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ABSTRACT 

 

Parametric Analyses of Suspension Plasma Spraying Coating Buildup Using a 

Computationally Efficient Numerical Model 

 

Arindam Mor 

 

Suspension Plasma Spraying (SPS) has emerged as a promising coating technique for 

producing nano-structured, and fine-grained surfaces in the aerospace, and energy 

sectors. However, predicting the final coating morphology remains a challenge due to 

the complex interplay of parameters, such as particle velocity, temperature, injection 

configuration, substrate geometry, and plasma dynamics. Experiments have contributed 

valuable insights, but remain resource-intensive, time-consuming, and limited in scope. 

 

This thesis presents a comprehensive numerical model, developed in MATLAB, for 

simulating coating buildup in SPS processes. The model is designed as a flexible 

computational tool to support researchers, and engineers in exploring process-structure 

relationships, and optimising spray parameters. It simulates particle motion, 

temperature-dependent flattening, spray gun motion, and surface evolution over time. 

The framework accommodates injection schemes, incorporates plasma jet fluctuations, 

and integrates a broader set of particle distribution datasets to enhance generalisation. 

 

Compared to prior models, this work expands the design space by enabling simulations 

across multiple substrate geometries, and injection configurations. Model outputs 

include deposition coverage, and morphological growth trends that align with observed 

experimental behaviours, such as columnar structures, and shadowing effects. The 

model is used to analyse the effects of interpeak distances of asperities, particle velocity 

distributions, spray gun traverse velocities, and database representative times on the 

final coating microstructures, thus better informing users on the impact of parameters 

on microstructural features such as porosity, density, and column formation. 

 

Overall, the simulation framework provides a cost-effective and scalable alternative to 

experimentation. It contributes to the digitalisation of SPS process development and 

lays the groundwork for future integration with data-driven optimisation techniques, 

CFD-based plasma torch simulations, and intelligent control strategies for optimisation. 
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Chapter 1: INTRODUCTION 

 

Today, Thermal Spray (TS) processes are becoming increasingly popular across the globe, 

primarily for their ability to enhance the surface characteristics of a substrate, for e.g. heat 

resistance, wear resistance, corrosion resistance, thermal insulation, and so forth. 

However, it is not always easy to get to these desired effects, given the sheer number of 

process parameters involved. Furthermore, powder characteristics, substrate preparation 

methods, and post-treatment techniques, among other things, also play a crucial role to 

ensure desired microstructure, coating adhesion, and overall performance. 

TS processes, generally, involve the heating of the feedstock, followed by accelerating the 

molten (and semi-molten) particles towards the substrate, by means of injecting them into 

a high-velocity, high-temperature spray plume emitting from a spray gun. As the gun is 

constantly moving, due to the immediate drop in temperature, the particles solidify on the 

surface of the substrate and form a coating (Singh et al. 2025; Singh et al. 2019; Dorfman 

2018). Fig. 1.1 illustrates a schematic diagram of the process (Singh et al. 2025). 

 

 

Fig. 1.1 Schema for a typical TS process 
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The overall setup of the process is critical to the coating properties. In this regard, a few 

pertinent parameters include the standoff distance, the number of passes, average velocity, 

and temperature of the nanoparticles, and injection gas statistics. Substrate preparation is, 

usually, the first step in any TS process. Methods to prepare any given substrate include 

surface cleaning, roughening, as well as preheating. Specific techniques include machining, 

grinding, surface refinement, and heat treatment (Singh et al. 2025; Hashmi et al. 2023; 

Narayanan et al. 2020). These steps are critical for they dictate the adhesion between the 

substrate, and the coating; and, thus, the latter’s long-term performance in terms of 

mechanical, and metallurgical bonding (Singh et al. 2025; Jiang et al. 2023; Li et al. 2022; 

Song and Li 2022; Pathanatecha 2019). 

As of 2025, TS coatings play an imperative role in key sectors, such as aerospace, 

automotive, energy, and manufacturing, not only for their thermo-mechanical properties, 

but also for their visual appeal. For example, bronze or brass are sprayed onto substrates 

to give them a decorative finish (Singh et al. 2025; Gilder-sleeve and Vaßen 2023; Tejero-

Martin et al. 2019; Dorfman 2005). Among their other uses, TS coats are used extensively 

on turbine blades, and oil drills (Singh et al. 2025; Viswanathan et al. 2021). 

 

1.1  Types of Thermal Spray Processes 

As the use of thermal spray processes has grown, so have their types, each meeting unique 

sets of industrial needs. For instance, we now have Arc Spraying (AS), Flame Spraying 

(FS), High Velocity Oxygen Fuel Spraying (HVOF), Plasma Spraying (PS), and even Cold 

Spraying (CS). Each of the aforