

Wang, the second author, has provided communication and coordination during the TEM 

samples preparation and characterization. She also provided valuable explanations and 

discussions on the TEM results production and interpretation. Dr. Fernandez, the third author, 

has provided great discussions on the elaboration of the TEM characterization results and 

reviewed the manuscript. Dr. Zhao, the fourth author, has participated in the discussion of TEM 

results interpretation and provided insightful feedback regarding the manuscript. Dr. Jodoin, 

my thesis supervisor, has guided me throughout the study and provided invaluable discussions 

on the presentation and interpretation of the experimental and analytical results. He has also 

reviewed the manuscript and directed me on improving the structure, conciseness, and 

readability of the manuscript, as well as on preparation and submission of the manuscript. All 

the co-authors agreed that I should be the first author as I contributed the most to the 

technical/scientific content of the article.  

I have co-authored (first author) the journal article entitled “Cold Spray for Production of In-

Situ Nanocrystalline MCrAlY Coatings – Part II: Isothermal Oxidation Performance” 

presented in section 6.2 (pages 113-127) with Dr. Linruo Zhao and Dr. Bertrand Jodoin. I have 

conducted the pertinent experiments and produced all the samples for the study. I have also 

performed the oxidation tests and prepared the resulting samples of each condition for 

metallographic analysis as well as microstructure and composition characterization. All the 

results presented in the article were outcomes of these experiments and characterization. In 

addition, I have drafted the original manuscript, including the production of all the tables and 

figures, and made the necessary revisions based on the co-authors’ comments. Dr. Zhao, the 

second author, has provided great discussions on the elaboration of the isothermal oxidation 

results. He also provided insightful feedback regarding the manuscript and contributed to the 

manuscript revisions. Dr. Jodoin, my thesis supervisor, has guided me throughout the study 

and provided invaluable discussions on the presentation and interpretation of the experimental 
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Chapter 1 Introduction 

1.1 Background 

Gas turbines with enhanced efficiency and improved environmental performance have been 

pursued since the inception of this industry. A higher turbine entry temperature (TET), from a 

thermodynamic point of view, is always desirable as it leads to higher engine efficiency and 

better engine performance. However, a higher TET inevitably imposes severe demand on the 

thermal capability of materials that comprise hot-section components of the gas turbines (e.g., 

combustor liner, turbine blades, and nozzle guide vanes), and requests the development of 

innovative technological solutions to accommodate the ongoing challenges.  

Nickel-base superalloys are the dominant materials for the hot-section components due to their 

excellent physical properties and chemical stabilities at elevated temperatures (>0.5Tm) [1]. 

They have been the center of extensive research and development efforts in the field of high-

temperature materials for gas turbines applications. The advancement in processing and 

alloying of superalloys has significantly increased their temperature limitation over the past 

decades, as shown in Fig. 1.1. 

 

Figure 1.1 Evolution of superalloy temperature capability over the 1940-2010 period. 

Reproduced from [2] with permission of Cambridge University Press through PLSclear. 
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The gradual increases of temperature capability were realized through alloy development, 

while the larger temperature leaps were accomplished through manufacturing innovations. 

Innovative manufacturing processes have led to the well-known microstructure evolution of 

the superalloys, i.e., equiaxed grains from conventional casting, columnar grain structure and 

single crystal from directional solidification technique (see Fig. 1.2). This change in superalloy 

microstructure has dramatically improved the creep resistance of superalloys at elevated 

temperatures as grain boundaries that facilitate creep deformation are gradually eliminated. As 

a result, elements such as boron (B) and carbon (C), which were traditionally added in the 

superalloys to strengthen the grain boundaries, are not necessary anymore and thus have been 

removed from the composition of single-crystal superalloys. Meanwhile, the concentration of 

other alloying elements has been continuously modified to better accommodate the 

microstructure changes to achieve optimum properties and performance at elevated 

temperatures. Table 1.1 summarizes the compositions of some typical nickel-base superalloys 

along with the development of wrought and cast superalloys [2-6]. The composition of single-

crystal superalloys categorized by different generations is also included in the table.  

 

Figure 1.2 Turbine blades with grain structure in the form of (a) equiaxed, (b) columnar, 

and (c) single-crystal. Republished from Ref. [7] with permission of John Wiley & Sons - 

Books; permission conveyed through Copyright Clearance Center, Inc. 
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Table 1.1 Alloy composition of some typical nickel-base superalloys in the form of wrought, cast and 

single-crystal (wt. %) [2-6] 

 

 

 

Ni Cr Co Mo W Al Ti Ta Hf C B Zr Fe Nb Re Ru

Hastelloy X Bal. 22.0 1.5 9.0 0.6 0.25 - - - 0.10 - - 18.5 - - -

Haynes 242 Bal. 8.0 2.5 25.0 - 0.25 - - - 0.15 0.003 - 2.0 - - -

Inconel 625 Bal. 21.5 - 9.0 - 0.2 0.2 - - 0.05 - - 2.5 3.6 - -

Nimonic 105 Bal. 15.0 20.0 5.0 - 4.7 1.2 - - 0.13 0.005 0.10 - - - -

René 41 Bal. 19.0 11.0 1.0 - 1.5 3.1 - - 0.09 0.005 - - - - -

RR1000 Bal. 15.0 18.5 5.0 - 3.0 3.6 2.0 0.5 0.027 0.015 0.06 - 1.1 - -

Udimet 720 Bal. 17.9 14.7 3.0 1.25 2.5 5.0 - - 0.035 0.033 0.03 - - - -

Waspaloy Bal. 19.5 13.5 4.3 - 1.3 3.0 - - 0.08 0.006 - - - - -

GTD-111 Bal. 14.0 9.5 1.5 3.8 3.0 5.0 3.15 - 0.10 0.014 0.007 - 0.07 - -

IN-738LC Bal. 16.0 8.5 1.75 2.6 3.4 3.4 1.75 - 0.11 0.01 0.04 - 0.9 - -

Mar-M247 Bal. 8.0 10.0 0.6 10.0 5.5 1.0 3.0 1.5 0.15 0.015 0.03 - - - -

PWA 1422 Bal. 9.0 10.0 - 12.0 5.0 2.0 - 1.5 0.14 0.015 0.10 - 1.0 - -

René 125 Bal. 9.0 10.0 2.0 7.0 1.4 2.5 3.8 0.05 0.11 0.017 0.05 - - - -

1st generation
CMSX-3 Bal. 8.0 5.0 0.6 8.0 5.6 1.0 6.0 0.10 - - - - - - -

PWA 1480 Bal. 10.0 5.0 - 4.0 5.0 1.5 12.0 - - - - - - - -

René N4 Bal. 9.0 8.0 2.0 6.0 3.7 4.2 4.0 - - - - - 0.5 - -

2nd generation
CMSX-4 Bal. 6.5 9.0 0.6 6.0 5.6 1.0 6.5 0.10 - - - - - 3.0 -

PWA 1484 Bal. 5.0 10.0 2.0 6.0 5.6 - 9.0 0.10 - - - - - 3.0 -

René N5 Bal. 7.0 8.0 2.0 5.0 6.2 - 7.0 0.20 - - - - - 3.0 -

3rd generation
CMSX-10 Bal. 2.0 3.0 0.4 5.0 5.7 0.2 8.0 0.03 - - - - 0.1 6.0 -

René N6 Bal. 4.2 12.5 1.4 6.0 5.75 - 7.2 0.15 0.05 0.004 - - - 5.4 -

TMS-75 Bal. 3.0 12.0 2.0 6.0 6.0 - 6.0 0.10 - - - - - 5.0 -

4th generation
MC-NG Bal. 4.0 - 1.0 5.0 6.0 0.5 5.0 0.10 - - - - - 4.0 4.0

PWA1497 Bal. 2.0 16.5 2.0 6.0 5.55 - 8.25 0.15 0.03 - - - - 6.0 3.0

TMS-138 Bal. 3.2 5.8 2.9 5.9 5.8 - 5.6 0.10 - - - - - 5.0 2.0

5th generation
TMS-162 Bal. 3.0 5.8 3.9 5.8 5.8 - 5.6 0.09 - - - - - 4.9 6.0

TMS-173 Bal. 3.0 5.6 2.8 5.6 5.6 - 5.6 0.10 - - - - - 6.9 5.0

TMS-196 Bal. 4.6 5.6 2.4 5.0 5.6 - 5.6 0.10 - - - - - 6.4 5.0

Wrought superalloys

Cast superalloys

Single-crystal superalloys
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Several general trends of the composition refinement can be realized in addition to the 

evolution of C and B that is previously mentioned:  

i. While refractory elements, such as tungsten (W) and tantalum (Ta), are not commonly 

employed in wrought superalloys, considerable amounts of these elements are added 

in almost all the cast superalloys. On the contrary, elements such as molybdenum (Mo), 

titanium (Ti), iron (Fe), niobium (Nb), which are alloyed to some wrought superalloys 

at appreciable quantities, are either reduced to a modest level (Mo, Ti) or completely 

excluded (Fe, Nb) in the cast superalloys, especially in the single-crystal forms. 

Hafnium (Hf), on the other hand, is more common in the cast superalloys though it is 

normally in low concentration.  

ii. Rhenium (Re) and ruthenium (Ru) are employed for the development of high-

temperature high-strength single-crystal superalloys. In fact, the generations of single-

crystal superalloys are conventionally determined by the level of Re and Ru contents. 

The second- and third-generation superalloys are characterized by approximately 3% 

Re and 5-6% Re without Ru addition, whereas the fourth- and fifth-generation 

distinguish themselves from the previous generations by alloying Ru in the 

composition, containing 2-4% and 5-6% Ru, respectively, while keeping Re at a level 

of 4-7%.  

iii. Aluminum (Al) concentration is seen to increase from wrought superalloys to cast 

superalloys and stabilize at 5-6% for the single-crystal superalloys.  

iv. Chromium (Cr) content is dramatically reduced along with the development of cast 

superalloys, from 15%-22% in the wrought superalloys to 2%-5% in the latest single-

crystal superalloys. 

Figure 1.3 displays the chromium concentrations of typical nickel-base superalloys. Cast 

superalloys, especially the single-crystal superalloys, contain a significantly low level of Cr in 

comparison to wrought superalloys. As corrosion resistance of the superalloys relies on the 

selective oxidation of Cr or Al to promote the protective oxides scale on the surface, lack of 

sufficient Cr and Al contents renders the superalloys susceptible to environmental attacks, such 
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as oxidation and hot corrosion [1]. This would result in surface degradation and eventually 

lead to mechanical failure of the components. 

 

Figure 1.3 Overview of Cr concentration in some typical nickel-base superalloys 

Figure 1.4 provides some insight into the effect of composition evolution on the oxidation 

performance of some typical single-crystal superalloys. The first-generation superalloy 

exhibits a fairly constant weight over the tested period, which represents good oxidation 

behaviour as a protective oxide scale is formed and the integrity of the scale is maintained. 

With decreasing Cr content, the second- and third-generation superalloys show a modest 

weight loss due to the formation and spallation of unfavourable fast-growing oxides. The 

oxidation performance is also complicated by the addition of rhenium (Re) and ruthenium (Ru). 

For example, Fig. 1.4 clearly shows that one of the fourth-generation single-crystal superalloys 

(TMS-138), which contains the same level of Cr (3%) and similar other alloying elements as 

the third-generation (TMS-75) except the 2% Ru (see Table 1.1), exhibits a significantly severe 

weight loss over the earlier generations. This obvious difference reflects the unstable nature of 

the oxide layer formed on the fourth-generation superalloys and thus confirms its inferior 

oxidation performance. 
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Figure 1.4 Oxidation performance of different generations of single-crystal superalloys 

(cyclic oxidation testing of 1h holding at 1100°C). Reprinted from Ref. [8] with permission 

of Springer Nature (Springer Nature Customer Service Centre GmbH).  

Therefore, a contradiction exists in the development of superalloys for high-temperature 

applications, that is, the alloy composition that enhances creep strength at elevated temperature 

is usually at odds with the one that provides good oxidation performance. The common practice 

employed in the industry is to apply protective coatings on the mechanically optimized 

superalloys [1], so that the specifically designed coatings can tackle the oxidation attack while 

the underlying superalloys can satisfy the high-temperature mechanical requirements.  

Three different types of coatings are used as protective coatings for superalloy applications, 

i.e., diffusion coatings, overlay coatings, and thermal barrier coatings. Diffusion coatings are 

aluminide-type (NiAl) coatings that are developed near the surface region of the nickel-base 

superalloys by diffusion and chemical reaction of an externally supplied Al with the Ni in the 

superalloys. The increased aluminum concentration in the aluminide coatings helps establish 

and maintain a protective alumina layer on the surface, and thus improves the oxidation 

performance of the superalloys. Diffusion aluminide coatings are also known for their 
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capability of mass production at relatively inexpensive costs, and the non-line-of-sight process 

to coat components with complex shapes. However, the ways diffusion coatings are produced 

lead to certain inherent drawbacks, such as degradation of the surface region of the superalloys, 

the dependence of coating performance on the substrate compositions, and fixed composition 

of the NiAl coatings that excludes the possibility of coating composition design to meet 

different application conditions. 

Overlay coatings are developed to address the issues found in diffusion coatings. In contrast to 

diffusion aluminide coatings, overlay coatings are applied externally on the superalloy surface. 

Since the deposition of overlay coatings minimizes the modification of the superalloy substrate, 

the composition, microstructure, and mechanical properties of the superalloy substrate can be 

preserved as the designed characteristics. MCrAlY-type materials, where M stands for Ni 

and/or Co, have become the standard overlay coatings for gas turbines applications. The 

advantages of MCrAlY coatings, such as adaptable coating composition, flexible coating 

thickness, and independent coating performance from substrate nature, make it possible to 

optimize the composition and microstructure of the substrate and coating individually so that 

an optimum combination can be achieved to accommodate a wide variety of application 

conditions. MCrAlY coatings also have a high melting temperature and a low ductile-brittle 

transition temperature (DBTT) over diffusion coatings, which is desirable for high-temperature 

applications. The disadvantages of MCrAlY coatings, on the other hand, are the line-of-sight 

manufacturing process nature and the relatively high manufacturing process cost.  

Another approach to protect the superalloy components from oxidation is the application of a 

thermal barrier coating (TBC) [9]. Conventionally, the TBC is a coating system that comprises 

two different layers of materials on the superalloy component surface. The outer layer is a low 

thermal conductivity ceramic topcoat that thermally insulates the underlying metallic 

components from the hot operating gases, allowing a primary temperature drop between the 

hot gases and the metallic components. Beneath the topcoat lies a dense metallic bond coat 

that is in direct contact with the superalloys and serves as an interconnecting bonding layer 

between the superalloys and the topcoat. Upon exposure to elevated temperatures, a third layer, 

the thermally grown oxide (TGO) forms at the topcoat/bond coat interface as a result of high-

temperature oxidation of the metallic bond coat. As the ceramic topcoat is essentially oxygen 
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transparent [10], the bond coat and TGO layers in the TBC act as the physical barrier to prevent 

the intruding oxygen from reacting with the superalloys underneath. As such, diffusion 

aluminide coatings, or MCrAlY overlay coatings, are commonly employed as the bond coats 

in TBCs. 

The primary use of TBCs, in conjunction with the development of sophisticated cooling 

technologies, is to reduce the surface temperature of the underlying superalloy components so 

they can survive further gas temperature increases. These technological solutions have enabled 

the pursuit of gas turbines with greater efficiency and performance at operating temperatures 

as high as 1600 - 1700°C, well above the melting temperature of the superalloys (~1300°C) 

[10-15]. Alternatively, the application of TBCs can help alleviate the severe conditions 

confronted by the bond coat owing to the temperature reduction (100°C to 300°C) through the 

low thermal conductivity ceramic topcoat [10]. As high-temperature oxidation is an ionic 

diffusion-controlled process and temperature has a profound influence on diffusion coefficient 

and diffusion rates [7], the reduction in temperature on the bond coat surface significantly 

lowers the transport rate of metallic cations and oxygen anions and thereby reduces the overall 

kinetics of oxidation.  

Understanding the oxidation behaviour and mechanisms of bond coats at elevated temperatures 

is of prime importance in developing reliable and durable TBCs, since premature failures of 

TBCs, as a result of topcoat delamination and spallation, are directly related to the TGO growth 

characteristics and stress accumulations near the topcoat/TGO and TGO/bond coat interfaces. 

A continuous, uniform, dense, slow-growing, and chemically stable TGO layer at high 

temperatures is considered ideal and is believed to improve the oxidation performance of the 

bond coat by suppressing the diffusion of metallic elements and oxygen through the TGO layer; 

reducing the rates at which the underlying metallic components are oxidized. Aluminum oxide, 

specifically α-Al2O3, is well known for its high melting temperature, excellent stability at high 

temperatures, slow growth rate and low oxygen diffusivity, which satisfies most of the 

requirements for an ideal TGO scale. As such, bond coats are specifically designed and 

engineered to contain a considerable amount of aluminum in the composition so that selective 

oxidation of aluminum in the form of α-Al2O3 can be promoted in preference to other oxides 

such as NiO, CoO, Cr2O3 or spinel-type oxides. Therefore, the primary purpose of the bond 
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coat is to ensure the formation and maintenance of a continuous and uniform α-Al2O3 TGO 

scale. 

Various factors can have a profound influence on the growth and integrity of the TGO scale, 

such as (i) the composition and microstructure of the coating and the substrate [16-18], (ii) the 

porosity level, oxide content, and surface finishing of the as-prepared coatings [19-24], and 

(iii) the conditions of the operating environment [25, 26]. As different manufacturing processes 

can affect the microstructure, surface finishing, and sometimes composition (due to in-process 

oxidation), the resultant coatings may have significantly different oxidation performances [25, 

27, 28]. Therefore, for a specific combination of coating-substrate system, manufacturing 

process and exposure condition, the oxidation behaviour of the coatings must be characterized 

individually. 

MCrAlY coatings are typically manufactured by traditional thermal spray processes such as 

air plasma spray (APS) and high-velocity oxygen-fuel (HVOF) due to their competitive cost 

and capability of depositing a wide range of materials in comparison with alternative 

manufacturing processes such as electron beam physical vapour deposition (EB-PVD). In 

thermal spray processes, feedstock materials initially in the form of powder are melted or 

partially melted by means of a plasma jet, electric arc or combustion flame and accelerated 

through a nozzle to achieve the desired particle velocity. The molten droplets, or semi-molten 

particles, are accelerated to high velocities then flatten with characteristic splat morphology 

upon impact on the substrate. These splats adhere, agglomerate, and rapidly solidify to produce 

a coating.  

Since high temperatures and fast cooling rates are involved in thermal spray processes, several 

undesirable features are inevitably present in the coatings. Firstly, in-flight oxidation of the 

feedstock materials due to the high process temperature introduces oxide stringers in the 

coatings and consequently leads to low cohesive strength and appreciable porosity levels. This 

oxidation problem occurs in processes such as air plasma spray (APS) and HVOF, where 

particles are exposed to a high-temperature and oxygen-rich atmosphere, but it can be 

effectively resolved by controlling the process environment in some processes, such as low-

pressure plasma spray (LPPS) and vacuum plasma spray (VPS). However, this largely 

increases cost due to the complication of the equipment and operation in these processes and 
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is only used for applications where the cost can be justified. Secondly, contraction of the 

deposited splats upon solidification introduces tensile residual stresses to the coatings and 

increases the level of porosity and the probability of cracks initiation/propagation. Thirdly, 

melting and solidification of the feedstock materials promote grain growth in the coatings, 

which can have adverse effects on certain applications when fine grains or even nano-grains 

are required. It has been demonstrated that the presence of these microstructural features 

(oxides inclusion, porosities, cracks, and coarse grains) can significantly reduce the oxidation 

performance of the protective coatings; therefore, it is necessary to minimize and ideally 

eliminate the defects through refinement of the process parameters and development of 

innovative techniques. As the defects are directly associated with the elevated temperature, 

reducing the process temperature is thus critical and appealing to produce coatings with 

improved performance. 

Cold gas dynamic spray (simply cold spray or CS) is the newest member of the thermal spray 

process family and a supplement to the traditional thermal spray processes. It features low 

particle temperatures and high particle impact velocities and has been well developed in terms 

of process, equipment, and applications during the past two decades. As opposed to thermal 

energy used in thermal spray processes, CS employs kinetic energy to produce coatings. The 

absence of excessive heating in CS minimizes in-process powder oxidation and hence reduces 

the oxide inclusion in the coatings, and the high-velocity impact induces severe plastic 

deformation that results in dense coating microstructure with typically compressive residual 

stresses [29, 30]. These coating characteristics are beneficial to the performance of MCrAlY 

coatings, making CS a promising technique for manufacturing MCrAlY coatings used either 

as stand-alone overlay coatings or as the bond coats for TBC applications [31-33]. 

1.2 Motivation and General Objectives 

The research presented in the thesis is part of an ongoing project at the uOttawa Cold Spray 

Research Laboratory that focuses on developing low-cost/high-performance MCrAlY coatings 

by means of the cold spray (CS) technique. Previous studies have demonstrated that MCrAlY 

coatings can be successfully deposited by the CS technique and that the CS coatings could 

potentially outperform their counterparts produced by traditional thermal spray processes, such 
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as air plasma spray (APS), high velocity oxygen fuel (HVOF), and low-pressure plasma spray 

(LPPS) [24, 31-40]. Most of these studies used helium as the process gas due to its favourable 

thermophysical properties that lead to high gas velocities, high particle impact velocities and 

deposition efficiencies (DE) [41-44]. However, helium is a non-renewable sensitive resource 

that is costly and not always readily available, and commercial helium recovery systems 

constitute a major capital investment and still require helium supply as the helium recovery 

process is not 100%. As such, most aerospace companies do not allow the use of helium in 

their production facility due to potential shortages and price fluctuations. There is an 

economical and strategic need to explore CS deposition of MCrAlY coatings using renewable 

and cost-effective gases such as nitrogen.  

CS is a highly material-dependent coating deposition technique [45]. The feedstock powder 

and substrate material combination can greatly affect the powder deposition behaviour and 

resulting coating characteristics [46]. Studies on CS MCrAlY coatings mainly involved 

CoNiCrAlYs [31-33, 35, 38, 39, 47, 48] and NiCoCrAlYs [49-52]. MCrAlY+X (X can be Ta, 

Re, Si, or Hf) coatings have rarely been produced by CS [24, 34, 40], although they have been 

widely investigated using other spray processes due to their excellent high-temperature 

oxidation performance [53-55]. Furthermore, although single-crystal nickel-base superalloys 

have gained wide applications in turbine blades due to their superior thermomechanical 

properties [2], the substrates used in CS MCrAlY coatings studies are mostly polycrystalline 

nickel-base superalloys, such as IN738 [24, 32, 34, 36], IN718 [37, 38], and IN625 [33, 39]. 

The effects of CS particle bombardment on the microstructure of single-crystal superalloys as 

well as the effect of this substrate material on the CS deposition of MCrAlY+X coatings are 

unknown.  

The general objective of the thesis research is to characterize CS deposition on a single-

crystal nickel-base superalloy (CMSX-4) and to develop low-cost NiCoCrAlTaY coatings 

with improved coating properties and performance using the CS technique. To achieve 

this objective, the following specific studies will be performed:  

1) Use cost-effective nitrogen gas instead of helium to reduce the process gas cost. 

Examine the effects of different substrate materials and preparation, powder feedstock 

variation on the CS deposition of NiCoCrAlTaY coatings. 
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2) Explore recycling of the feedstock powder to overcome increasing powder waste and 

costs associated with low deposition efficiency when nitrogen is used.  

3) Develop nanocrystalline MCrAlY coatings to improve coating performance. Explore 

in-situ CS production of such coatings directly from conventional powders to simplify 

the conventional two-step approach, where a powder nanocrystallization process is 

needed prior to coating deposition.  

4) Evaluate the isothermal oxidation performance of the CS nanocrystalline 

NiCoCrAlTaY coatings deposited on the CMSX-4 single-crystal superalloy substrate.  

5) Investigate the influence of processing sequences, i.e., varying the relative order of CS 

coating deposition and heat treatments required for the CMSX-4 single-crystal 

superalloy, on the CS NiCoCrAlTaY coating characteristics and oxidation performance.  

1.3 Outline of the Thesis 

The thesis is structured into eight chapters. A summary of each chapter is briefly described 

here. 

Chapter 1 presents general information on the background of the thesis topic. The development 

of nickel-base superalloys for critical gas turbine components is reviewed in terms of 

processing, microstructural, and compositional evolutions. The need for protective coatings on 

the superalloys is rationalized. Different types of protective coatings as well as several factors 

that affect their oxidation performance are summarized. This is followed by a brief description 

of the motivation and general objectives of the thesis research.  

Literature relevant to the thesis research is reviewed in Chapter 2. Fundamentals regarding the 

oxidation process and the desirable oxidation performance are first introduced, followed by 

the justification of MCrAlY materials and a description of the growth and failure mechanism 

of the protective scale. The effects of some performance-controlling factors for MCrAlY 

coatings are explained based on available literature. Overview of the CS process as well as gas 

dynamics principles and bonding mechanisms pertinent to cold spray technique are also 

included.  

Chapter 3 outlines the specific studies carried out in the thesis. The motivation and objective 
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for each study are elaborated in this chapter. This chapter demonstrates the importance of the 

specific studies in satisfying the general objective of the thesis research.  

Chapter 4 presents the experimental approach for coating preparation and examination. This 

includes a description of the feedstock materials employed, the procedures followed in the 

coating preparation, as well as the equipment and setups used for oxidation testing and 

materials characterization. 

Chapter 5 provides the results obtained regarding coating preparation and characterization, 

powder recycling, and cost analysis of the CS process. Several factors affecting the coating 

deposition, such as gas nature, substrate material type and preparation, and feedstock powder 

variation, are investigated. A peer-reviewed journal article is included in this chapter to present 

the microstructures and properties of NiCoCrAlTaY coatings produced using nitrogen and 

helium as well as the CS process economics that considers the benefits of powder recycling.  

Chapter 6 proposes a CS process that can produce in-situ nanocrystalline NiCoCrAlTaY 

coatings while using conventional commercial powders. The results are presented in the format 

of two peer-reviewed journal articles that have been published in the journal of Surface & 

Coatings Technology. The processing-structure-properties-performance relationship of CS 

MCrAlY coatings on single-crystal Ni-base superalloy substrates is examined, with the first 

article focusing on the process analysis and microstructure characterization while the second 

presenting the isothermal oxidation performance at 1100°C.  

Chapter 7 explores different processing sequences of superalloy heat treatments and CS 

coating deposition. Effect of substrate conditions on the coating microstructure and properties 

are investigated, and coating characteristics after subsequent heat treatments are characterized. 

Short-term isothermal oxidation performance of the CS NiCoCrAlTaY coatings produced 

using different sequences are presented in this chapter.  

Finally, Chapter 8 summarizes the findings obtained in the thesis research. Future work is 

suggested to further explore CS deposition of MCrAlY coatings and improve the performance 

of such coatings used in gas turbine applications.  
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Chapter 2 Literature Review 

This chapter reviews the available literature that is relevant to the thesis topic. Fundamentals 

regarding the oxidation process and the desirable oxidation performance are introduced first, 

followed by the justification of the MCrAlY composition as the materials of choice for high-

temperature oxidation resistance applications. Growth and failure mechanisms of the 

protective scale are reviewed as well as some factors that can greatly affect the performance 

of the MCrAlY coatings, including the exposure conditions under which the coatings are 

employed, the variations in the coating (e.g., composition, microstructure, surface finishing), 

and the manufacturing processes by which the coatings are prepared. Overview of the cold 

spray process, gas dynamics principles and bonding mechanisms pertinent to the cold spray 

technique are presented at the end of this chapter.  

2.1 Fundamentals of Oxidation and Resistance 

Most metallic materials are unstable at elevated temperatures, especially approaching their 

melting temperatures. Corrosion of these materials, such as oxidation, nitridation, 

carburization, sulfidation, and hot-corrosion, will inevitably occur over a wide range of 

conditions and the corrosion products cannot be avoided [56]. Technical solutions for metallic 

material applications in such conditions, therefore, focus on the rate control of the corrosion 

reactions to reduce the metal consumption.  

To control the reaction rates, the corrosion products must be formed in such a way that they 

can act as a barrier between the metallic materials and the environment, impeding the 

transportation of the reactants and thus reducing the overall rates. Among all the corrosion 

types, only oxidation can promote sufficiently resistant scales as the diffusion barrier [56]. 

Therefore, the key answer to the corrosion resistance issues is the formation and maintenance 

of a protective oxidation scale so that an acceptably slow rate of corrosion reaction can be 

achieved.  

Oxidation, which occurs in all environment of sufficiently high oxygen (O2) partial pressure, 

can be simplified into the following general reaction,  
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2𝑥

𝑦
𝑀 + 𝑂2  →   

2

𝑦
𝑀𝑥𝑂𝑦 

where M stands for metal component and MxOy for the resultant oxide.  

The initial formation of the oxide on the metal surface starts with the adsorption of oxygen 

molecules, which dissociate and react with the metal to form oxide nuclei. As the process 

proceeds, increasing surface areas are covered by the nuclei and eventually a continuous thin 

oxide scale is established on the surface. At this point, the physical barrier can be recognized 

between the metal and the gas, as schematically shown in Fig. 2.1.  

 

Figure 2.1 Schematic of a continuous oxide scale and diffusion of the reactants 

Given that oxides are ionic in nature, ongoing oxidation reaction then requires the solid-state 

diffusion of either the metallic cation or oxygen anion through the scale to continue. For 

different types of oxide scales, the rates at which the diffusion and reaction proceed can be 

different. If the phase-boundary (gas/scale or scale/metal) reaction is the rate-determining step 

while diffusion through the scale is rapid and independent of the scale thickness, linear growth 

kinetics of the scale can be observed [56],  

𝑑𝑋

𝑑𝑡
 =  𝑘𝑙

′     𝑜𝑟     𝑋 =  𝑘𝑙
′𝑡 

where X is the scale thickness, 𝑘𝑙
′ is the linear rate constant, and t is the time. In contrast, if 

the oxidation rate is determined by the diffusion of the reactants through the dense scale, a 

parabolic oxidation kinetics results. According to Fick’s first law for a steady-state diffusion, 

the diffusion flux (J) is proportional to the concentration gradient through the following 

(Eq. 2.1) 

(Eq. 2.2) 
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expression [7] 

𝐽 =  − 𝐷 
∆𝐶

𝑋
  

where D is diffusion coefficient, and ∆𝐶 𝑋⁄  is the concentration gradient through the scale. 

Assuming all the diffused species contribute to the growth of the scale, the flux can also be 

approximated by the rate of scale thickening and the oxide density (ρox), 

𝐽 =  𝜌𝑜𝑥  
𝑑𝑋

𝑑𝑡
 =  − 𝐷 

∆𝐶

𝑋
  

Reorganizing equation 2.4 and replacing −𝐷 ∆𝐶/ 𝜌𝑜𝑥   by a constant 𝑘𝑝
′    yield the well-

known parabolic growth kinetics of the dense scale, 

𝑑𝑋

𝑑𝑡
 =  

𝑘𝑝
′

𝑋
     𝑜𝑟     𝑋2 =  2𝑘𝑝

′ 𝑡 

where 𝑘𝑝
′   is referred to as the parabolic rate constant. Similarly, the rate laws (linear and 

parabolic) derived for thickness growth can also be expressed in the form of scale weight gain 

by oxidation.  

∆𝑊

𝐴
=  𝑘𝑙

′′𝑡 

(
∆𝑊

𝐴
)

2

=  2𝑘𝑝
′′𝑡 

where ∆𝑊 𝐴⁄  is the weight gain per unit area, 𝑘𝑙
′′ and 𝑘𝑝

′′ are the respective rate constants. 

The two characteristic oxidation kinetics can be compared schematically in Fig. 2.2.  

(Eq. 2.6) Linear: 

Parabolic: 

(Eq. 2.5) 

(Eq. 2.7) 

(Eq. 2.3) 

(Eq. 2.4) 
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Figure 2.2 Schematic of linear and parabolic growth of oxide scales 

Parabolic growth kinetics of a dense oxide is desirable. As the dense scale thickens, diffusion 

through the scale gradually slows down and the oxidation rate decreases accordingly. This also 

implies that the rate at which the metal is consumed diminishes with time. In contrast, the 

linear growth of a porous oxide results in a constant rate of metal consumption at all times.  

In summary, dense oxides with low parabolic rate constants represent low metal consumption 

rates at elevated temperatures and are therefore preferred for oxidation resistance application. 

Figure 2.3 shows the parabolic rate constants over a range of temperatures for some typical 

oxides [57].  
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Figure 2.3 Order-of-magnitude parabolic rate constants for the growth of several oxides. 

Reproduced from [57] with permission of Cambridge University Press through PLSclear.  

Alumina (especially α-Al2O3), silica (SiO2), and chromia (Cr2O3) exhibit the lowest parabolic 

rate constants among other oxides. They have attracted extensive technical attention as 

protective scales on high-temperature oxidation-resistant materials. At temperatures above 

850°C to 900°C, Cr2O3 may form the volatile species, CrO3, limiting the long-term application 

of Cr-containing alloys at high temperatures [58]. Although SiO2 is thermodynamically very 

stable in oxygen-rich environments at high temperatures, severe susceptibility of the oxide to 

mechanical failure and the formation of the volatile SiO in environments of low oxygen partial 

pressure also restrict the SiO2-based applications [58]. This relative stability of the three oxides 

in terms of thermodynamics and kinetics can also be seen in Fig. 2.4, where some typical 

oxides are placed on a map of scale growth rates versus the thermodynamic stability [59].  
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Figure 2.4 Thermokinetic map of various oxide scales showing parabolic rate versus free 

energy of formation. Optimum performance for stable slow-growing scales in lower right. 

Republished from Ref. [59] with permission of Taylor & Francis Group LLC - Books; 

permission conveyed through Copyright Clearance Center, Inc.  

It is clear from Figs. 2.3 and 2.4 that the α-Al2O3 scale is not only the slowest growing oxide 

but also among the most thermodynamically stable ones, explaining why long-term high-

temperature applications are predominantly based on Al2O3-forming oxidation-resistant 

materials.  

To promote and maintain the slow-growing α-Al2O3 scale rather than other unfavourable 

oxides, a sufficient concentration of aluminum must be present in the materials, enabling a 

continuous Al supply during application. Increasing the Al concentration to the level that 

imparts oxidation resistance to the materials, however, usually results in non-optimal 

mechanical properties at high temperatures. To tackle this issue, Al-rich coatings are generally 

applied on high-temperature structural materials so that they can be designed and developed 

separately in terms of composition, microstructure, and mechanical properties. MCrAlY 

overlay coatings, where M stands for Ni and/or Co, are commonly employed for this purpose 

and will be introduced in the next section.  
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2.2 MCrAlY Materials Justification 

The simplest Al2O3-forming systems would be the binary M-Al alloys (M is, Ni, Co, or Fe), 

which were introduced as diffusion coatings for oxidation resistance application in the 1910s 

[60] and have been applied to gas turbine components since the 1940s [61]. The inherent 

drawbacks of the diffusion coatings, such as brittleness of the NiAl intermetallic phase and 

dependence of composition and microstructure on the underlying substrates, limit the 

possibility of tailoring the coatings to different applications. Further investment and 

exploitation of the coating technologies in the 1960s led to the development of the MCrAlY 

overlay coatings [60]. MCrAlY coatings were derived from the binary M-Al systems and 

usually contain chromium (Cr), yttrium (Y) and sometimes hafnium (hf), silicon (Si), rhenium 

(Re), tantalum (Ta), etc. The influence of each alloying element on the coating microstructure, 

properties, and oxidation performance is briefly reviewed in the following section. 

2.2.1 Addition of Chromium 

A significant amount of chromium, as much as 31 wt.%, is present in the MCrAlY materials 

[62]. It has been found that the addition of chromium to the binary M-Al systems can 

significantly promote the formation and maintenance of the α-Al2O3 scale, as shown 

schematically in Fig. 2.5 using the notional ternary diagrams [59].  

  

Figure 2.5 Notional ternary diagrams showing the influence of chromium addition on the 

scale make-up: (a) symmetric, idealized; (b) asymmetric, real. Republished from Ref. [59] 

with permission of Taylor & Francis Group LLC - Books; permission conveyed through 

Copyright Clearance Center, Inc. 

(a) (b) 
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Here, an enlarged field of Al2O3 oxide is realized when adding chromium to the alloy (Fig. 

2.5b) in contrast to the idealized single oxide fields near the corresponding corners of the single 

elements in Fig. 2.5a with the assumption that all components behave individually and 

similarly (Fig. 2.5a). The diagrams also imply the capability of establishing the Al2O3 scale at 

considerably low Al concentration with the help of Cr addition. The mechanism by which 

chromium enhances the Al2O3 formation is well accepted as a general principle, the third-

element effect [63]: the third element with an oxygen affinity between the two existing 

elements can effectively promote the establishment of the protective scale at reduced levels of 

the oxide-forming element in the alloy. The third element Cr is believed to act as an oxygen 

getter and to minimize internal oxidation of Al, allowing the outward diffusion of Al from the 

bulk to develop a continuous scale on the surface.  

2.2.2 Addition of Reactive Elements 

There are several effects, possibly separately, at play when a small amount of reactive elements 

(usually around 0.5 wt.%) is added to the M-Cr-Al systems, such as improvement in scale 

adhesion, decrease in oxidation rate and modification of scale microstructure.  

Compressive residual stresses can arise in the scale due to the mismatch of thermal expansion 

coefficients between the coating and the oxide. The stresses maximized at ambient temperature 

can be sufficient to cause cracking and spalling for weakly bonded scales [64, 65]. The addition 

of reactive elements, typically yttrium (Y), has been demonstrated to improve the scale 

adhesion and alleviate the spallation issues. One of the mechanisms that have been proposed 

is the prevention of sulphur (S) segregation. Sulphur is a detrimental element to the oxidation 

performance even at extremely low levels, e.g., 1.5 parts per million weight (ppmw), as shown 

in Fig. 2.6 [66].  
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Figure 2.6 Effect of sulfur content on the oxidation performance of alloy PWA1480. 

Reproduced from Ref. [66] with permission of John Wiley and Sons.  

The presence of sulphur, possibly chlorine and phosphorus as well, can segregate to the metal-

scale interface and weaken the interfacial bond strength [67-69]. With increasing S contents, 

the oxidation performance of a first-generation single-crystal superalloy PWA1480 

significantly deteriorates. Yttrium is a strong sulphide former and can capture the free sulphur 

in the form of stable refractory sulphide when present in the M-Cr-Al materials [70].  

In addition to the perspective of sulphur segregation, the improvement of scale adhesion by 

yttrium addition has also been elucidated based on chemical bonding and mechanical pegging. 

Anderson et al. [71] reported that the alumina scale could be bonded very firmly to the yttrium 

aggregated at the surface of the bulk materials, leading to increased interfacial bond strength. 

Some studies [72-75] observed the internal formation of yttrium oxides with elongated shapes 

at the metal-scale interface and attributed the increased scale adhesion to the mechanical 

pegging or keying of these yttrium oxides.  

Reactive elements have also been found to affect the overall oxidation rate, although not 

significantly. During early stages of oxidation, oxides of the reactive elements may act as sites 
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of preferential nucleation of the protective oxide and facilitate the transformation of transient 

alumina (e.g., γ-Al2O3, θ-Al2O3) to α-Al2O3 [76], but it seems this effect depends largely on 

the amount of yttrium addition. When small amounts of yttrium are present, the grain growth 

of the metastable Al2O3 is hampered and heterogeneous nucleation of α-Al2O3 proceeds, 

resulting in accelerated phase transformation. However, the transition may be inhibited upon 

increasing the yttrium concentration to some critical values [68]. Once the protective α-Al2O3 

scale is established, reactive elements seem to play an important role in the transport behaviour 

of oxygen and aluminum through the alumina scale. Details of the transport mechanism in the 

α-Al2O3 scale as well as the effect of reactive elements will be provided in section 2.3.1.  

Microstructure and morphology of the alumina scale developed on M-Cr-Al-Y systems may 

also differ from those on materials without reactive elements addition. Scale with columnar 

grain and finer grain sizes were reported with the addition of yttrium [77], probably because 

of the yttrium effect on the transport processes in the scale. As outward transport of Al3+ ions 

is suppressed and inward transport of O2- is promoted by the presence of yttrium oxide in the 

scale, the formation of new oxide primarily occurs at the metal-scale interface rather than 

within the bulk scale. Compressive growth stresses are therefore prevented, and lateral growth 

of the scale is avoided, leading to less convoluted scale morphology and smoother metal-scale 

interface in comparison with yttrium free scales [78].  

Other reactive elements such as lanthanum (La) and cerium (Ce) are found to have a similar 

effect as yttrium in terms of improving scale adhesion and oxidation performance, although 

they may be slightly more detrimental to ductility at high temperature compared with yttrium 

[54, 79, 80]. Improved oxidation performance was also reported for MCrAlY systems with the 

addition of hafnium (Hf), silicon (Si), and rhenium (Re) [53-55].  

2.2.3 Variations of MCrAlY systems 

A variety of MCrAlY compositions exists due to the different alloying elements and various 

concentrations of each element. The performance of these coatings depends not only on the 

specific composition but also on their microstructure as well as the environment in which they 

are tested. However, several general trends have been recognized.  

NiCrAlY coatings are excellent materials for high-temperature oxidation resistance 
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applications but they are susceptible to hot corrosion; CoCrAlY systems perform well in hot 

corrosion environments but need improvement on the ductility [81]. A compromise between 

these two systems yields the NiCo- and CoNi-based MCrAlY compositions, which have 

balanced oxidation and hot-corrosion resistance with NiCoCrAlY focusing on the oxidation 

performance and CoNiCrAlY on the hot-corrosion. For severe hot-corrosion application, 

MCrAlY with higher chromium is employed. Figure 2.7 presents a convenient way to compare 

these MCrAlY systems schematically [82]. 

 

Figure 2.7 Optimum coating compositions in relation to oxidation and hot-corrosion 

resistance. Reprinted from [82] with permission from Elsevier.  

2.3 Scale Growth and Failure Mechanism 

Simplified descriptions of oxide formation and growth characteristics were introduced in 

section 2.1. The real process of scale growth in MCrAlY coatings, however, is much more 

complicated. Understanding of the process inevitably involves questions such as which of the 

reactant species (metallic cation or oxygen anion) are predominant in the transport process, 

which paths (oxide lattices or grain boundaries) do these species preferably take, and what are 

the effects of the alloying elements, particularly the reactive elements. This section provides 

an overview of the findings on the studies of scale growth and failure mechanism.  
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2.3.1 Transport Mechanism of Oxide Growth 

Once the protective α-Al2O3 scale is established, the rate of oxide growth is controlled by the 

transport of the reactants (Al3+ and O2-) through the scale. Extensive research has been carried 

out in determining the transport species and transport paths during alumina growth, and 

different experimental approaches have been used to study the transport process, such as inert 

marker, oxygen isotope tracers. 

Inert marker, as the name suggests, is a layer of metallic marker (e.g., platinum or gold) that 

are placed on the surface of the MCrAlY materials prior to oxidation and are stable (inert) 

under the oxidation condition. The transport direction or transport species can thus be 

concluded by examining the location of the inert marker after oxidation. If the marker is found 

at the scale-gas interface, it implies inward diffusion of oxygen occurs and new oxides are 

formed below the marker. On the contrary, outward diffusion of aluminum leads to the 

formation of new oxides on top of the inert marker, resulting in an intermediate position of the 

marker between the metal and scale. Several studies [83, 84] employed this method and 

concluded that the predominant transport mechanism is the inward oxygen diffusion, although 

outward transport of aluminum may provide appreciable contributions in some cases. These 

results, however, may not be appropriate for interpreting the transport processes involved in 

high-temperature oxidation because they only confirm that oxygen, instead of aluminum, is 

the main transport species through the inert marker, not necessarily the oxide scale. In the case 

that the marker flows along with the newly-formed oxide rather than sticking to it, as 

observed/suggested by [85], the actual transport mechanism through the alumina scale is not 

conclusive since either inward diffusion of oxygen or outward diffusion of aluminum through 

the scale is possible.  

Detailed studies of the transport process during alumina growth have been performed using 

oxygen isotopic tracers [86, 87]. This method usually involves two-stages oxidation, first in an 

environment of 16O2 to establish a layer of alumina and then in 18O2 to investigate the diffusion 

process. If 18O ions are located below the previously formed alumina, inward diffusion of 

oxygen can be concluded. Conversely, outward aluminum diffusion can be confirmed if the 

18O tracer is found on top of the initial alumina. A combination of the two transport modes 

would result in the distribution of 18O ions within the scale. The theory is reasonably simple; 
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however, the results from these isotopic studies somehow lead to confusion. Some researchers 

[86] identified inward oxygen diffusion as the primary transport mechanism, while others 

reporting that either outward aluminum diffusion predominates [87], or a concurrent diffusion 

of aluminum and oxygen occurs [88]. Stott [89] pointed out that the potential formation of 

transition alumina phases (e.g., γ-Al2O3, θ-Al2O3) may play a role in these misleading isotopic 

studies. It is likely that γ-Al2O3 and θ-Al2O3 grow by outward diffusion of aluminum, but 

inward oxygen diffusion dominates for α-Al2O3 growth.  

Isotopic tracers (18O and 26Al) have also been used to quantify the diffusion coefficients of 

oxygen and aluminum in the Al2O3 scale. The bulk diffusivity data, summarized by Heuer et 

al [90] from available literature, are presented in Fig. 2.8. 

 

Figure 2.8 Bulk diffusivity data for oxygen and aluminum diffusion in Al2O3. Adapted 

from [90] with permission of John Wiley and Sons.  
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Apparently, the lattice diffusion of aluminum is much faster than that of oxygen in the scale. 

If only lattice diffusion is involved during alumina growth, the predominant transport species 

would simply be the outward transport of aluminum. However, the rates at which alumina 

thicken during oxidation experiments were generally several orders of magnitude larger than 

the rate calculated from the lattice diffusion of aluminum [79]. This implies that the growth of 

the alumina scale must be controlled by some forms of short-circuit diffusion, e.g., via grain 

boundaries or dislocation networks, rather than the lattice diffusion based on the point defect 

mechanism. The contribution of grain-boundary diffusion was confirmed by existing literature 

[91, 92], when comparing the self-diffusion coefficients of oxygen in both single crystal and 

polycrystalline oxides.  

The enhanced grain-boundary diffusion was also confirmed recently by Abbasi et al [93] using 

a high-resolution time-of-flight secondary ion mass spectrometer (TOF-SIMS). Evidence of 

18O tracers was clearly shown at the grain boundaries as well as at the meal-scale and scale-

gas interfaces after the two-stage oxidation (first in 16O2 then in 18O2), indicating a concurrent 

diffusion of both aluminum and oxygen.  

As mentioned earlier in section 2.2.2, the presence of reactive elements even at a low 

concentration may have a profound effect on the transport mechanism in the alumina scale. A 

generally accepted mechanism suggests that reactive elements and their oxides segregate at the 

alumina grain boundaries, resulting in a distorted grain-boundary structure with a reduced 

concentration of mobile point defects [94]. Outward diffusion of aluminum is therefore 

suppressed or eliminated, which prevents the formation of new alumina within the existing 

scale and allows the inward diffusion of oxygen to reach and react at the metal-scale interface. 

A similar model based on dynamic segregation was proposed by Pint [95]. The reactive 

elements in this model are considered to be mobile rather than stagnant, moving slowly along 

the grain boundaries of the scale from the metal-scale interface to the scale-gas interface, as 

schematically shown in Fig. 2.9. The outward aluminum transport is therefore blocked along 

the grain boundaries due to the large ionic radii of the reactive elements, similar to the 

explanation provided in the “stagnant segregation” model. 
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Figure 2.9 Schematic diagram showing the outward diffusion of reactive elements along 

grain boundaries of an α-Al2O3 scale. Adapted from [95] with permission of Springer 

Nature (Springer Nature Customer Service Centre GmbH).  

As opposed to the “site blocking” mechanism, Heuer, et al. [90] demonstrated that the effect 

of reactive elements addition on the transport mechanism may be attributed to the change in 

the electronic structure of the α-Al2O3, which reduces the injection of aluminum vacancy into 

the scale and promotes a predominantly inward oxygen diffusion and scale growth.  

In summary, high-temperature oxidation of Al2O3-forming materials is a very complex process, 

which includes many complicating factors, such as the alloy composition, temperature, oxygen 

partial pressure, and concentration of the reactive elements. Although it is well accepted that 

diffusion of the oxidation reactants (Al3+ or O2-) chiefly occurs along with some forms of short-

circuit paths, e.g., grain boundaries, the actual transport species would depend on the combined 

effect of the aforementioned factors.  
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2.3.2 Failure Mechanism 

Maintenance of the protective scale is equally important as the initial establishment of the scale 

in the preferred form of α-Al2O3, not only because the integrity of the α-Al2O3 scale can 

effectively suppress the rate of the ongoing oxidation, but also because the scale morphology 

can significantly affect the stress distribution in the scale. The growth of the α-Al2O3 scale is a 

dynamic process, in which the composition and microstructure of the scale and underlying 

coating are continuously evolving. Under certain circumstances, the thermally grown oxide 

(TGO) scale may contain oxides other than the α-Al2O3, such as mixed oxides of NiO, CoO 

and Cr2O3 and spinel-type oxides (Ni, Co)(Al, Cr)2O4. These oxides are characterized as 

porous and fast-growing and should therefore be avoided or delayed from being formed for 

oxidation resistance applications. Generally, failure of the protective scale is considered to 

occur either (i) chemically when substantial amounts of fast-growing oxides are formed or (ii) 

mechanically when excessive spallation of the scale is realized.  

Figure 2.10 schematically illustrates the process of chemical failure of the protective scale 

resulting from prolonged oxidation of the MCrAlY coatings.  

 

Figure 2.10 Schematic diagram showing the chemical failure of the protective scales 
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As-deposited MCrAlY coatings are typically composed of two phases: an aluminum-rich β-

NiAl phase that is randomly dispersed in a γ- (Ni, Co) solid solution phase (Fig. 2.10a). A 

sufficient concentration of aluminum is usually alloyed in the MCrAlY coatings to promote 

the formation and maintenance of the protective layer. As such, a thermally grown oxide (TGO) 

scale in the form of α-Al2O3 typically develops on the MCrAlY surface when exposed to 

elevated temperatures (Fig. 2.10b). The formation and growth of the α-Al2O3 TGO scale 

consume the aluminum in the coating, resulting in a region of low-Al concentration in the γ 

phase near the coating surface. Given that the β phase is aluminum-rich, a gradient of Al 

concentration is established between the low-Al surface region and the adjacent Al-rich β phase, 

providing a driving force for Al to escape the lattice of the β phase and to diffuse towards the 

surface to replenish the Al concentration. For this reason, the β phase is often described as an 

aluminum reservoir, and the effectiveness of MCrAlY coatings is usually discussed based on 

the availability of this phase.  

The continuous Al supply ensures the unremitting formation of the protective α-Al2O3 but 

inevitably induces the β-to-γ phase transformation, resulting in a β-depletion zone near the 

coating surface (Fig. 2.10b). With longer oxidation time, the α-Al2O3 TGO scale thickens and 

progressively consumes the Al transported from the coating, leading to an enlarging β depletion 

towards the center of the coating (Fig. 2.10c). Eventually, the β phase could be completely 

depleted from the coating, representing a situation of Al deficiency for maintaining the α-Al2O3 

growth (Fig. 2.10d). The appearance of the mixed and spinel oxides on top of the α-Al2O3 scale 

is generally considered as the onset of the chemical failure of the protective scale (Fig. 2.10d). 

Alternatively, the fast-growing oxides may emerge even when an appreciable amount of β 

phase is still present in the coating. This is usually the case when the rate at which Al is supplied 

from the β phase becomes slower than the rate at which Al is consumed by the surface oxidation. 

The broadening β depletion increases the distance for Al to diffuse through and thus impedes 

the rate of Al supply, resulting in an Al concentration lower than the critical value and favouring 

the formation of the fast-growing oxides.  

In practice, the protective α-Al2O3 TGO scale is often subjected to mechanical stresses, e.g., 

externally applied stresses, oxide growth stresses, and thermal residual stresses induced by the 

mismatch of the thermal expansion coefficients between the coating and the TGO scale. These 
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stresses may be tensile, compressive, shear, or multiaxial stresses in nature [96] and, when 

exceeding certain material- and geometry-depend critical values, may lead to premature 

mechanical failure of the protective TGO scale before the chemical failure of the scale occurs.  

Tensile stresses may also be present in the TGO scale during phase transformation of transient 

aluminas to the stable α-Al2O3 owing to the accompanied volume contraction (e.g., 14.3% for 

γ-Al2O3 to α-Al2O3 transformation [79, 97]) and during heating periods of the metal-scale 

system as a result of differences in thermal expansion coefficients of the coating and the scale. 

The processes of cracking and spallation initiation in the protective scale caused by tensile 

stresses are schematically presented in Fig. 2.11.  

 

Figure 2.11 Schematic of cracking and spallation initiation in the protective scale under 

tensile stresses. Reprinted from Ref. [98] with permission of Springer Nature (Springer 

Nature Customer Service Centre GmbH).  

Given the presence of defects (voids, pores, etc.) in the scale, through-scale cracks can 

progressively develop in the vicinity of these defects due to high stress concentration at these 

sites [99]. Stress relaxation in the form of scale and metal deformation is merely elastic at this 

stage, however, plastic stress relaxation, such as interface slip and/or substrate yielding at the 
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base of the cracks, may take place beyond this point depending on the adhesion of the scale 

and the properties of the metallic materials. The development of interfacial sliding may 

produce shear fracture at the oxide-metal interface and eventually lead to scale delamination 

and subsequent spallation [99].  

Premature failure of the protective scale under tension is generally not of great concern for 

high-temperature oxidation resistance applications, primarily because of the self-healing effect 

involved in the scale cracking process during oxidation. As through-scale cracks develop in 

the scale, easy access of oxygen is regained via the open path, leading to accelerated oxidation 

kinetics than that is observed in crack-free scales (typically parabolic). If the oxide growth rate 

within the crack is faster than the rate at which the crack surfaces move apart, the crack is 

spontaneously closed and thus considered as self-healed. Schütze [100] regarded the 

combination of the scale cracking and healing as "pseudo-plasticity", and concluded that large 

apparent strains are allowed to build up in the scale by means of pseudo-plasticity at low strain 

rates. As such, it is possible that scales with greater deformation are macroscopically intact 

although the scale may have cracked several times [100]. A prerequisite for pseudo-plasticity 

is to maintain a sufficiently low strain rate and an adequate concentration of the elements 

forming the protective scale [100].  

In contrast, protective scales can be very susceptible to compressive stresses, which may result 

in excessive scale spallation particularly under thermal cycling conditions. Aside from external 

stresses, compressive stresses in the scale are mainly derived from cooling the scale-metal 

combination from elevated temperatures owing to the different coefficients of thermal 

expansion, but may also originate from the formation of new α-Al2O3 oxides at the grain 

boundaries of the existing scale due to counter-diffusion of the oxidation reactants in the scale. 

Convoluted scale morphology is usually observed for scales under compression and localized 

scale thickening may be present in the form of ridges and protrusions extending inward and/or 

outward [79]. These features of the scales contribute to the complex stress situation in the scale 

and at the scale-metal interface, allowing potential crack initiation and subsequent scale 

fracture at the sites of stress concentration. Depending on the relative strength of the oxide and 

the interfacial adhesion, scale spallation may proceed in one of two possible routes [101], as 

shown schematically in Fig. 2.12.  
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Figure 2.12 Schematic of two possible routes leading to crack initiation and scale 

spallation for protective scales under compression. Adapted from Refs. [101] and [102] 

with permissions from Elsevier and Springer Nature (Springer Nature Customer Service 

Centre GmbH), respectively.  
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For a weak oxide scale with strong adhesion (route 1), the presence of compressive stresses in 

the scale will be partially relaxed by the formation of inclined shear cracks at pre-existing 

defects within the scale [101]. Propagation of the shear cracks through the scale produces an 

oxide block that is still attached to the interface. As the compressive stresses increase (e.g., 

with further decreasing temperatures), scale spalling will ultimately occur because of the so-

called wedging effect of the adjacent oxides, which forces the oxide block to slide upwards 

along the surfaces of the shear cracks [99] and to lose contact with the interface. Route 2, on 

the contrary, represents the situation where the scale-metal interface is weaker than the oxide 

scale itself. Crack(s) will therefore first develop at sites of defects along with the scale-metal 

interface when conditions are met. De-cohesion of the scale accompanies the crack initiation 

and propagation and leads to scale buckling because of stress relaxation. The integrity of the 

scale will eventually be compromised by the development of secondary tensile cracks at the 

maximum curvature of the buckled scale and through the scale subsequently, resulting in the 

spallation of the buckled scale [101].  

Routes 1 and 2 differ in the sequence of through-scale crack development and scale-metal 

interface de-cohesion. In route 1, through-scale cracks develop first followed by the separation 

of the scale-metal interface, whereas interface de-cohesion occurs before the crack propagation 

through the scale in route 2. In both cases, the interfacial strength is seen to play a vital role in 

the scale spallation process and is therefore the most critical factor for improving the spallation 

resistance of the protective scale. To have an interfacial bond sufficiently strong to resist 

spallation, it is important to create a strong initial bond at the scale-metal interface and to 

maintain the bond for a prolonged time during service [10]. A strong initial bond can be 

achieved by ensuring the growth of α-Al2O3 scale in preference to other transient oxides (γ-

Al2O3, θ-Al2O3, etc.) at the initial stages of oxidation and by minimizing the sites of defects at 

the interface. To maintain a strong bond, the interfacial segregation of detrimental elements, 

such as sulphur (S), must be prevented in the course of high-temperature exposure. A 

reasonably low bulk S content (below 1 part per million by weight or 1 ppmw) and the addition 

of reactive elements (e.g., Y, Zr, Hf) in the coating/substrate are effective ways to prevent the 

segregation [103]. 
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2.4 Factors Affecting the Oxidation Performance 

Previous sections described somewhat simplified fundamentals regarding the process of high-

temperature oxidation as well as the mechanisms of the attainable oxidation resistance. 

However, many complicating factors exist and may have a significant impact on the oxidation 

process and the behaviour of the protective scales. The present section aims at focusing on the 

high-temperature oxidation of the MCrAlY coatings and reviewing the pertinent factors 

deemed of great importance.  

2.4.1 Exposure Conditions 

The conditions to which the MCrAlY overlay coatings are exposed have the most direct impact 

on their oxidation behaviour, as they can significantly alter the initial formation of the oxide 

scale, the transport processes of the reactants, and the severity of the scale spallation, etc. Some 

important parameters of the exposure conditions are the exposure temperature, the partial 

pressure of oxygen and the level of water vapour.  

Since oxidation performance of MCrAlY coatings relies on the diffusion and chemical reaction 

of aluminum and oxygen ions (see section 2.1) to form the protective alumina, the effect of the 

testing temperature can be easily appreciated due to the profound influence of temperature on 

the diffusion coefficients and the kinetics of the chemical reactions. To be specific, the 

thickness of the protective scale increases as the temperature rises, while the lifetime of 

MCrAlY coatings may decrease considerably as a result of accelerated aluminum consumption 

and severe scale spallation [104]. Another temperature effect on the oxidation behaviour of 

MCrAlY coatings is the formation of the less protective transition aluminas at low 

temperatures. Several researchers have observed the presence of θ-A12O3, δ-A12O3, γ-A12O3 

when oxidizing MCrAl alloys in the range of 900°C-1000°C [105], and similar results have 

been confirmed for MCrAlY coatings [106]. While the transition aluminas may persist for an 

extended duration at low temperatures, they were found to eventually transform to the more 

stable form of α-A12O3 at 1000°C [107]. The transition aluminas may also be present in the 

early stages at high temperatures (e.g., 1100°C to 1300°C), however, the duration of their 

existence before transformation to α-A12O3 is much shorter [108]. As the growth rates of the 

various aluminas are likely to be different [109], the formation of the transition phases at low 



 

- 36 - 

temperatures or in the early stages of high-temperature oxidation inevitably affects the overall 

oxidation performance of the MCrAlY coatings.  

The availability of oxygen, usually represented by the partial pressure of oxygen, affects the 

inward diffusion of oxygen and the subsequent oxidation reaction. Low oxygen partial pressure 

not only decreases the rate at which the oxidation process proceeds, but, more importantly, 

promotes the formation of a continuous and uniform α-A12O3 scale on the coating surface [110, 

111]. Owing to these beneficial effects, MCrAlY coatings are frequently subjected to pre-

oxidation treatment in an environment of low oxygen partial pressure prior to long-term 

oxidation evaluation. The establishment of the protective α-A12O3 layer during pre-oxidation 

can effectively suppress the ongoing oxidation rate, thus improving the lifetime of the coating 

during long-term oxidation [112, 113]. 

The presence of water vapour in the environment can also influence the oxidation behaviour 

of the MCrAlY coatings [114-116]. It appears that water vapour may have a greater effect on 

the initial stages of oxidation and affect the stability of the transition aluminas rather than the 

transport processes in the protective α-alumina layer once it is established [115]. This was also 

confirmed by Sullivan and Mumm [116] when investigating the oxidation behaviour of 

CoNiCrAlY coating in an atmosphere containing water vapour (30 vol.% H2O and 10 vol.% 

O2) at 1125°C. Complete surface coverage of spinel oxides was observed after only 5 hours of 

high-temperature holding, resembling a situation of long-term spinel growth in an Al-depleted 

MCrAlY coating. They suggested that the facilitating water vapour condition may extend the 

existence of the transient aluminas that are developed during the ramping stage and may 

enhance the growth of the spinel oxides by permitting the diffusion of spinel-forming cations 

to the surface.  

2.4.2 Coating Characteristics 

Under given exposure conditions, the characteristics of the MCrAlY coatings, such as 

composition, microstructure, and surface finish, may intrinsically result in different oxidation 

behaviour.  

The necessity of the elements in MCrAlY coatings has been discussed previously in section 

2.2, in which general mechanisms are provided regarding the effect of the comprising elements 
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on the coating’s oxidation behaviour. In addition, variations in the concentration of the 

elements (particularly aluminum) may also play a critical role. Brandl, et al. [16] compared 

the oxidation behaviour of two MCrAlY coatings with different Al concentrations (8 wt.% and 

12 wt. %). Despite a similar oxidation rate found for the two coatings at an early stage of 

oxidation (6 h), the spallation behaviour of the scale was considerably different for long-term 

exposure. Severe scale spallation was observed for the low Al coating after oxidation at 1050°C 

for 4000h, whereas the scale on the high Al specimen was uniform without spallation. The 

significance of the Al concentration has also been concluded by Pace, et al. [117] when 

examining two MCrAlY coatings with different Al contents (10 wt. % and 13 wt. %). MCrAlY 

coatings with different nickel and cobalt compositions were studied by Seo, et al. [17]. 

Differences in the scale constituents, growth kinetics, and element distribution in the inter-

diffusion zone at the substrate/coating interface were characterized. One surprising result in 

their study is that the Co-based coatings outperformed the nickel-based ones under the 

examined condition (1000°C in air). This is inconsistent with the consensus that Ni-based 

coatings are more resistant to the oxidizing environment. The difference in the microstructure 

of the as-deposited coatings, such as voids and oxide inclusion, may possibly explain the 

contradicting results in their study.  

Additional concern on the effect of coating composition actually originates from the substrate. 

Since MCrAlY coatings are relatively thin (50-250μm), elements from the substrate can diffuse 

into the coating and eventually reach the coating/scale interface, particularly at high 

temperatures and after prolonged exposure. If the substrate contains certain elements such as 

titanium and sulphur, which are well known to be detrimental to the scale adhesion, 

degradation of the coating’s performance can occur [118]. 

The microstructure of the as-prepared coatings (e.g., grain size, oxide content, and porosity) 

can greatly influence the process of Al diffusion in the coating, and correspondingly influence 

the overall oxidation behaviour of the coatings. The performance of MCrAlY coatings with 

nanocrystalline grains has been characterized by Ajdelsztajn et al. [119], Tang et al. [120], and 

Wang [121]. Superior oxidation behaviour of the nanocrystalline coatings was observed 

because of the increased number of grain boundaries and the enhanced Al diffusion along the 

grain boundaries. The increased grain boundaries provide more sites for oxide nucleation, 
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allowing for a faster establishment of a uniform and continuous protective scale, while the 

enhanced diffusion rates facilitate the Al supply for the scale growth and maintain the scale in 

the preferred form of α-Al2O3. Conversely, the presence of oxides and porosity in the coatings 

can hinder Al diffusion, resulting in the formation of other undesirable mixed and/or spinel 

oxides on the coating surface, and thus are detrimental for the coating performance [19]. 

The oxidation behaviour of the MCrAlY coatings can also be influenced by the surface 

roughness of the coatings. Comparative studies on the oxidation behaviour of coatings with 

different surface treatments (e.g., grinding, polishing, and shot peening) have been carried out 

by several studies [23, 24, 36, 122]. A rough surface may considerably complicate the situation 

of scale formation and growth, resulting in different oxide types and scale morphologies in the 

convex and concave areas. The convex surface areas are generally more susceptible to the 

depletion of the critical elements (e.g., Al and Y) than the concave areas due to the high surface-

to-volume ratio. The depletion of Al at the convex location promotes the local formation of 

non-protective spinel oxides, while loss of Y excludes the potential benefit from the pegging 

effect of the yttrium oxides.  

2.4.3 Manufacturing Processes 

MCrAlY coatings are typically manufactured by thermal spray techniques, such as air plasma 

spray (APS), vacuum plasma spray (VPS), low-pressure plasma spray (LPPS), and high 

velocity oxygen fuel (HVOF). The inherent differences associated with the processes provide 

an indirect but comprehensive effect on the oxidation behaviour of the coatings, as they can 

produce coatings with various characteristics, namely composition, microstructure, and surface 

finish. While each of the coating characteristics may be at play as discussed in the previous 

section, the net effect on coating’s performance when combining these factors may sometimes 

lead to contradicting conclusions. For example, Scrivani et al. [123] compared the 

microstructure of MCrAlY coatings prepared by VPS and HVOF. Porosity and oxide content 

were found lower in VPS coating than in HVOF coating, suggesting a better oxidation 

behaviour for the VPS coatings. In contrast, Brandl et al. [25] concluded that the oxidation rate 

of HVOF coatings was considerably lower than that of the VPS coatings after conducting an 

oxidation experiment at 950 and 1050°C for different periods. The slow oxidation rate of the 

HVOF coatings was rationalized by the presence of finely distributed α-A12O3 particles in the 
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as-sprayed coating, which was thought to hinder the grain boundary diffusion of the elements 

in the coating. However, Tang et al. [19] observed that in-process oxidation in the HVOF 

process can promote the formation of undesirable spinel-type oxides during high temperature 

exposure at 1000°C. Comparative studies of different thermal spray technique have also been 

carried out by other researchers [124, 125]. Unanimously, APS coatings were found to exhibit 

inferior oxidation behaviour when compared to VPS and HVOF coatings, predominantly due 

to the porous microstructure, high oxide inclusion, and rough coating surface of the APS 

coatings. The results from these studies manifest that MCrAlY coatings with low porosity and 

oxide content would be preferable for the oxidation resistance application.  

To this end, the cold spray technique, which is characterized by low process temperature and 

high particle impact velocity, has been explored as an alternative manufacturing process for 

MCrAlY coatings during the past two decades. Favourable coating characteristics, i.e., 

minimal levels of porosity and oxide inclusion in the as-deposited coating, can be achieved by 

a proper processing parameters selection and would be beneficial to the coating’s oxidation 

behaviour. The performance of such coatings has been compared to coatings manufactured by 

previously mentioned thermal spray techniques. Richer et al [31] characterized the 

microstructural evolution of the MCrAlY coatings prepared by cold spray, HVOF and APS 

processes and evaluated their isothermal oxidation behaviour at 1000°C. Results show that the 

cold sprayed and HVOF coatings significantly outperformed the APS coatings due to the dense 

coating microstructure with low oxide inclusion. Similar conclusions have also been reached 

by Chen et al. [33], in which thermal barrier coatings with MCrAlY bond coats instead of free-

standing MCrAlY coatings were subjected to thermal cycling at 1050°C. Although the cold 

sprayed coatings in these studies have marginally greater TGO growth rates than the HVOF 

coatings, the authors implied that cold sprayed coatings could probably surpass the 

performance of the HVOF coatings by optimizing the spray parameters to minimize the 

porosity level and the initial oxide content in the as-deposited coatings. As such, understanding 

the cold spray process as well as identifying the major influencing parameters are critical to 

fully exploit the potential of the technique. The next section will deal with these aspects.  
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2.5 Cold Gas Dynamic Spray 

Cold gas dynamic spray (CGDS or simply cold spray) is a high strain-rate solid-state material 

deposition process, in which feedstock powder (usually 1 to 50 µm in diameter) is introduced 

to a supersonic gas stream and then accelerated to high velocity (200 m/s to 1200 m/s [126]). 

Upon impact with a substrate, the powder particles and the substrate both experience plastic 

deformations that result in particle-substrate bonding and subsequent coating formation. 

Overview of the cold spray process as well as gas dynamic principles and bonding mechanisms 

relevant to the cold spray technique are provided in this section. 

2.5.1 Process Overview 

The modern cold spray was originally developed by a group of Russian scientists in the mid-

1980s [127, 128]. Further research on the process development and components refinement by 

the group lead to their first US patent for the technology in 1994 [127]. Since then, a growing 

number of journal articles [41-43, 45, 128-138], related patents [139] and academic books [29, 

30, 140, 141] have been published. With the extensive interests from academia and industry, 

many in-house cold spray systems, as well as more advanced commercial systems, have been 

developed throughout the years [139, 142-144]. A typical cold spray system is schematically 

shown in Fig. 2.13. 

 

Figure 2.13 Schematic diagram of a typical cold spray system. Republished from [29] 

with permission of Springer; permission conveyed through Copyright Clearance Center, 

Inc. 
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A high-pressure gas source (typically nitrogen or helium) is used to produce the two gas flows 

for the cold spray process: a primary (or processing gas) flow for particle acceleration and a 

secondary (or carrying gas) flow for powder feeding. The primary gas flow is usually heated 

by means of an electric gas heater before entering a converging-diverging (also known as de-

Laval) nozzle, where the pressurized gas expands and accelerates at the cost of gas pressure 

and gas temperature. For a sufficient pressure difference between the gas source and the 

ambient, a supersonic gas stream can be achieved in the diverging section of the nozzle. Such 

a situation can be schematically represented in Fig. 2.14, in which the pressure and temperature 

of the gas gradually decrease in the de-Laval nozzle while gas velocity increases from subsonic 

in the converging section (where Mach number M<1) to sonic at the nozzle throat (M=1) and 

finally to supersonic in the diverging section (M>1). The gas velocity at a specific location 

within the nozzle is a function of gas nature, gas stagnation properties (pressure, temperature), 

and the nozzle geometry.  

 

Figure 2.14 Schematic showing the evolution of pressure (p), temperature (T) and velocity 

(v) of a gas flowing through a de-Laval nozzle. Adapted from [145]. 
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The feedstock powder, carried by the secondary gas flow (see Fig. 2.13), can be injected into 

the primary flow either axially in the converging section of the nozzle or laterally through a 

sidewall port on the diverging section of the nozzle. Axial powder injection leads to higher 

particle temperature that facilitates the coating deposition, but requires high powder feeding 

pressure and may result in powder oxidation and nozzle clogging (particularly at the throat). 

In contrast, the pressure needed for lateral powder injection is significantly lowered due to the 

rapidly reduced pressure of the primary gas after the nozzle throat. Throat clogging is avoided 

by lateral injection and powder oxidation is minimized because of the low gas temperature in 

the diverging section. However, low particle temperature associated with the lateral injection 

may affect the deposition of hard materials. In such a case, a compromise can be made by 

preheating the powder prior to lateral injection (as shown in Fig. 2.13). The powder 

temperature, even heated in the converging section or preheated by an external heater, is always 

maintained below its melting temperature. The particles, therefore, remain in the solid form 

throughout the entire process of feeding and acceleration, rendering the process “cold” as 

opposed to conventional thermal spray processes, in which particles are completely or partially 

melted upon impact with a substrate [45].  

The inherent nature of cold spray, i.e., particles of low temperatures (relative to the melting 

temperature) impacting the substrate at high velocities, produces many unique features for the 

resulting coating. For example, the high-velocity impact causes severe plastic deformation of 

the powder and the substrate, resulting in good coating-substrate adhesion, dense coating 

microstructure, and compressive residual stresses in the coatings. Meanwhile, the absence of 

significant powder heating minimizes the in-process powder oxidation, allowing little or no 

oxide inclusions in the coating. The shrinking-induced porosity and tensile stresses that are 

usually observed in thermal processes are mostly avoided in cold spray given the non-melted 

condition of the powder. Low particle temperature also makes it possible for the deposition of 

temperature- and oxidation-sensitive materials.  

The characteristic cold spray process also has its limitations. As plastic deformation of the 

powder and the substrate is a prerequisite for coating adhesion and formation, the application 

of the cold spray technique is inevitably limited to materials with plasticity potential, such as 

metals, alloys, polymers, and their mixtures. Brittle materials, such as ceramics, can only be 
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deposited for limited thicknesses or must be combined with a ductile binder. The other major 

limitation of cold spray is its relatively high gas consumption, which can be costly, especially 

when helium is used. As such, it may be necessary to recycle the helium gas, replace it with 

other cost-effective gases, or restrict the gas consumption via nozzle design and spray 

parameters adjustments.  

In summary, the cold spray technique relies on the high-velocity impact of the particles with 

the substrate to form the coating. Since the particles obtain their kinetic energies from the gas 

stream in the diverging nozzle section, accelerating the gas to sufficiently high speeds through 

the de-Laval nozzle is, therefore, an essential step to assure enough momentum transfer and 

achieve high particle velocity. To better understand the process of gas and powder acceleration 

and clarify the influence of some critical parameters, relevant gas dynamic principles in the 

cold spray process are briefly reviewed in the following section.  

2.5.2 Gas Dynamic Principles 

As mentioned in the previous section, cold spray utilizes a converging-diverging (de-Laval) 

nozzle to accelerate the processing gas to supersonic velocities. It has been demonstrated [41, 

44, 146] that the flow behaviour in this process can be treated as a one-dimensional, steady-

state isentropic flow. Moreover, since helium or nitrogen are typically used in cold spray, it is 

reasonable to consider the gas as an ideal gas with constant specific heats. As such, this section 

reviews the gas dynamic principles pertinent to an isentropic flow of an ideal gas. Fox and 

McDonald’s Introduction to Fluid Mechanics [147] is consulted and relevant equations are 

presented to justify the configuration of the converging-diverging (de-Laval) nozzle and to 

discuss the different flow behaviour in the nozzle as the stagnation properties of the gas change.  

For an ideal gas going through a nozzle of varying cross-section area, the following equation 

can be derived from the consideration of continuity equation and momentum equation based 

on the assumption of an isentropic flow.  

(𝑀2 − 1)
𝑑𝑢

𝑢
=

𝑑𝐴

𝐴
 

where u is the velocity of the gas flow, A is the cross-section area of the nozzle, and M is the 

(Eq. 2.8) 
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Mach number of the flow, which is defined as the ratio of the flow velocity to the speed of 

sound c, or 𝑀 = 𝑢/𝑐. Equation 2.8 offers some insights into how changes in the flow velocity 

𝑑𝑢 are related to the changes in the nozzle area 𝑑𝐴 under the influence of the Mach number. 

Since the flow can be either subsonic (𝑀 < 1), sonic (𝑀 = 1) or supersonic (𝑀 > 1), three 

different situations can be realized.  

• For subsonic flow (𝑀 < 1), the term (𝑀2 − 1) in equation 2.8 is negative. This means 

the changes in flow velocity inversely depend on the changes in the nozzle area, i.e., a 

decreasing nozzle area (𝑑𝐴 < 0) is required to accelerate the flow (𝑑𝑢 > 0).  

• For flow at supersonic speed (𝑀 > 1), the term (𝑀2 − 1) is positive and the exact 

opposite situation to the subsonic flow is expected. That is, the changes in flow velocity 

and nozzle area are of the same sign, implying that an increasing cross-section area 

(𝑑𝐴 > 0) would correspondingly lead to an increasing flow velocity (𝑑𝑢 > 0).  

• In the case of 𝑀 = 1 where the flow travels at a definite speed (the sonic speed), there 

is simply no changes in velocity (𝑑𝑢 = 0) and the term (𝑀2 − 1) also equals zero. 

According to equation 2.8, the only possible way to maintain the sonic flow is to keep 

the cross-section area of the nozzle constant (𝑑𝐴 = 0). For a nozzle of varying sectional 

area, in contrast, the flow of sonic speed would only exist as a transient condition.  

As such, equation 2.8 can also be consulted to select the nozzle geometry for specific 

applications. In cold spray, a gas flow (helium or nitrogen) of adequate supersonic speeds is 

desirable to propel the particles. To accelerate the gas from stagnation to supersonic speeds, a 

converging nozzle is firstly needed in the subsonic regime to accelerate the gas to sonic speed 

at the minimum cross-section area (known as the throat), and a diverging nozzle is then 

required to further accelerate the gas in the supersonic regime. This converging-diverging 

nozzle configuration and the changes of gas velocity through the nozzle are better represented 

in Fig. 2.15.  
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Figure 2.15 Subsonic to supersonic flow through a converging-diverging nozzle. Adapted 

from [147] with permission of John Wiley & Sons - Books; permission conveyed through 

Copyright Clearance Center, Inc.  

The configuration of the converging-diverging nozzle in Fig. 2.15 satisfies the geometric 

requirements for continuous gas acceleration. To initiate a gas flow, a pressure difference 

between the nozzle inlet and exit must be provided. Moreover, as the pressure difference varies, 

the flow behaviour in the converging-diverging nozzle also evolves accordingly. The different 

flow characteristics are shown in Fig. 2.16, in which the varying pressure difference is achieved 

by gradually reducing the back pressure (PB) where the flow discharges while keeping the 

stagnation pressure (P0) constant at the nozzle inlet. 
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Figure 2.16 Flow characteristics in a converging-diverging nozzle for varying back 

pressure. Adapted from [147] with permission of John Wiley & Sons - Books; permission 

conveyed through Copyright Clearance Center, Inc. 

The previous examination of equation 2.8 concluded that a converging nozzle will accelerate 

a subsonic flow (𝑀 < 1 ) whereas a diverging nozzle will decelerate a subsonic flow but 

accelerate a supersonic flow (𝑀 > 1). With this in mind, the flow behaviour in the converging-

diverging nozzle (Fig. 2.16) can be qualitatively described as follows. 

• When the back pressure PB is slightly reduced from the stagnation pressure P0, as in 

case (a), the established pressure difference will simultaneously generate a flow 

through the nozzle. The flow will first accelerate in the converging section with 

decreasing flow pressure, reaching a maximum velocity and minimum pressure at the 

throat, and then decelerate in the diverging section as the flow pressure recovers to the 

back pressure PB(a). As there is only a limited pressure difference, the complete flow 

is therefore maintained in the subsonic regime throughout the nozzle. 
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• Lowering the back pressure further will correspondingly increase the flow velocity and 

decrease the flow pressure everywhere in the nozzle. However, insufficient pressure 

difference, as in case (b), will result in similar subsonic flow characteristics as the one 

in case (a). 

• In case (c), the back pressure is finally lowered to sufficiently accelerate the flow to 

sonic speed (𝑀 = 1 ) at the throat, however, PB(c) is not low enough to cause any 

supersonic flow in the diverging section. Instead, the flow reverts to subsonic after the 

throat and decelerates as pressure gradually adjusts to the back pressure. 

• Subsequently reducing the back pressure below PB(c) will lead to essentially the same 

flow behaviour in the converging section as in case (c). The characteristic of the flow 

in the diverging section, in contrast, will depend on the actual pressure difference. Case 

(d) represents a situation in which the pressure difference is adequate to accelerate the 

flow even after the nozzle throat where the flow is sonic (𝑀 = 1), leading to a region 

of supersonic flow in the diverging section. Since the back pressure PB(d) is too high 

for this region of supersonic flow, the flow is abruptly decelerated to subsonic speed 

by a normal shock within the diverging section while the pressure suddenly increases 

and adapts to the back pressure. The subsonic flow then decelerates through the rest of 

the diverging section and leaves the nozzle at a pressure equal to the back pressure.  

• As the back pressure is further decreased, the region of the supersonic flow will be 

extended, and the location of the normal shock will be shifted toward the nozzle exit 

until it occurs at the exit plane as in case (e). At this condition, the pressure difference 

is sufficient to continuously accelerate the flow, resulting in the supersonic flow 

throughout the entire diverging section. Further attempts at lowering the back pressure 

will not modify the flow behaviour in the converging-diverging nozzle, and thus the 

flow properties in the nozzle are independent of the varying back pressure. However, 

the flow features outside the nozzle may be distinctly different as the back pressure 

varies. Three typical conditions are represented in cases (f), (g) and (h).  

• Case (f) is characterized by higher back pressure than the flow pressure at the nozzle 

exit. To coordinate this pressure difference, the flow leaving the nozzle will suffer a 

series of oblique shocks which decelerates the flow and increase the flow pressure. This 

type of flow condition is said to be over-expanded since the flow is expanded to 
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pressure lower than the back pressure. 

• In case (g), the back pressure is exactly the same as the nozzle exit pressure. The flow 

outside the nozzle will therefore keep travelling at supersonic speeds without 

experience of any shocks. As it is desirable for the flow to be accelerated without any 

interruption, the nozzle operating at the given pressure difference is said to be working 

under design conditions.  

• If the back pressure is further lowered, as in case (h), below the design condition, 

oblique expansion waves will occur in the flow outside the nozzle as the flow leaving 

the nozzle seeks to accommodate the back pressure. The flow under this condition is 

said to be underexpanded because additional expansion occurs outside the converging-

diverging nozzle.  

It is worth noting that cases (a) to (d) are identified with a subsonic flow at the nozzle exit 

(𝑀𝑒 < 1), while supersonic flows are accomplished and sustained to the exit plane (𝑀𝑒 > 1) 

for cases (e) to (h). Since normal or oblique shocks are detrimental for gas acceleration such 

as in cases (d), (e) and (f), the ideal conditions for the cold spray process would be either the 

design condition as in case (g) or underexpanded condition as in case (h) to achieve high gas 

velocity. A proper nozzle geometry and suitable spray parameters are critical for the cold spray 

process to avoid these shocks and operate under desirable conditions.  

The nozzle used in the cold spray process can be designed by considering the following 

equation that is derived from the one-dimensional isentropic flow:  

𝐴

𝐴∗
=

1

𝑀
[(

2

𝛾 + 1
) (1 +

𝛾 − 1

2
𝑀2)]

𝛾+1
2(𝛾−1)

 

where 𝐴∗ is the cross-section area of the nozzle throat, and 𝛾 is the specific heat ratio of the 

gas (𝑐𝑝 𝑐𝑣⁄ ). Equation 2.9 indicates that the area ratio of a selected nozzle can be related to the 

local Mach number when the gas type (and thus 𝛾) is known. For example, given the desired 

Mach number at the nozzle exit, the nozzle can then be designed accordingly from the 

calculated area ratio of 𝐴𝑒 𝐴∗⁄ , where 𝐴𝑒 is the cross-section area of the nozzle exit.  

 

(Eq. 2.9) 
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Another perspective to examine equation 2.9 is that there exists a maximum Mach number for 

a known gas flow, as defined by the equation, for a specific nozzle cross-section with an area 

ratio of 𝐴 𝐴∗⁄ . An adequate pressure difference is required to reach the prescribed maximum 

Mach number, as depicted in Fig. 2.16, where an identical flow behaviour in the converging-

diverging nozzle is observed as the back pressure is sufficiently reduced such as in the cases 

(e) to (h). This identical flow indicates that the possible maximum Mach number for any 

selected nozzle plane is reached and will not be increased for any further back-pressure drop.  

The limit on the Mach number of the flow by the nozzle geometry, however, does not 

necessarily mean the flow velocity at a specific nozzle plane is also restricted. Recall the 

definition of Mach number 𝑀 = 𝑢/𝑐 and given that the speed of sound 𝑐 in an ideal gas 

undergoing an isentropic process is a function of specific heat ratio (𝛾), specific gas constant 

(𝑅𝑠), and local temperature (𝑇) according to the following equation, 

𝑐 = √𝛾𝑅𝑠𝑇 

the flow velocity 𝑢 can then be expressed in terms of the local Mach number and speed of 

sound, 

𝑢 = 𝑀𝑐 = 𝑀√𝛾𝑅𝑠𝑇 

As such, the flow velocity can still vary with the local speed of sound even if the local Mach 

number is fixed, and gases with a higher speed of sound are preferred for the cold spray process 

to achieve high flow velocity. Table 2.1 shows the speed of sound for several common gases 

under standard ambient temperature (25 °C) and pressure (100 kPa). Helium, as it is seen in 

the table, has a substantially high speed of sound due to its low molar mass (high specific gas 

constant) and monatomic nature (high specific heat ratio), and would be advantageous to use 

for cold spray. However, dramatic increases in cost and limited availability discourage its wide 

application in the industry. Nitrogen, in contrast, is much cheaper, readily available, and 

relatively inert, making it the most common gas used in the cold spray process.  

 

(Eq. 2.10) 

(Eq. 2.11) 
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Table 2.1 Speed of sound for several common gases under standard ambient condition 

(25 °C, 100 kPa) 

Gas Speed of Sound 

Carbon dioxide  269 m/s 

Argon  322 m/s 

Air  346 m/s 

Nitrogen  351 m/s 

Helium 1016 m/s 

Another important result from Equations 2.10 and 2.11 is that the speed of sound and the flow 

velocity depend exclusively on the local temperature of a known gas type (i.e., 𝛾 and 𝑅𝑠 are 

known). A higher local temperature therefore will be favourable for accomplishing a higher 

flow velocity. For an isentropic expansion of an ideal gas through a converging-diverging 

nozzle, the properties of the flow (𝑃, 𝑇) at any given point in the nozzle can be related to the 

stagnation properties (𝑃0, 𝑇0) at the nozzle inlet via the local Mach number:  

𝑇0

𝑇
= 1 +

𝛾 − 1

2
𝑀2 

𝑃0

𝑃
= (1 +

𝛾 − 1

2
𝑀2)

𝛾
𝛾−1

 

These equations indicate a directly proportional relationship between the stagnation properties 

and the flow properties in the nozzle, as the right side of the equations yields a positive value. 

Equation 2.12, therefore, implies that a higher stagnation temperature will lead to a higher flow 

temperature, which in turn will increase the local speed of sound and the local flow velocity as 

suggested by equation 2.11. This explains why gases employed in the cold spray process are 

purposely pre-heated to a desired stagnation temperature to achieve a high flow velocity, e.g., 

at the nozzle exit.  

(Eq. 2.12) 

(Eq. 2.13) 
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The same trend also applies to the flow pressure as it is seen in equation 2.13, i.e., a higher 

stagnation pressure will result in a higher flow pressure everywhere in the nozzle. Moreover, 

the equation also shows that an appropriate pressure ratio (𝑃0 𝑃⁄ ) is needed to accelerate the 

flow to a specific Mach number. Considering the nozzle exit plane, for example, the Mach 

number for a supersonic flow is set by the nozzle geometry (𝐴𝑒 𝐴∗⁄ ) according to equation 2.9. 

If the atmospheric pressure is taken as the back pressure, as in most cases of cold spray 

applications, the minimum stagnation pressure that is required to achieve a flow of design or 

underexpanded condition (i.e., the exit pressure is equal to or higher than the back pressure, as 

discussed in Fig. 2.16) can then be determined from equation 2.13.  

Given the ease of measurement and regulation in practice, spray parameters such as pressure 

and temperature for a specific cold spray application are usually specified in terms of the 

stagnation properties of the gas flow. Equations 2.12 and 2.13 thus provide a convenient way 

of utilizing the stagnation properties to predict and control the flow properties at a specific 

location within the nozzle.  

As mentioned in the previous section, one intrinsic limitation for the cold spray technique is 

the high operating cost resulted from the large gas consumption, especially when helium is 

used. It is valuable at this point to identify the major factors that can affect the mass flow rate 

of the gas, so that possible ways to reduce the operating cost can be recognized. The mass flow 

rate in the nozzle can be estimated from any nozzle section due to mass conservation, as shown 

in the following equation:  

�̇� =  𝜌 𝑢 𝐴 

where 𝜌, 𝑢, 𝐴 are the density, velocity, and the area of the flow at the nozzle section. For a 

choked flow where 𝑀 = 1 is reached at the nozzle throat, the maximum mass flow rate can 

be conveniently calculated at the throat using the ideal gas law and equations 2.11, 2.12, and 

2.13:  

�̇� =  𝜌∗𝑢∗𝐴∗ = 𝑃0𝐴∗√ 𝛾

𝑅𝑠𝑇0
(

2

𝛾 + 1
)

𝛾+1
𝛾−1

 

Equation 2.15 shows that for a given gas (𝛾 and 𝑅𝑠), the maximum flow rate in a choked 

(Eq. 2.14) 

(Eq. 2.15) 
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nozzle is only a function of the nozzle throat area (𝐴∗) and the stagnation properties (𝑃0, 𝑇0). 

It is therefore viable to directly restrict the mass flow rate by employing a nozzle with a reduced 

throat area and/or using a lower stagnation pressure. Heating the gas to a higher stagnation 

temperature also contributes to the reduction of the mass flow rate, but to a lesser extent (due 

to the square root dependence) than the adjustment of the stagnation pressure and the throat 

area.  

One concern with lowering the stagnation pressure is that it correspondingly decreases the flow 

pressure everywhere in the nozzle, as seen in equation 2.13. This may lead to over-expanded 

flow condition when the flow pressure in the nozzle is lower than the back pressure (which is 

usually atmospheric pressure for cold spray process), resulting in unfavourable oblique shocks 

outside the nozzle, or even normal shock in the nozzle if the stagnation pressure is reduced 

below a critical pressure 𝑃0
𝑐 . Normal shock is stronger and more detrimental than oblique 

shocks for particle acceleration because of a larger decrease in flow velocity, greater loss in 

stagnation pressure, higher increase in entropy, etc. across the shock. It is, therefore, necessary 

to maintain the stagnation pressure above the critical pressure (𝑃0
𝑐) such that the occurrence of 

the normal shock can be avoided while keeping the gas consumption at a reasonable level. This 

critical stagnation pressure can be calculated by considering the special case in which the 

normal shock occurs exactly at the nozzle exit, as it is shown in case (e) of Fig. 2.16. Under 

this situation, the pressure before the normal shock is the critical exit pressure 𝑃𝑒
𝑐  to be 

calculated while the pressure after the shock is the back pressure 𝑃𝑏. They are related in the 

following expression, 

𝑃𝑏

𝑃𝑒
𝑐 =

2𝛾

𝛾 + 1
𝑀𝑒

2 −
𝛾 − 1

𝛾 + 1
 

where 𝑀𝑒 is the Mach number of the flow at the nozzle exit, as determined by the area ratio 

(𝐴𝑒 𝐴∗⁄ ) for isentropic expansion according to equation 2.9. Assuming atmospheric pressure 

for 𝑃𝑏 , the critical exit pressure 𝑃𝑒
𝑐  can be calculated from equation 2.16 and the critical 

stagnation pressure 𝑃0
𝑐  can then be found accordingly through equation 2.13. Cold spray 

process operating at a stagnation pressure lower than the critical value will move the normal 

shock inside the diverging section, whereas a stagnation pressure above the critical value will 

eliminate the normal shock but create oblique shocks outside the nozzle. Further increasing the 

(Eq. 2.16) 
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stagnation pressure will decrease the strength of the oblique shock and will eventually reach 

the design flow condition (absence of any shock) for the specific nozzle, however, higher 

stagnation pressure may result in a high level of gas consumption. As such, a trade-off must be 

made between high gas velocity outside the nozzle (as a result of weak shocks) and low mass 

flow rate by selecting an appropriate stagnation pressure.  

With the developed understanding of the gas flow in the converging-diverging nozzle, 

accelerating the powder particles in the high-velocity gas flow can now be considered, and the 

influence of gas and particle properties on the particle velocity can be discussed. The particles 

in the flow are subjected to a drag force (𝐹𝐷) that can be written as,  

𝐹𝐷 =
1

2
𝐶𝐷𝐴𝑝𝜌(𝑢 − 𝑢𝑝)

2
 

where 𝐶𝐷 is the drag coefficient, 𝐴𝑝 is the frontal area of the particle, 𝜌 is the density of 

the flow, 𝑢 and 𝑢𝑝 are the velocity of the gas and the particle, respectively. This drag force 

acts on the particle surface, propelling the particle to high velocities toward the nozzle exit. 

Since the flow density and the relative velocity (𝑢 − 𝑢𝑝) are constantly changing as the gas 

expands, the drag force, as a result, also varies correspondingly. When introducing Newton’s 

second law to equation 2.17, the instantaneous acceleration (𝑎𝑝) of the particle can be derived, 

𝑎𝑝 =
𝐹𝐷

𝑚𝑝
=

1

2
𝐶𝐷

𝐴𝑝

𝑉𝑝

𝜌

𝜌𝑝
(𝑢 − 𝑢𝑝)

2
 

where subscript p is used to represent the properties of the particle, i.e., 𝑚𝑝, 𝑉𝑝, 𝜌𝑝 are the 

mass, volume, and density of the particle. Equation 2.18 indicates that the particle acceleration 

positively depends on the drag coefficient (𝐶𝐷), the flow density (𝜌), and the relative velocity 

of the flow and the particle (𝑢 − 𝑢𝑝), but is inversely related to the particle size (as a result of 

𝐴𝑝 𝑉𝑝⁄ ) and the particle density (𝜌𝑝). Since the flow density and velocity are interrelated in the 

nozzle, i.e., density decreases continuously as the gas expands, the overall influence of flow 

density and velocity is not very clear in equation 2.18. To clarify how the flow properties affect 

the particle acceleration, the ideal gas law and equation 2.11 can be incorporated into 2.18, 

yielding the particle acceleration in the following expression,  

(Eq. 2.17) 

(Eq. 2.18) 
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𝑎𝑝 =
1

2
𝐶𝐷 (

𝐴𝑝

𝑉𝑝𝜌𝑝
) (𝛾𝑃) (𝑀 −

𝑢𝑝

√𝛾𝑅𝑠𝑇
)

2

 

The equation, therefore, confirms that the acceleration of the particle is closely related to the 

local properties of the flow (Mach number, flow pressure and temperature) for a given gas. 

Since Mach numbers for isentropic flow are prescribed by the nozzle geometry according to 

equation 2.9, an increase in the stagnation properties (𝑃0, 𝑇0) directly raises the local flow 

properties given the existing proportional relationship shown in equations 2.12 and 2.13 and 

thus leads to a higher particle acceleration according to equation 2.19. To accelerate the 

particles in a given nozzle with a finite length, it is always favourable to utilize higher 

stagnation properties. However, safety and gas consumption concerns inevitably impose 

restrictions on the allowable stagnation properties, limiting the maximum attainable particle 

velocity.  

For fixed gas stagnation properties, the particle acceleration can also be increased, according 

to equation 2.19, by modifying the nozzle geometry (i.e., adjusting the area ratio, 𝐴 𝐴∗⁄ ) to 

yield a higher Mach number. However, increasing the Mach number results in decreasing local 

flow properties (equations 2.12 and 2.13), which partially cancel out the benefit of the Mach 

number increase. Hence, there exists an optimal Mach number (and optimal nozzle geometry) 

that provide the maximum particle acceleration for a fixed set of gas and particle properties 

[41]. If the particle velocities achieved are not satisfactory, a longer nozzle can always be used 

to extend the duration of the particle acceleration in the flow and thus obtain higher particle 

velocities. However, a boundary layer thickness, which develops along the internal walls of 

the nozzle, may affect the flow behaviour especially when the nozzle is long, and thus needs 

to be considered when increasing the nozzle length. 

Alternatively, reducing the particle size and/or particle density can also contribute to higher 

particle velocities as a result of the increasing acceleration indicated by equation 2.19. 

However, the particles, especially the small and light ones, are subjected to the bow shock that 

is generated in the vicinity of the substrate when the supersonic gas flow impinges on the 

substrate [148]. As the particle size and particle density decrease, there comes a point when 

the particle velocity can be significantly reduced across the shock. The detrimental effect of 

(Eq. 2.19) 
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the bow shock is strongly dependent on the flow Mach number before the shock; therefore, it 

is recommended that the design exit Mach number for typical cold spray nozzles should be 

limited to 2 - 3, based on the type and size of the particles used, to reduce the loss of the particle 

velocity across the shock and the influence of bow shock on the coating deposition [148].  

Achieving high particle velocity at impact is of prime importance for cold spray technique. 

The particle impact velocity determines the amount of kinetic energy available for particle 

deformation and ultimately dictates whether the particle would adhere to the substrate or 

simply deflect and bounce off. The following section will focus on the impact of the high-

velocity particle on the substrate and illustrate the potential bonding mechanisms.  

2.5.3 Particle Impact and Bonding 

When the high-velocity particle impacts the substrate, the particle and the substrate both 

experience certain amounts of elastic and plastic deformation. Given the high impact velocity 

(500m/s for example) and the small particle size (5 to 50 μm), the time scale within which the 

deformation occurs is extremely short (approximately 10 to 100 ns, based on calculations of 

the particle diameter divided by the impact velocity). As such, the heat generated during the 

high strain-rate deformation does not have time to transfer evenly through the particle and the 

substrate, making it an essentially adiabatic condition in the deformation region. The heat 

dissipation in the localized deformation region at the interface of the particle and the substrate 

may induce significant rises in the local temperature (potentially reaching the melting 

temperature of the materials) and lead to thermal softening of the materials, which lowers the 

shear strength of the materials and facilitates further particle deformation in the region. This 

phenomenon is generally referred to as adiabatic shear instability and has been demonstrated 

by several studies [131, 149-151].  

Assadi et al. [131] modelled the impact of a single copper particle on a copper substrate using 

finite element analysis (FEA). They observed that thermal softening of the materials due to 

adiabatic heating has a dominant influence on the characteristics of the particle deformation. 

Figure 2.17 shows the simulation results of the strain and flow stress distribution along the 

particle radian path for two impact velocities.  
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Figure 2.17 Calculated profiles of (a) plastic strain and (b) flow stress along the particle 

radial path for two impact velocities. Reprinted from Ref. [131] with permission from 

Elsevier.  

The plastic strain near the interface for the high impact velocity (900 m/s) greatly exceeds that 

of the low velocity (300 m/s). Correspondingly, a significantly reduced flow stress 

(approaching zero at the interface) is observed, implying the occurrence of thermal softening 

as well as adiabatic shear instability in the region. Further investigation by the authors reveals 

that the threshold impact velocity for the beginning of the adiabatic shear instability is likely 

in the range of 550 m/s to 580 m/s, above which particle deformation mechanism may change 

from plastic to viscous flow near the particle/substrate interface due to adiabatic shear 

instability. These findings have also been confirmed by Grujicic et al. [149] with similar 

simulations for extended combinations of particles and substrates. The critical particle impact 

velocities for different particle/substrate systems obtained from the simulations agreed well 

with the ones calculated from the one-dimensional analysis of adiabatic shear localization, thus 

validating the mechanism of the adiabatic shear instability.  

Adiabatic shear instability at the particle/substrate interface is believed to be critical for the 

bonding of the particle to the substrate. One of the bonding mechanisms proposed by some 

researchers [152] is based on the mechanical interlocking of the deformed particle and 

substrate. Under conditions that result in adiabatic shear instability, an out-flowing jet of the 

particle and/or the substrate is usually observed at the edge of the contact zone as a result of 

the extensive plastic deformation. The jet can subsequently develop into rollups and vortices 
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at the interface [152], as shown in Fig. 2.18. The formation of these features mechanically 

anchors the two materials together and creates interfacial bonding. Mechanical bonding can 

also be improved by artificially introducing the anchoring sites to the substrate surface before 

coating deposition. Grit blasting [153] and pulsed water jet technique [154], for example, can 

be used for this purpose.  

 

 

Figure 2.18 SEM images showing the rollups and the vortices at the interface of (a) Cu 

on Al6061 substrate (b) Ni on Al substrate. Reprinted from Refs. [155] and [142], 

respectively, with permission of Springer Nature (Springer Nature Customer Service 

Centre GmbH).  

(b) 

(a) 
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Another bonding mechanism for the cold sprayed particles is metallurgical bonding. It is 

proposed [129, 156, 157] that the extensive plastic deformation experienced by the particles 

and the substrate can effectively disrupt the native oxide film on the materials, exposing fresh 

and clean surfaces between the two materials. Metallurgical bonding can thus occur at sites 

where adequate local contact pressure acts on the two surfaces with intimate contact. The out-

flowing jet is also considered beneficial for the formation of the metallurgical bonding, as it 

flushes out the fragments of the native oxides residing at the contact surfaces of the particle 

and the substrate, and thus increases the exposure of the fresh surfaces for potential bonding 

to occur [158]. 

Although the actual mechanisms differ, the mechanical and metallurgical bonding both rely on 

the prerequisite of sufficient plastic deformation of the particle and the substrate. As such, 

factors that affect the extent of the plastic deformation, such as the nature of the particle and 

the substrate, the impact velocity and impact temperatures of the materials, contribute largely 

to the type and strength of the bonding. In addition, the topology of the substrate prior to 

particle impact is also seen to play an important role in determining the percentage of the 

specific bonding type [151].   
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Chapter 3 Research Objectives 

The general objective of the thesis research is to characterize CS deposition on a single-

crystal nickel-base superalloy (CMSX-4) and to develop low-cost NiCoCrAlTaY coatings 

with improved coating properties and performance using the CS technique. As part of an 

ongoing project at the uOttawa Cold Spray Research Laboratory, it is worth noting the focus 

of the present research and the differences in comparison with studies previously carried out 

by colleagues in the research group [159, 160].  

Firstly, this research utilizes a commercially available CS system, which provides several 

major upgrades to the in-house CS system used in previous studies, such as a commercial 

nozzle assembly made of tungsten carbide and cobalt (WC-Co), an integrated powder-

preheating unit, and improved pressure and temperature controls. Secondly, a NiCoCrAlTaY 

powder, as opposed to CoNiCrAlY powders in previous studies [159, 160], is used as the 

feedstock material for CS coating deposition. Increasing the concentration of nickel in the 

composition is considered beneficial for mechanical strength and oxidation performance at 

high temperatures [161]. The addition of 4 wt. % tantalum (Ta) in the powder is believed to 

reduce the refractory elements (Ta, W, Re) diffusion to the coatings at elevated temperatures 

[162]. These composition modifications are expected to improve the oxidation performance of 

the CS NiCoCrAlTaY coatings. Thirdly, a single-crystal nickel-base superalloy (CMSX-4), 

instead of aluminum alloy 6061 in the previous studies [159, 160], is used as the substrate to 

closely resemble the components in real gas turbine applications. The materials combination 

of the feedstock powder and the substrate as well as their interactions during the CS deposition 

would be more relevant to the actual applications, and the oxidation performance of the 

MCrAlY coatings with the substrate (instead of standalone coatings) would be more 

representative. Finally, the present research aims at replacing expensive helium with 

nitrogen as the processing gas for CS coating deposition. This would significantly reduce 

the gas cost and potentially make the CS process more economical.  

The upgraded CS system and nozzle assembly, different feedstock materials, and the use of 

nitrogen instead of helium represent significant changes in experimental conditions. 

Consequently, the results obtained in previous studies can not be directly transferred to the 
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present research in terms of CS deposition behaviour, coating microstructure, properties, and 

performance. Several studies, as outlined in the following sections, will need to be performed 

to fulfill the general research objective. 

3.1 Deposition of NiCoCrAlTaY Coatings by Cold Spray Using Nitrogen 

It is necessary to first verify whether it is feasible to produce NiCoCrAlTaY coatings using the 

available CS system, given all the changes in the feedstock materials and process gas from 

previous studies. Different CS spray parameters (gas temperature and pressure, powder 

preheating temperature, powder feed rate, traverse speed, etc.) are explored to identify the 

major factors affecting the coating microstructure and properties. The criteria for CS 

parameters selection are based on achieving dense and well-adhered NiCoCrAlTaY coatings. 

Furthermore, three materials, namely, aluminum alloy 6061, Inconel alloy 625 polycrystalline 

nickel-base superalloy, and CMSX-4 single-crystal nickel-base superalloy, are used as the 

substrates to investigate the effect of substrate materials on CS deposition of NiCoCrAlTaY 

coatings. Grit blasting is performed on the substrates, while one set of the CMSX-4 substrates 

is ground to study the effect of substrate surface preparation. In addition, NiCoCrAlTaY 

powders from different production batches are used to examine the effect of powder variation 

on the CS deposition and resulting coating characteristics.  

3.2 Powder Recycling and Process Economics 

Given the fundamental difference in thermophysical properties (e.g., heat capacity ratio, 

specific gas constant) [41], gas velocities are significantly lower when using nitrogen versus 

when using helium. This in turn limits powder acceleration in the gas stream, resulting in lower 

particle impact velocities when nitrogen is used. As such, a low deposition efficiency (DE) is 

expected for CS deposition of MCrAlY coatings using nitrogen, as MCrAlYs have relatively 

high strength that requires high particle velocities for deposition [130, 163]. This means that a 

large portion of the impacting particles would bounce off without adhering to the substrate. 

These non-deposited powder particles are typically a waste product and can significantly 

increase the production cost of the CS MCrAlY coatings, despite great gas cost saving by 

replacing helium with nitrogen. It would be economical and ecological to collect and re-use 
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these non-deposited powder particles.  

To this end, the objective of this study is to explore the feasibility of powder recycling and 

compare the characteristics of the recycled powder, e.g., morphology, hardness, particle-size 

distribution, and microstructure, to that of the as-received feedstock powder. The possibility of 

utilizing the recycled powder for CS deposition will be verified and the coatings prepared from 

the powders (as-received and recycled) will be characterized. This study also aims at 

developing a cost model that considers the benefit of powder recycling. Using this cost 

model, the process economics of CS MCrAlY coatings using nitrogen, with and without the 

powder recycling, will be analyzed and compared to a similar process employing helium as 

the process gas.  

3.3 Production of In-situ Nanocrystalline MCrAlY Coatings by Cold Spray 

Nanocrystalline MCrAlY coatings have been demonstrated to significantly improve oxidation 

performance due to reduced coating grain size and increased grain boundaries that promote the 

formation and adhesion of a protective α-Al2O3 scale [121, 164]. Conventional methods 

typically used for manufacturing nanocrystalline MCrAlY coatings can be categorized into two 

distinct approaches: “bottom-up” and “top-down” [165, 166]. The bottom-up approach, e.g., 

physical vapour deposition (PVD), involves building coating structures atom by atom or 

molecule by molecule to assemble nanoscale clusters into bulk material and usually has low 

deposition rates [167]. The top-down method generally requires a powder nanocrystallization 

process (such as cryomilling) prior to thermal spray coating deposition using the 

nanocrystalline powder [166]. This two-step approach not only complicates the fabrication 

processes, increasing the processing time and costs, but may also introduce undesirable 

contaminants (due to powder interactions with the milling media during cryomilling [119, 120, 

168]) and oxides (due to powder oxidation during subsequent thermal spray process [19]) that 

potentially degrade the performance of the specifically designed MCrAlY coatings.  

In this study, the production of in-situ nanocrystalline NiCoCrAlTaY coatings is explored 

using the CS technique with conventional powders. As a solid-state coating technique 

involving high velocity impacts and severe plastic deformation, CS is widely reported as 

inducing in-situ grain refinement during coating deposition [169-172], a prominent feature that 
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is unattainable using traditional thermal spray processes where the feedstock powder is molten. 

However, the degree of CS-induced grain refinement or the resulting grain sizes are highly 

sensitive to the local plastic strain level. Richer, et al. [35] and Borchers, et al. [50] observed 

that nanosized grains were present at the particle contact regions within the CS MCrAlY 

coatings where severe plastic deformation occurred, while the grain sizes were noticeably 

coarser within the particles due to lack of sufficient plastic deformation. In light of these studies, 

it can be anticipated that extended particle deformation could likely result in a more uniform 

grain structure, and in-situ nanocrystalline coatings may be potentially produced using solely 

the CS technique.  

The present study focuses on promoting particle deformation via enhanced in-process particle 

impingements. The coating process was first analyzed using single-splat and interrupted spray 

tests, in which varying amounts of powder particles are sprayed over the substrates. This 

provides insights into the particle-substrate and particle-particle interactions during the CS 

coating process under the proposed spray conditions. The CS NiCoCrAlTaY coatings, CMSX-

4 substrates, and their interfacial features are then characterized using scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). These results can answer 

whether the CS process can be used to produce in-situ nanocrystalline NiCoCrAlTaY coatings, 

as well as reveal the effect of CS deposition on the microstructure of CMSX-4 single-crystal 

superalloy.  

3.4 Isothermal Oxidation Evaluation 

Examination of the relevant literature has suggested that the most critical prerequisite for the 

performance of MCrAlY coatings is the formation and growth of a thermally grown oxide 

(TGO) scale in the form of α-Al2O3. Particularly, it is desirable for the α-Al2O3 scale to develop 

rapidly at the beginning but grow slowly afterward. Upon high-temperature exposure, a rapidly 

developed α-Al2O3 scale can effectively prevent the formation of other unfavourable oxides 

(e.g., NiO, Cr2O3, spinel oxides), protecting the underlying coatings from excessive oxidation. 

Once the continuous and uniform α-Al2O3 TGO is formed, a slowly growing scale can reduce 

the rate at which aluminum in the coating is consumed and minimize the stress accumulation 

within the TGO scale that eventually causes scale delamination and spallation. CS 
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nanocrystalline MCrAlY coatings are expected to favour a rapid TGO formation due to the 

presence of large grain boundaries that may act as α-Al2O3 nucleation sites.  

This study focuses on the isothermal oxidation evaluation of the CS nanocrystalline 

NiCoCrAlTaY coatings. Short-term oxidation tests (e.g., 1h, 2h, 5h) are carried out to 

characterize whether the protective α-Al2O3 TGO scale is established during the early 

oxidation stages. By performing prolonged isothermal oxidation, the evolution of the 

microstructure, composition, and phase constituents in the CS NiCoCrAlTaY coatings and the 

TGO scale can be examined. TGO growth kinetics can then be characterized by plotting the 

TGO thickness as a function of the oxidation duration. These results from isothermal oxidation 

tests will help to determine if the CS nanocrystalline NiCoCrAlTaY coatings are capable of 

sustaining the α-Al2O3 TGO growth and preventing the formation of unfavourable oxides.  

3.5 Processing Adjustment 

To achieve the designed properties and optimum performance, three-step heat treatments are 

generally required for nickel-base superalloys [2, 173]. A solution heat treatment (SHT) is first 

performed to homogenize the microstructure and to avoid any elemental segregation. This is 

followed by primary ageing (PA) to develop the cuboidal γ/γ' microstructure. Finally, 

secondary ageing (SA) is carried out to further promote finer γ' precipitates in the γ phase.  

This study explores the CS deposition of NiCoCrAlTaY coatings on the CMSX-4 single-

crystal superalloy substrates under three different conditions; that is, the CMSX-4 

substrates undergo the heat treatments of SHT, SHT + PA, and SHT + PA + SA, respectively, 

as shown in Fig. 3.1.  
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Figure 3.1 Flowchart showing the CMSX-4 superalloy substrate conditions prior to CS 

deposition 

The first objective of the study is to examine the effect of the superalloy substrate conditions 

on the CS deposition behaviour and resulting coating characteristics. Coating microstructure, 

thickness, porosity, hardness, and coating-substrate interface are characterized and compared 

among the as-deposited NiCoCrAlTaY coatings produced on CMSX-4 substrates of different 

conditions.  

Since the required heat treatments are not fully completed for the first two CMSX-4 substrates, 

i.e., Conditions #1 and #2 in Fig. 3.1, subsequent ageing steps are needed to develop the desired 

microstructure and properties: PA and SA for Condition #1; SA for Condition #2. These heat 

treatments are performed on the coated substrates after the CS coating deposition. This results 

in different processing sequences due to the changes in relative order of the CS deposition with 

respect to the superalloy heat treatments, as shown in Fig. 3.2.  
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Figure 3.2 Flowchart showing different sequences of superalloy heat treatments and CS 

deposition 

Therefore, the second objective of the study is to investigate the influence of different 

processing sequences on the performance of CS NiCoCrAlTaY coatings under isothermal 

oxidation conditions at 1100°C for 2 hours. The microstructures of the CMSX-4 substrates 

and CS NiCoCrAlTaY coatings following different processing sequences are characterized 

after each heat treatment as well as after the isothermal oxidation test. It has been demonstrated 

that pre-oxidation treatment of MCrAlY coatings is beneficial to their subsequent oxidation 

performance [112, 113, 174]. This study also examines whether a similar effect can be achieved 

by performing the superalloy ageing (PA and/or SA) on the CS NiCoCrAlTaY coatings.  
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Chapter 4 Methodology 

In this chapter, a detailed description of the experimental approach employed for the research 

project is provided. This includes procedures followed and equipment used in the process of 

deposition, evaluation, and characterization of the coatings.  

4.1 Feedstock Powder 

The feedstock powder used for CS coating deposition is a gas-atomized NiCoCrAlTaY powder 

that is commercially available under the name of Amdry 997 (Oerlikon Metco, Westbury, 

USA). The powder’s nominal composition is given in Table 4.1.  

Table 4.1 Nominal composition of the Amdry 997 powder and CMSX-4 superalloy 

substrate (wt. %) 

 Ni Co Cr Al Ta Y W Re Ti Others 

Amdry 997 43.9 23.0 20.0 8.5 4.0 0.6 - - - - 

CMSX-4 61.7 9.0 6.5 5.6 6.5 - 6.0 3.0 1.0 
Mo 0.6 

Hf 0.1 

The presence of a significant amount of Ni and Co in the Amdry 997 powder provides an 

excellent balance of high-temperature oxidation and hot corrosion resistance. The 

concentrations of other alloying elements, such as chromium (Cr), aluminum (Al), and yttrium 

(Y), are similar to that in other common MCrAlY powders except for tantalum (Ta), which 

accounts for 4.0 wt. % in the NiCoCrAlTaY powder. The alloying of Ta to MCrAlY is believed 

to improve the oxidation performance of the NiCoCrAlTaY coatings at high temperatures, 

possibly due to reduced refractory elements (e.g., Ta, W, Re) diffusion from the substrate into 

the coating [162]. As such, the Amdry 997 powder is selected to develop low-cost/high-

performance MCrAlY coatings using the CS technique.  

The morphology and microstructure of the as-received NiCoCrAlTaY powder are shown in 

Figure 4.1.  
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Figure 4.1 (a) Morphology and (b) microstructure of the NiCoCrAlTaY powder 

The powder is spherical and consists of three phases: a face-centred cubic (FCC) nickel-based 

solid solution γ phase (light grey matrix), a body-centred cubic (BCC) Al-rich β-NiAl phase 

(dark grey), and a Ta-segregated phase (white). The particle size distribution of the 

NiCoCrAlTaY powder was characterized using a laser diffraction instrument (Microtrac S3500, 

Nikkiso, Japan) with the results shown in Fig. 4.2.  

 

Figure 4.2 Particle size distribution of the NiCoCrAlTaY powder 
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The mean particle sizes based on volume (MV), number of particles (MN), and area (MA), 

and the particle sizes (D10, D50, D90) corresponding to the 10th, 50th, 90th percentile of the 

cumulative volume are summarized in Table 4.2. The particle size distribution results confirm 

that more than 90% of the Amdry 997 powder falls in the range of 5-50 µm, which is suitable 

for CS coating deposition.  

Table 4.2 Mean and percentile particle sizes for the NiCoCrAlTaY powder 

Mean Particle Size (µm)  Percentile Particle Size (µm) 

MV MN MA  D10 D50 D90 

23.91 16.91 21.47  15.02 23.00 33.77 

4.2 Substrate and Preparation 

A second-generation single-crystal nickel-base superalloy (CMSX-4, Cannon Muskegon 

Corporation, Muskegon, USA) is used as the substrate for CS NiCoCrAlTaY coating 

deposition. The nominal composition of the CMSX-4 superalloy is listed in Table 4.1 for a 

direct comparison with the feedstock NiCoCrAlTaY powder. The cast CMSX-4 was received 

in the form of a Ø 16 mm × 170 mm cylindrical bar, which was then sliced into multiple disks 

of Ø 16 mm × 3 mm by electrical discharge machining (EDM) at the University of Ottawa. 

The as-received CMSX-4 bar and the disks after EDM cutting are shown in Fig. 4.3.  

   

Figure 4.3 (a) As-received CMSX-4 bar and (b) CMSX-4 disk after EDM cutting 

(b) (a) 
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The CMSX-4 superalloy was received in the SHT condition, which was processed at the Alcoa 

Howmet Research Center (Whitehall, USA). The primary ageing (PA) and secondary ageing 

(SA) were performed at the University of Ottawa using a laboratory furnace (Lindberg/Blue 

M™, Thermo Scientific™). Details of the heat treatment conditions are summarized in Table 

4.3.  

 

Table 4.3 Heat treatment conditions for the superalloy substrate and MCrAlY coatings 

Name Temperature Time Environment Cooling 

SHT 1310 °C  7 h Argon GFQ 

PA 1140 °C  6 h Air AC 

SA  870 °C 20 h Air AC 

Note: GFQ - gas fan quenching, AC - air cooling 

 

In addition to the CMSX-4 superalloy substrates, aluminum alloy 6061 and Inconel alloy 625 

polycrystalline nickel-base superalloy substrates were also used in some experiments during 

the preliminary investigation of CS coating deposition. All substrate surfaces were treated 

using a grit blasting unit (Princess Auto SKU: 8140709) prior to the CS coating deposition. An 

80 mesh (0.178 mm) aluminum oxide (Opta Minerals Inc) was used as the abrasive, and an air 

pressure of 60 psi (414 kPa) was employed for the grit blasting. Moreover, the CMSX-4 disks 

were ground to examine the effect of surface preparation on the CS coating deposition and 

interfacial characteristics. Figure 4.4 shows the different substrate materials after grit blasting 

and grinding.  
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Figure 4.4 Grit blasted (a) Al6061, (b) IN625, (c) CMSX-4, and (d) ground CMSX-4 

substrates 

4.3 Cold Spray Deposition 

The system used for coating deposition is a commercially available CS system (SST-EP Series, 

Centerline Technology (Winsor), Canada), which consists of an operation module, a spray 

chamber, a moveable spray gun, and a filtration system. Figure 4.5 shows an overview of the 

CS system and a close-up of the spray gun that comprises an automated X-Y robot, a gas heater, 

a nozzle assembly (UltiLifeTM, Centerline Technology (Winsor), Canada), and a powder pre-

heating unit.  
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Figure 4.5 Overview of (a) the CS system and (b) the spray gun 

The parameters regarding the stagnation pressure, gas temperature, and powder preheating 

temperature can be specified and regulated in the operation module. During an actual spray, a 

primary gas flow (nitrogen or helium) from a pre-assembled 11-bottle pressurized gas reservoir 

(or bottle pack) is guided to the spray gun, where the gas is heated by the gas heater before 

entering the converging-diverging nozzle. A secondary gas flow is used to entrain the feedstock 

powder that is fed via a commercial powder feeder (Model AT-1200, Thermach Inc., Appleton, 

USA). The powders, after reaching a modest temperature in the powder pre-heating unit, are 

then injected into the diverging section of the nozzle for acceleration. After impacting on the 

substrate in the spray chamber, a portion of the powders deposits on the substrate to form the 

coating while the remaining non-deposited powders are collected by the filtration system to 

avoid environmental contamination.  

4.4 Oxidation Evaluation 

Coated samples were subjected to isothermal oxidation at 1100°C in a furnace (Fig. 4.4) with 

static atmospheric air for predetermined oxidation durations up to 500 hours. Short-term 

oxidation of 1, 2 and 5 hours were carried out to study the oxidation behaviour of the coatings 

during the early stage of oxidation. The samples were loaded into the furnace once the 

temperature stabilized at 1100°C and removed from the furnace immediately after the 
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predetermined test durations to ensure the exact oxidation time. The samples were then air-

cooled in the ambient environment to room temperature.  

The oxidized samples were characterized after each duration in terms of microstructure, 

composition, and phase constituents. The TGO scale thicknesses were measured and used to 

derive the TGO growth kinetics.  

4.5 Materials Characterization 

Standard metallographic procedures, i.e., sample sectioning (Struers Secotom-10), mounting 

(Struers LaboPress-3), grinding and polishing (Struers Tegrapol-31, TegraForce-5, and 

TegraDoser-5), were followed to prepare the coated samples for microstructural examination. 

Commercially available software and equipment are used for measurement and 

characterization, e.g., coating porosity and TGO thickness (Vision-Lite, Clemex, Canada), 

coating surface roughness (SRG-4000, Phase II Plus, USA), microhardness (Duramin-1, 

Struers, Denmark), and particle velocities at 15 mm from the nozzle exit (ColdSprayMeter, 

Tecnar Automation Ltd., St-Bruno, Canada).  

Several characterization techniques were employed to characterize the microstructure, 

chemical composition, and phase constituents of the feedstock powder, substrates, as-deposited 

CS coatings, and oxidized samples after specified oxidation evaluation. Scanning electron 

microscopy (SEM) (EVO-MA10, Carl Zeiss, Germany) was used along with energy-dispersive 

X-ray spectrometry (EDS) (INCA-x-act, Oxford Instruments, UK) using a voltage of 15 kV. 

X-ray diffraction (XRD) analyses were carried out using a diffractometer with Cu Kα radiation 

(X-Pert PW1830, PANalytical, Netherlands). A focused ion beam (FIB) workstation (GAIA 3, 

Tescan, Czech Republic) was employed to prepare samples at the coating/substrate interface. 

The FIB milling was performed using gallium ions with an energy of 30 keV and a probe 

current of 100 pA. Scanning transmission electron microscopy (STEM) (Talos F200X, FEI, 

USA) using a voltage of 200kV was used to investigate the coating and substrate 

microstructures as well as their interfacial bonding features at high magnification.  
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Chapter 5 Cold Spray Deposition of NiCoCrAlTaY 

Coatings Using Nitrogen 

This chapter provides the experimental results, coating characterization, and process 

economics analysis with respect to the CS deposition of NiCoCrAlTaY coatings using nitrogen. 

The first part of the chapter presents the work that examines the effects of substrate materials, 

substrate surface preparation, and feedstock powder variations on the CS coating deposition. 

The second part of the chapter consists of the study that compares the characteristics and 

properties of the CS NiCoCrAlTaY coatings produced using nitrogen and helium, as well as 

analyzes the process economics of the two CS processes considering the benefit of powder 

recycling.  

5.1 Coating Deposition 

This section reports the results obtained at the early stages of the thesis research to explore the 

potential of using nitrogen as the process gas for the CS deposition of NiCoCrAlTaY coatings. 

Many preliminary works were performed to investigate the influences of CS spray parameters, 

such as gas temperature, gas pressure, powder preheating temperature, powder feed rate, 

nozzle stand-off distance, and nozzle traverse speed. These results were not included in the 

thesis due to a large amount of data and the trial-and-error nature of the work. By the end of 

these investigations, a set of CS spray parameters that can produce dense and well-adhered 

NiCoCrAlTaY coatings was determined and listed in Table 5.1.  

Table 5.1 Parameters for CS deposition of NiCoCrAlTaY coatings using nitrogen 

Stagnation 

Pressure 

(MPa) 

Stagnation 

Temperature 

(°C) 

Powder 

Preheating 

(°C) 

Powder 

Feed Rate 

(g/min) 

Stand-off 

Distance 

(mm) 

Step 

Increment 

(mm) 

Traverse 

Speed 

(mm/s) 

Number  

of  

Passes 

3.45 500 500 13.3 ± 0.3 15 1 5 1 

Using these spray parameters, more experimental trials were carried out and several notable 

factors that affected the coating characteristics, namely substrate nature, substrate surface 
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preparation, and feedstock powder variation, were summarized below.  

The effect of substrate nature on the CS deposition of NiCoCrAlTaY coatings was investigated 

by using three substrate materials, i.e., aluminum alloy 6061, Inconel alloy 625 polycrystalline 

nickel-base superalloy, and CMSX-4 single-crystal nickel-base superalloy. Figure 5.1 shows 

the cross-section SEM images of the NiCoCrAlTaY coatings deposited on these substrates.  

  

  

Figure 5.1 CS NiCoCrAlTaY coatings deposited on three substrate materials: (a, b) 

Aluminum alloy 6061, (c, d) Inconel alloy 625 polycrystalline nickel-base superalloy, and 

(e, f) CMSX-4 single-crystal nickel-base superalloy. (continued on the next page) 
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Figure 5.1 (continued) CS NiCoCrAlTaY coatings deposited on three substrate materials: 

(a, b) Aluminum alloy 6061, (c, d) Inconel alloy 625 polycrystalline nickel-base superalloy, 

and (e, f) CMSX-4 single-crystal nickel-base superalloy.  

The CS deposition on the Al 6061 substrate barely resulted in NiCoCrAlTaY coatings. The 

deposits obtained (Figs. 5.1a and 5.1b) are non-uniform with rough surfaces: a few particles 

were able to adhere at some locations, whereas no particles were observed at other locations. 

Discontinuities can be seen within the deposited particles, indicating poor inter-particle 

cohesion. In contrast, the NiCoCrAlTaY coatings produced on the IN 625 (Figs. 5.1c and 5.1d) 

and CMSX-4 (Figs. 5.1e and 5.1f) substrates show a similar dense microstructure with a 

smoothened surface, despite a difference in coating thickness. The deposited particles leading 

to these dense coatings were highly deformed that individual particle boundaries were not 

discernible, implying a good coating cohesion. These different coating characteristics on the 

three substrate materials are attributed to the differences in the mechanical properties of the 

materials. Table 5.2 provides the microhardness values for the feedstock powder and the three 

substrate materials.  

Table 5.2 Microhardness of feedstock NiCoCrAlTaY powder, Al 6061, IN 625, and 

CMSX-4 substrates (HV0.3) 

NiCoCrAlTaY Al 6061 IN 625 CMSX-4 

337 ± 20 101 ± 3 248 ± 8 439 ± 11 
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Al 6061 is significantly softer than the feedstock NiCoCrAlTaY powder. Upon particle impacts, 

the Al 6061 substrate deformed readily, creating a convoluted substrate-coating interface (Fig. 

5.1a). The lack of sufficient plastic deformation of impacting particles prevented the buildup 

of the NiCoCrAlTaY coatings. Higher particle impact velocities, e.g., by using elevated spray 

parameters or using helium, would be required to induce more particle deformation and 

promote coating deposition on Al 6061. IN 625 and CMSX-4 are considerably harder than Al 

6061, with a hardness value closer to the feedstock NiCoCrAlTaY powder. This promoted 

plastic deformation of both the substrate and the powder following particle impacts, thus 

facilitating the coating buildup. The NiCoCrAlTaY coatings deposited on the CMSX-4 

substrate are noticeably thinner than that on the IN 625 substrate. This reveals a relatively 

lower deposition efficiency (DE) on the CMSX-4 substrates due to its high mechanical strength. 

However, this effect of substrate materials on DE should not be lasting, as the coating 

deposition would involve only particle-particle interactions after a certain coating thickness. It 

has been demonstrated that thick NiCoCrAlTaY coatings of approximately 500 µm, as shown 

in Fig. 5.2, can be achieved on the CMSX-4 substrates by simply increasing the number of 

spray passes.  

  

Figure 5.2 Thick NiCoCrAlTaY coating produced by CS using nitrogen on a CMSX-4 

substrate: (a) secondary electron (SE) image, and (b) backscattered electron (BSE) image.  

Although dense coating microstructures were achieved on the IN 625 and CMSX-4 substrates, 

grit-blasting treatment of the substrates prior to coating deposition is not ideal as grit residues 

were found at the substrate-coating interfaces (Figs. 5.1d and 5.1f). The embedment of grit 
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residues not only diminishes the local coating adhesion but also introduces contaminants into 

the materials that could result in unknown effects on the coating performance at high 

temperatures. To avoid the use of grit blasting, grinding was performed on the substrates and 

the resulting NiCoCrAlTaY coatings were compared with that deposited on the grit blasted 

substrate. Figure 5.3 shows the NiCoCrAlTaY coatings produced on the CMSX-4 substrates 

that were treated using the two surface preparation methods.  

  

Figure 5.3 CS NiCoCrAlTaY coatings deposited on CMSX-4 substrates with different 

surface preparation: (a) grit blasting, and (b) grinding. 

While the presence of grit residues is evident in the sample with the grit blasted substrate (Fig. 

5.3a), the sample with the ground substrate (Fig. 5.3b) shows a clean interface with the absence 

of noticeable defects or contaminants. Interestingly, the coating-substrate interface of the 

ground substrate sample exhibits a similar undulation as that of the grit-blasted sample. This 

is attributed to the plastic deformation of the ground CMSX-4 substrate as a result of particle 

impingement and deposition. These results reveal that conventional grit blasting is not required 

prior to the CS deposition of NiCoCrAlTaY coatings on CMSX-4 substrates, as the particle-

substrate interactions in the CS process essentially provide an in-situ grit blasting. As such, grit 

blasting of CMSX-4 substrates was not performed for subsequent coating deposition. Instead, 

substrate grinding was used to remove its surface oxidation that resulted from previous 

substrate processing, e.g., electrical discharge machining and heat treatment.  

During preliminary experimental trials, it was also found that minor powder variations from 

different production batches can have a significant effect on the characteristics of the CS 
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NiCoCrAlTaY coatings. Figure 5.4 presents the morphology and microstructure of two 

NiCoCrAlTaY powders procured from different production batches (arbitrarily termed as batch 

X and batch Y).  

  

  

Figure 5.4 Morphology and microstructure of NiCoCrAlTaY powders from different 

production batches: (a, c) batch X and (b, d) batch Y.  

The characteristics of the two NiCoCrAlTaY powders are similar in terms of the particle size 

distribution (as determined by a laser particle analyzer), chemical composition (as quantified 

by EDS), microstructure (as shown in the SEM image Figs. 5.4 c and d), and mechanical 

properties (as represented by microhardness). Yet, their CS deposition behaviour and the 

resulting coatings are significantly different. Figure 5.5 shows the surface morphology and 

microstructure of the CS NiCoCrAlTaY coatings produced from the two powders using the 

same spray parameters listed in Table 5.1.  
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Figure 5.5 Topview and cross-section SEM images of CS NiCoCrAlTaY coatings 

produced from (a, c, e, g) batch X powder, and (b, d, f, h) batch Y powder. (continued on 

the next page) 
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Figure 5.5 (continued) Topview and cross-section SEM images of CS NiCoCrAlTaY 

coatings produced from (a, c, e, g) batch X powder, and (b, d, f, h) batch Y powder.  

The NiCoCrAlTaY coatings produced from the batch X powder show a relatively smooth 

surface finish (Figs. 5.5a and 5.5c) with the absence of large particle protrusions. In contrast, 

a rough surface with localized deposit flakes (Fig. 5.5b) and partially deformed particles (Fig. 

5.5d) are observed on the NiCoCrAlTaY coatings produced from the batch Y powder. The 

coating microstructures reveal similar trends. Dense and adherent coatings were achieved from 

the batch X powder, whereas the coatings obtained from the batch Y powder exhibit evident 

defects both inside the coating and at the substrate-coating interface.  

While the characteristics of the two powders were thought to be similar, it is suspected that 

some minor variations (e.g., oxide/oxygen content) may exist between the powders but were 

not detected by the characterization methods used. It is possible that the undesirable variations 

of the batch Y powder resulted in erratic particle deposition behaviour. This could explain the 

defects, delamination, and non-uniform thickness observed in the NiCoCrAlTaY coatings 

produced from the batch Y powder (Figs. 5.5f and 5.5 h). Through experimental trials, it was 

found that the CS deposition issues using batch Y powder can be overcome by tuning down 

the spray parameters. Figure 5.6 shows the NiCoCrAlTaY coatings prepared from the batch Y 

powder using a gas temperature of 400°C (instead of 500°C) and a powder preheating 

temperature of 400°C (instead of 500°C) while keeping the other spray parameters the same 

as that listed in Table 5.1.  



 

- 81 - 

  

  

Figure 5.6 Topview and cross-section SEM images of CS NiCoCrAlTaY coatings 

produced from the batch Y powder using adjusted spray parameters (Tgas = 400°C and 

Tpowder = 400°C)  

The coating characteristics produced from the batch Y powder under these adjusted CS 

conditions are similar to that of the NiCoCrAlTaY coatings produced from the batch X powder 

(Fig. 5.5): low surface roughness, dense microstructure, and good adhesion. The fact that a 

lower set of spray parameters yielded favourable coating characteristics implies that the 

relatively large particles were likely the culprit causing the previous deposition issues. Under 

the previous CS conditions, i.e., a gas temperature of 500°C and a powder preheating 

temperature of 500°C, some large particles probably just reached the required impact velocities 

for adhesion. However, the impact velocities were not sufficient to induce extensive plastic 

deformation, thus resulting in poor adhesion and cohesion in the vicinity of the adhered large 

particles. By tuning down the spray parameters, it is postulated that those large particles that 



 

- 82 - 

cause the deposition issues were not able to adhere due to a decrease in gas velocity and hence 

particle impact velocities. Instead, they acted as “shot balls” of large mass impinging on the 

substrate or previously adhered particles. This promoted plastic deformation contributing to 

the dense and adherent coatings without noticeable defects. Nevertheless, to ensure a reliable 

CS deposition process and achieve consistent coating quality, the best option would be to use 

the right powders for every CS operation. This would require strict quality control during 

powder production.  

5.2 Coating Properties and Process Economics 

The study in this section focuses on the characterization of the CS NiCoCrAlTaY coatings 

deposited on CMSX-4 single-crystal Ni-based superalloy substrates. Nitrogen and helium were 

used to produce the CS NiCoCrAlTaY coatings under similar spray conditions. The coating 

microstructures and properties were characterized and compared. Furthermore, recycling of 

the non-deposited powder was explored aiming at reducing the powder cost. The powder 

characteristics of the recycled powder were examined, and the feasibility of utilizing the 

recycled powder for CS deposition was verified. A general cost model that considers the 

benefits of powder recycling was proposed for the CS process. It was demonstrated that the 

use of nitrogen not only produced superior CS MCrAlY coatings but could also be potentially 

cost-competitive with the use of powder recycling.  

These results are presented in the format of a peer-reviewed journal article that has been 

published in the Journal of Thermal Spray Technology. The article is entitled “Cold Spray 

MCrAlY Coatings on Single-Crystal Superalloy Using Nitrogen: Properties and Economics” 

(DOI: https://doi.org/10.1007/s11666-020-01058-x) [175] and is reprinted by permission from 

the copyright owner, Springer Nature (Springer Nature Customer Service Centre GmbH).  

 

https://doi.org/10.1007/s11666-020-01058-x
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Chapter 6 Production of In-Situ Nanocrystalline 

NiCoCrAlTaY Coatings by Cold Spray 

This chapter consists of two peer-reviewed journal articles that have been published in the 

journal Surface & Coatings Technology. They are entitled “Cold Spray for Production of In-

Situ Nanocrystalline MCrAlY Coatings – Part I: Process Analysis and Microstructure 

Characterization” (DOI: https://doi.org/10.1016/j.surfcoat.2021.126854) [176] and “Cold 

Spray for Production of In-Situ Nanocrystalline MCrAlY Coatings – Part II: Isothermal 

Oxidation Performance” (DOI: https://doi.org/10.1016/j.surfcoat.2021.126828) [177]. These 

two articles aimed at addressing the processing-structure-properties-performance relationship 

of the cold spray deposition of MCrAlY coatings on single-crystal Ni-base superalloy 

substrates. They were reproduced with permissions from the copyright owner, Elsevier.  

6.1 Process Analysis and Microstructure Characterization 

The journal article (Part I of the study [176]) presented in this section proposed a cold spray 

process that can produce in-situ nanocrystalline NiCoCrAlTaY coatings while using 

conventional commercial powders of large grain size. SEM and TEM were used to characterize 

the resulting microstructures of the NiCoCrAlTaY coatings and CMSX-4 single-crystal Ni-

base superalloy substrate, as well as their interfacial features. It is demonstrated that the 

production of in-situ nanocrystalline NiCoCrAlTaY coatings by cold spray is possible when 

using nitrogen as process gas with low spray parameters. This proposed approach could not 

only simplify the conventional two-step top-down manufacturing process into one but also 

avoid powder contamination and oxidation typically associated with the conventional approach.  

 

https://doi.org/10.1016/j.surfcoat.2021.126854
https://doi.org/10.1016/j.surfcoat.2021.126828
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6.2 Isothermal Oxidation Performance 

This section contains the journal article (Part II of the study [177]) that presents the isothermal 

oxidation performance of the nanocrystalline NiCoCrAlTaY coatings produced using the cold 

spray approach. Morphological, microstructural, and compositional evolutions of the coated 

samples were characterized following isothermal oxidation tests at 1100°C for durations of 1h 

to 500h. TGO growth kinetics on the NiCoCrAlTaY coatings was evaluated and compared to 

similar MCrAlY coatings produced using other coating deposition techniques. The fast 

establishment of α-Al2O3 TGO scale and relatively low scale growth kinetics observed in the 

study suggested enhanced oxidation performance of the cold spray NiCoCrAlTaY coatings 

attributable to their microstructural characteristics.  
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Chapter 7 Processing Adjustment of Cold Spray 

NiCoCrAlTaY Coatings on Single-Crystal Superalloys 

Previous chapters show that it is feasible to use the CS technique and nitrogen as the process 

gas to produce desirable and potentially cost-competitive NiCoCrAlTaY coatings on the 

CMSX-4 single-crystal superalloy (Chapter 5) and to achieve nanocrystalline NiCoCrAlTaY 

coatings with enhanced oxidation performance while using conventional powders of large 

grain size (Chapter 6). This chapter presents the study that explores different processing 

sequences of superalloy substrate heat treatments and CS deposition of the NiCoCrAlTaY 

coatings. As previously discussed in Section 3.5, the objectives of this study are to investigate 

the effect of superalloy substrate conditions on the CS coating deposition as well as the effect 

of processing sequences on the isothermal oxidation performance of the resulting 

NiCoCrAlTaY coatings.  

7.1 Superalloy Heat Treatments and Cold Spray Deposition 

Ni-base superalloys usually require three sequential heat treatments to develop the cuboidal 

γ/γ' microstructure that imparts their superior thermomechanical and creep strength at high 

temperatures [2, 173, 178]. A solution heat treatment (SHT) is first performed to homogenize 

the microstructure and to reduce any elemental segregation. This is followed by a primary 

ageing (PA) to develop the cuboidal γ/γ' microstructure. Finally, a secondary ageing (SA) is 

carried out to further promote finer γ' precipitates in the γ channel of the γ/γ' microstructure 

developed during the PA treatment [179]. Figure 7.1 shows the microstructures of the CMSX-

4 substrates following the sequential heat treatments. Details of the heat treatment conditions 

are provided in Table 4.3.  
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Figure 7.1 BSE images showing the microstructures of the CMSX-4 superalloy substrates 

after (a) SHT, (b) SHT+PA, and (c) SHT+PA+SA  



 

- 130 - 

The CMSX-4 substrate after SHT (hereafter referred to as SHT substrate) shows a 

microstructure consisting of an irregularly sized and shaped γ'-Ni3Al phase (dark grey in Fig. 

7.1a) residing in a γ solid solution matrix. In contrast, the γ' phase in the CMSX-4 substrates 

after PA (referred to as SHT+PA substrate) and SA (referred to as SHT+PA+SA substrate) has 

coarsened and become more regular in terms of size and shape, as seen in Figs. 7.1b and 7.1c, 

resulting in the cuboidal γ/γ' microstructure. However, the differences in the substrate 

microstructures between the ageing treatments (PA and SA) are not obvious at the examined 

magnification (5000X). This is attributed to the significantly smaller sizes of the secondary γ' 

phase, as shown in Fig. 7.2.  

 

Figure 7.2 BSE image showing the primary γ' phase and the secondary γ' phase within 

the γ-matrix channel. Reprinted from Ref. [179] with permission from Elsevier.  

Despite the noticeable differences in the substrate microstructure, the microhardness is similar 

for all the CMSX-4 substrates following the different heat treatments, as shown in Table 7.1. 

This may be due to overlapping effects of regular γ' precipitation and γ' coarsening. 

Precipitation of the primary and secondary regular γ' phase increases the coherence of the γ/γ' 

interface, which in turn strengthens the superalloy, whereas γ' coarsening decreases the γ/γ' 

coherence reducing the superalloy strength/hardness.  
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Table 7.1 Microhardness of CMSX-4 substrates under different heat treatment 

conditions and characteristics of CS NiCoCrAlTaY Coatings deposited on the substrates 

CMSX-4 Substrate  CS NiCoCrAlTaY Coatings 

Conditions Hardness (HV0.3)  Hardness (HV0.3) Porosity (%) Thickness (µm) 

SHT 443 ± 08  703 ± 17 < 0.5 58.5 ± 4.8 

SHT+PA 431 ± 10  721 ± 15 < 0.5 46.4 ± 4.9 

SHT+PA+SA 438 ± 10  720 ± 19 < 0.5 48.5 ± 4.6 

Coating depositions on the CMSX-4 substrates following different heat treatments were carried 

out using the CS technique and nitrogen as the process gas. The same spray parameters were 

used as those listed in Table 5.1. Figure 7.3 presents the resulting coating microstructures on 

the differently heat-treated substrates.  

  

  

Figure 7.3 CS coating deposition on CMSX-4 substrates with different heat treatments: 

(a) SHT, (b) SHT+PA, and (c) SHT+PA+SA (continued on the next page) 



 

- 132 - 

  

Figure 7.3 (continued) CS coating deposition on CMSX-4 substrates with different heat 

treatments: (a) SHT, (b) SHT+PA, and (c) SHT+PA+SA 

In all three cases, the particles were deformed extensively during the CS deposition, such that 

the spherical particle morphology and particle boundaries were not distinguishable in the 

coatings. A summary of the coating characteristics, i.e., microhardness, porosity, and thickness, 

is also provided in Table 7.1. The NiCoCrAlTaY coatings are dense (porosity < 0.5 %) with 

similar hardness (720 HV0.3) and coating thickness (approximately 50 µm). As these coatings 

were deposited using the same spray parameters, a similar coating thickness, therefore, 

represents a similar deposition efficiency (DE) of the feedstock powder on the different 

substrates. These results suggest that the different substrate conditions did not have a 

significant effect on the CS coating deposition mechanisms, and similar particle deformation 

behaviour (as that previously shown in Figs. 2 and 3 of Section 6.1) is expected on the three 

CMSX-4 substrates. As such, it is postulated that the resulting NiCoCrAlTaY coatings are also 

nanocrystalline, as previously demonstrated in Fig. 6 of Section 6.1, despite the different heat 

treatment history of the CMSX-4 substrates.  

However, part of the required superalloy heat treatments is missing for two of the CMSX-4 

substrates involved. Namely, the coated SHT sample would need a PA and a SA, while the 

coated SHT+PA sample would need a SA. These necessary heat treatments for the CMSX-4 

substrates were performed after the CS coating depositions. Although this achieves the 

requirements for the superalloy substrates, it inevitably induces some microstructural changes 

in the coatings as well as at the coating-substrate interface during the heat treatments. Figure 

7.4 presents the microstructures of the coated SHT samples after PA and PA+SA, respectively.  
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Figure 7.4 BSE images showing the microstructures of coated SHT samples after ageing: 

(a) PA and (b) PA+SA. 

After PA of the coated SHT sample, a thermally grown oxide (TGO) layer was developed on 

the NiCoCrAlTaY coatings, which in turn resulted in a β-NiAl depletion zone close to the 

coating surface. At the coating-substrate interface, an inter-diffusion zone (IDZ) was formed 

during the thermal exposure due to the coating and substrate composition difference. These 

microstructural features are similar to what has been observed from the short-term isothermal 

oxidation of the CS NiCoCrAlTaY coatings presented in Fig. 6 of Section 6.2. This can be 

explained by the similar conditions of the PA (1140 °C for 6 h) and the short-term isothermal 

oxidation (1100°C, up to 5 h). Upon further ageing, i.e., SA at 870 °C for 20 h, the coated SHT 

sample did not experience major microstructural changes.  

Figure 7.5 shows the microstructure of the coated SHT+PA sample after SA.  

  

Figure 7.5 BSE images showing the microstructure of coated SHT+PA sample after SA: 

(a) overview and (b) high magnification revealing the presence of a thin TGO layer. 
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The microstructure was significantly different when compared to that observed for the coated 

SHT sample after performing the PA and PA+SA. The re-precipitation of the β-NiAl phase was 

much finer and more uniform in the NiCoCrAlTaY coatings of the coated SHT+PA sample 

after SA. This is markedly different from the discrete β phase distribution observed in the 

NiCoCrAlTaY coatings after thermal exposure at a higher temperature (e.g., Figs. 5 and 6 in 

Section 6.2, and Fig. 7.4). Furthermore, the IDZ observed at the coating-substrate interface 

after SA of the coated SHT+PA sample (Fig. 7.5a) was much evident with well-defined 

boundaries and a range of approximately 10 - 15 µm. These obvious distinctions between the 

SHT and SHT+PA samples may be rationalized by the variation of the ageing temperatures. 

The SA was performed at 870°C, which is considerably lower than the PA temperature 

(1140°C). As such, much lower diffusion rates and shorter-range atomic diffusion are expected 

during the SA, thus resulting in a fine β phase due to localized adjustment and precipitation. A 

similar scenario likely occurred at the coating-substrate interface, leading to the evident IDZ 

as a result of short-range diffusion.  

From this perspective, the microstructure shown in Fig. 7.5 may not be stable since large-scale 

equilibrium has not been established. Upon exposure to a higher temperature or longer duration 

at the low temperature, the microstructure observed in Fig. 7.5 would further evolve as 

enhanced diffusion occurs. For the same reason, i.e., lack of sufficient diffusion, it may seem 

that a continuous TGO layer has not been developed on the NiCoCrAlTaY coatings after SA 

of the coated SHT+PA sample. However, the close-up image (Fig. 7.5b) reveals the presence 

of a much thinner TGO scale on the coating surface. This also resulted in a less obvious 

depletion of the β phase below the coating surface compared to that of the coated SHT sample 

after the ageing treatments (Fig. 7.4).  

7.2 Isothermal Oxidation Performance 

The variation in the relative order of CS coating deposition with respect to required superalloy 

heat treatments essentially established three different processing sequences, as shown in Fig. 

7.6.  
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Figure 7.6 Flowchart showing three different sequences of superalloy heat treatments and 

CS coating deposition 

Aside from being required for the superalloy substrate, the PA+SA in Sequence 1 and the SA 

in Sequence 2 also act as post-deposition heat treatments for the CS NiCoCrAlTaY coatings. 

Previous studies show that pre-oxidation of MCrAlY coatings may be beneficial to their 

subsequent oxidation performance due to the promotion of a homogeneous microstructure and 

an initial TGO scale [112, 113, 174]. In this context, the coated samples heat treatment, i.e., 

PA and SA of the coated SHT sample (Fig. 7.4) and SA of the coated SHT+PA sample (Fig. 

7.5), may serve as the pre-oxidation treatment of the NiCoCrAlTaY coatings for microstructure 

homogenization and initial TGO formation. As such, the NiCoCrAlTaY coatings produced 

from Sequences 1 or 2 could potentially perform better than that produced from Sequence 3 in 

terms of oxidation performance.  

Isothermal oxidation performance of the NiCoCrAlTaY coatings following different 

processing sequences was evaluated at 1100°C for 2 hours, and the resulting microstructures 

are shown in Fig. 7.7.  
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Figure 7.7 BSE images showing the microstructures of NiCoCrAlTaY coatings after 2h 

oxidation at 1100°C following (a, b) Sequence 1, (c, d) Sequence 2, and (e, f) Sequence 3 

For Sequence 1, the coating microstructures before and after the short isothermal oxidation 

(Fig. 7.4b vs. Fig. 7.7a) are almost identical. This is because the NiCoCrAlTaY coatings 
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produced from Sequence 1 had already undergone a thermal exposure at a temperature higher 

than the isothermal oxidation temperature, i.e., the PA at 1140 °C. The microstructure 

developed during the PA (for example the TGO scale, β depletion, and IDZ) was more likely 

to achieve equilibrium and therefore stable when exposed to a low temperature during the 

isothermal oxidation.  

However, the conditions are not the same for Sequence 2. The isothermal oxidation 

temperature (1100°C) is much higher than the SA (870 °C). This incurred further 

microstructure evolution in the NiCoCrAlTaY coatings (Fig. 7.5a vs. Fig. 7.7c) during the 

isothermal oxidation, agreeing with previous discussion and postulates. Consequently, an 

irregular and less uniform distribution of the β phase was found in the bulk coatings; the well-

defined IDZ became ambiguous; both the TGO scale and the β depletion further developed 

and were more apparent. In other words, the resulting microstructure became increasingly 

similar to that of the NiCoCrAlTaY coatings following Sequence 1.  

Sequence 3 did not involve any prior coating treatment before the isothermal oxidation. The 

CS NiCoCrAlTaY coatings were deposited on the CMSX-4 substrate that underwent all the 

required superalloy heat treatments (i.e., SHT+PA+SA). The coated samples were then directly 

exposed to an ambient environment at 1100°C for 2 h. This is the typical processing sequence 

for manufacturing MCrAlY coatings on nickel-based superalloys and was the one followed in 

the previous study in Section 6.2, where the detailed characterization of the isothermal 

oxidation performance of the CS nanocrystalline NiCoCrAlTaY coatings was presented.  

The same microstructure shown in Fig. 7.7e as that of Fig. 6c in Section 6.2 confirmed the 

repeatability of the isothermal oxidation performance of the CS NiCoCrAlTaY coatings. The 

results and findings obtained in the previous study (Section 6.2) are therefore helpful to 

interpret the oxidation behaviour of the NiCoCrAlTaY coatings produced from the different 

processing sequences. First, given the similarity of the TGO characteristics (Figs. 7.7b, 7.7d, 

and 7.7f), the TGO scales developed on the NiCoCrAlTaY coatings following Sequences 1 and 

2 are likely of the same nature as that on the NiCoCrAlTaY coatings of Sequence 3, which had 

been identified by XRD (Fig. 4 in Section 6.2) as primary α-Al2O3 and minor Y2O3. This is 

plausible considering that the as-deposited NiCoCrAlTaY coatings of the three sequences (Fig. 

7.3) had similar deposition efficiencies and were likely comprised of nanoscale grains, which 
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promotes the nucleation and formation of α-Al2O3 TGO scale under elevated temperatures [121, 

180, 181].  

Second, an increasing percentage of the remaining β phase and a decreasing TGO scale 

thickness (and associated β depletion depth) can be observed in the NiCoCrAlTaY coatings 

from Sequence 1 to Sequence 2 to Sequence 3 (Figs. 7.7a, 7.7c, and 7.7e). This is attributed to 

their different exposure durations at elevated temperatures. By the end of isothermal oxidation 

tests, the NiCoCrAlTaY coatings following Sequence 1 had undergone three thermal exposures: 

6 h at 1140 °C, 20 h at 870 °C, and 2 h at 1100°C. In contrast, the coatings in Sequence 2 

experienced the two latter heat treatments, whereas the coatings in Sequence 3 only underwent 

2h of the isothermal oxidation at 1100°C. Longer thermal exposure of the NiCoCrAlTaY 

coatings in Sequence 1 not only resulted in TGO growth but also further IDZ development, 

both of which facilitated the β depletion in the coatings, leading to a relatively lower amount 

of the remaining β phase.  

However, less β phase presence in the NiCoCrAlTaY coatings does not necessarily represent 

an inferior oxidation behaviour. It was demonstrated in Section 6.2 that the α-Al2O3 scale was 

sustained to the longest duration (500 h) examined, although the β phase was completely 

depleted between 50 h and 100 h oxidation at 1100°C (Fig. 7 in Section 6.2). Moreover, the 

TGO growth kinetics decreased rapidly during the early stages of oxidation once a continuous 

TGO scale was established (Fig. 12 in Section 6.2). In light of these results, the initial TGO 

scales developed on the NiCoCrAlTaY coatings in Sequences 1 and 2 before isothermal 

oxidation may help reduce subsequent oxidation rates, potentially further improving the 

oxidation performance of the CS NiCoCrAlTaY coatings in addition to their nanocrystalline 

microstructure. Nevertheless, long-term oxidation tests would be required to confirm the 

processing sequence effects and draw affirmative conclusions.  
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Chapter 8 Conclusions 

Cold spray (CS) has been demonstrated as a promising coating process for manufacturing 

MCrAlY coatings for gas turbine applications. The general objective of this thesis research 

was to develop low-cost/high-performance CS NiCoCrAlTaY coatings on a single-crystal 

nickel-base superalloy (CMSX-4). This was achieved by carrying out several studies that 

addressed different aspects pertinent to the deposition, characterization, cost analysis, and 

evaluation of the CS NiCoCrAlTaY coatings.  

The feasibility of producing CS NiCoCrAlTaY coatings using nitrogen as the process gas was 

first verified. Experimental trials were performed using different CS spray parameters, such as 

gas temperature and pressure, powder preheating temperature, powder feed rate, and traverse 

speed to determine the spray conditions that yield dense and well adhered NiCoCrAlTaY 

coatings. Three different materials, i.e., Aluminum alloy 6061, Inconel alloy 625 

polycrystalline nickel-base superalloy, and CMSX-4 single-crystal nickel-base superalloy, 

were used as the substrates to investigate the effect of substrate materials on the CS coating 

deposition. While dense and thick NiCoCrAlTaY coatings were achieved on Inconel 625 and 

CMSX-4 substrates, only a thin coating of a few particles was observed on the Al 6061 

substrates due to large hardness difference between the powder and the substrate that prevented 

coating buildup. Substrate surface preparation (grit blasting versus grinding) was found to have 

a negligible effect on the coating microstructure. However, grit blasting resulted in a noticeable 

embedment of grit residues at the coating-substrate interface, whereas a clean interface was 

observed in the CS NiCoCrAlTaY coatings produced on the ground CMSX-4 substrate. The 

CS coating deposition using different NiCoCrAlTaY powder batches revealed that powder 

variation can have a significant impact on the coating characteristics and fine-tuning of the 

spray parameters may be required. To ensure consistency in the CS process and coating quality, 

the processing of the feedstock powder must be strictly regulated to minimize powder variation 

between production batches.  

Using the spray parameters found, NiCoCrAlTaY coatings were deposited on the CMSX-4 

substrates using either nitrogen or helium as the process gas. The resulting coating 

characteristics and properties were compared, and the economics of the two CS processes were 



 

- 140 - 

analyzed. The NiCoCrAlTaY coatings produced using nitrogen showed lower roughness (Ra = 

2.8 ± 0.8 μm), lower porosity (0.1 ± 0.1 %), and higher hardness (HV0.05 = 600 ± 17) in 

comparison to coatings deposited using helium (Ra = 7.6 ± 2.7 μm, porosity = 0.9 ± 1.0 %, and 

HV0.05 = 507 ± 39). This was attributed to enhanced particle impingement as a result of the low 

deposition efficiency (DE) in the case of CS using nitrogen (0.3%), approximately 40 times 

lower than that of CS using helium (12.0%). Under low DE conditions, a large number of 

particles simply bounced off after impact, which promoted plastic deformation of the adhered 

particles, resulting in a smoothened coating surface and a higher overall deformation in the 

NiCoCrAlTaY coatings deposited using nitrogen.  

While the low DE may be necessary to obtain the desired coating properties with nitrogen, it 

could dissuade the adoption of nitrogen as the process gas due to significant powder waste and 

cost increase. To improve the economic viability of CS NiCoCrAlTaY coatings using nitrogen, 

the concept of powder recycling was introduced and explored. Powder particles that did not 

adhere during deposition were collected, characterized, and resprayed in subsequent trials. This 

resulted in coatings similar to the ones achieved from the original feedstock powders. The 

process economics considering the benefit of powder recycling was analyzed, and it was found 

that under the set experimental conditions, powder recycling, and local pricing, the process of 

CS using nitrogen was similar to using helium in final cost - with the largest proportion being 

gas cost for the helium coatings and labour cost for the nitrogen coatings. These results 

demonstrated that the use of nitrogen and powder recycling can produce MCrAlY coatings of 

superior properties than that deposited using helium under the same spray parameters while 

being potentially cost-competitive.  

Dense MCrAlY coatings with low surface roughness have been demonstrated to exhibit 

desirable performance under a high-temperature oxidizing environment. To further improve 

the oxidation performance, CS NiCoCrAlTaY coatings with in-situ nanocrystalline 

microstructure were sought. This was achieved by utilizing a CS process with low spray 

parameters while using conventional feedstock powders of large grain size. Single-splat and 

interrupted spray tests revealed that adhered particles experienced extensive plastic 

deformation during the CS deposition. Scanning electron microscopy (SEM), scanning 

transmission electron microscopy (STEM) characterization showed that the dense 
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NiCoCrAlTaY coatings were comprised of extended nanoscale grains as a result of strain-

induced grain refinement (or dynamic recrystallization). Under the studied spray conditions, 

the CS process essentially combines two separate processes of powder nanocrystallization and 

coating deposition. The fact that a powder milling process is not required prior to CS deposition 

means that potential powder contamination during milling can be avoided, and the processing 

time and costs can be reduced for manufacturing nanocrystalline NiCoCrAlTaY coatings.  

The oxidation performance of the CS nanocrystalline NiCoCrAlTaY coatings was evaluated 

under an isothermal condition at 1100°C in air. The microstructural evolution, compositional 

change, and growth kinetics of thermally grown oxide (TGO) as a function of oxidation time 

were analyzed. After 1-hour oxidation, a continuous α-Al2O3 TGO scale was established on 

the coating surface. Al consumption by the TGO resulted in a β phase depletion zone in the 

coating underneath the scale. The TGO scale and β phase depletion grew in thickness with 

increasing oxidation time. During prolonged oxidation from 25 h to 500 h, the TGO scale 

experienced localized separation, buckling, cracking, and spallation, attributed to the high 

cooling rates outside the furnace. While the Al-rich β phase in the coating was completely 

depleted between 50 h and 100 h oxidation, the Al concentration in the coating subsurface 

region evolved through three stages and remained above 3.9 wt.% after the longest duration 

(500 h) examined. The readily available Al in the subsurface region helped sustain the α-Al2O3 

scale growth throughout the prolonged oxidation, preventing the formation of non-protective 

mixed or spinel oxides. The TGO growth kinetics deviated from the parabolic rate law and 

followed a non-parabolic power-law rate of 𝑋 =  1.085 𝑡0.283 . The instantaneous rate 

constants decreased rapidly during the early stages of oxidation, followed by a gradual 

decrease during the prolonged thermal exposure. A decreasing rate constant represented the 

desirable scenario of fast scale establishment and slow scale growth. The relatively low TGO 

growth kinetics suggested an improved oxidation performance of the CS nanocrystalline 

NiCoCrAlTaY coatings.  

Finally, different processing sequences were explored for CS deposition of NiCoCrAlTaY 

coatings on CMSX-4 single-crystal superalloy substrates. Typical heat treatments, i.e., solution 

heat treatment (SHT), primary ageing (PA), and secondary ageing (SA), were partly performed 

on the superalloy substrates, followed by the CS coating deposition. This resulted in three 
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distinct processing sequences in terms of the relative order of the superalloy heat treatments 

and the CS deposition. The characteristics of as-deposited NiCoCrAlTaY coatings were similar 

and independent of the substrate conditions, despite an evident difference in the substrate 

microstructure. Upon completing all necessary ageing for the superalloy substrates, CS 

NiCoCrAlTaY coatings following different processing sequences showed evident 

microstructure variations in terms of γ/β morphology, β content, TGO characteristics, and β 

depletion magnitude. Nevertheless, the microstructure of the NiCoCrAlTaY coatings after a 

short isothermal exposure (2h) at 1100°C was similar, featuring a discrete β distribution among 

the γ matrix, a continuous TGO scale on the coating surface, a β depletion below the coating 

surface, and an inter-diffusion zone (IDZ) at the coating-substrate interface. The homogeneous 

coating microstructure developed and the TGO scale promoted during the ageing prior to the 

isothermal oxidation may help reduce subsequent oxidation rates, potentially further 

improving the oxidation performance of the CS NiCoCrAlTaY coatings in addition to their 

nanocrystalline microstructure.  
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Future Work 

The work contained in the present thesis focuses on developing nanocrystalline MCrAlY 

coatings using the CS technique and examining their isothermal oxidation performance. There 

is still much work to be done to optimize the manufacturing process and to fully understand 

the oxidation behaviour of the coatings at elevated temperatures. The following is a list of 

various topics that could be of interest to future studies.  

• The spray parameters used for CS coating deposition in this work were found by 

focusing on achieving dense nanocrystalline coatings using a NiCoCrAlTaY feedstock 

powder. It would be interesting to explore how different compositions of MCrAlY 

powders affect the CS deposition and resulting coating microstructure and properties. 

It is also important to verify with different CS systems to confirm and promote the 

manufacturing of nanocrystalline MCrAlY coatings using the CS technique. 

Furthermore, the CS spray parameters should be optimized to see if a high DE could 

be achieved while still produce dense nanocrystalline MCrAlY coatings while using 

commercial powders.  

• Recycling the non-deposited MCrAlY powder represents a significant cost reduction 

for the CS process using nitrogen. The feasibility of powder recycling should be further 

validated in an industrialized setting with dedicated and automated equipment, where 

continual operation of multiple cycles of powder recycling and CS deposition should 

be tested. In addition, a gas blending of nitrogen and helium could be explored to 

identify balanced spray parameters that result in high deposition efficiency but low 

overall coating costs while still producing nanocrystalline MCrAlY coatings. Under 

these situations, the cost model for the CS process should be updated accordingly.  

• It was shown in the thesis that a continuous α-Al2O3 TGO scale was established on the 

coating surface after thermal exposure at 1100°C for 1 hour. A shorter oxidation 

duration, e.g., 5 mins, 10 mins, and 30 mins, should be carried out to characterize the 

initial TGO formation in terms of microstructure, composition, phase constitution, and 

growth kinetics. This would provide insight into the initial oxidation behaviour of the 

CS MCrAlY coatings, e.g., whether transient aluminas or other oxides are formed or 
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not; Is the decreasing oxidation kinetics related to phase transformation(s) between the 

transient aluminas and α-Al2O3, etc. 

• The dislocation density and grain size of the CS MCrAlY coatings should be 

characterized before thermal exposure and after different oxidation durations. This 

would require the use of a high-resolution transmission electron microscope (HR-

TEM). Given that higher dislocation and grain boundary densities facilitate aluminum 

diffusion in the coatings, dislocation annihilation and grain growth at elevated 

temperatures could significantly affect the diffusion rates. Clarification of the 

dislocation density and grain size changes during the isothermal oxidation would reveal 

how fast dislocation annihilates and how much grain grows. This will help better 

understand the isothermal oxidation performance of the CS nanocrystalline MCrAlY 

coatings.  

• Long-term isothermal oxidation tests should be carried out for the CS MCrAlY coatings 

following different processing sequences. This would reveal whether there is a major 

difference in terms of long-term coating oxidation performance among the sequences, 

and which one would be preferred. These results may help to establish the 

manufacturing procedures for CS MCrAlY coatings on nickel-based superalloys.  

• It would be interesting to explore ceramic topcoat deposition on the CS nanocrystalline 

MCrAlY coatings and evaluate the isothermal oxidation performance of the thermal 

barrier coating (TBC) system. This should be compared with other TBC systems 

consisting of conventional bond coats prepared using CS, HVOF, and APS as well as 

nanocrystalline bond coats prepared using traditional two-step manufacturing 

processes. The effect of deposition techniques or coating microstructure (porosity, 

oxide content, grain size) on TGO characteristics and growth kinetics could be 

examined.  

• Lastly, it is equally important to evaluate the performance of the CS MCrAlY coatings 

or the TBC system under other conditions such as thermal cycling and hot corrosion 

environment. It would be valuable to reveal the failure mechanism and establish the 

life prediction model for different coating systems and testing conditions.  
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Appendix 

To avoid lengthy and heavy methodology details and improve the text readability, some 

equipment used in the thesis work was not shown in Chapter 4 and instead was provided here. 

These include the equipment and apparatus for metallographic sample preparation, oxidation 

test, powder reclamation, and materials characterization.  

 

 

Figure A.1 Metallographic sample preparation equipment: (a) sectioning (Struers 

Secotom-10), (b) mounting (Struers LaboPress-3), and (c) grinding and polishing 

(Struers Tegrapol-31, TegraForce-5, and TegraDoser-5). 

Procedures recommended by Struers were used for the sample sectioning and mounting. 

Typical polishing procedures used comprised a coarse grinding (3-5 mins on MD-Piano120 

plate with water, comparable to SiC paper grit 120), a fine grinding (3 mins on MD-Allego 

(b) (a) 

(c) 
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Plate with 9-micron water-based diamond suspension, comparable to SiC paper grit 500), a 

coarse polishing (3 mins on MD-Mol Plate with 3-micron water-based diamond suspension), 

and a fine polishing (1 min on MD-Chem Plate with 0.25-micron colloidal silica suspension). 

 

 

Figure A.2 Laboratory furnace (Lindberg/Blue M™, Thermo Scientific™) for superalloy 

heat treatments and isothermal oxidation evaluation 

 

  

Figure A.3 In-house powder reclamation apparatus: (a) open view without the front panel, 

and (b) enclosed setup during an actual spray. 

(b) (a) 
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Figure A.4 Laser diffraction analyzer (Microtrac S3500, Nikkiso, Japan) for particle size 

distribution analysis 

 

 

Figure A.5 Laser Doppler velocimetry meter (ColdSprayMeter, Tecnar, Canada) for 

particle velocity distributions analysis 
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Figure A.6 Stylus surface roughness tester (SRG-4000, Phase II Plus, USA) 

 

 

Figure A.7 Vickers Microhardness Tester (Duramin-1, Struers, Denmark) 
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Figure A.8 Optical microscope (NMM-800TRF, Kingdak, China) equipped with digital 

camera and image analysis software (Vision Lite, Clemex, Canada) for coating porosity 

and thickness measurement 

 

Figure A.9 Three-dimensional optical microscope (VHX-2000, Keyence, Osaka, Japan) 

for general sample examination 
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Figure A.10 Scanning electron microscope (SEM) (EVO-MA10, Zeiss, Germany) 

equipped with energy-dispersive X-ray spectrometer (EDS) (INCA-x-act, Oxford 

Instruments, UK) for microstructure and chemical composition characterization 

 

Figure A.11 Gold sputter (Desk IV, Denton Vacuum, Moorestown, USA) for depositing a 

thin conductive layer on samples prior to SEM examination 
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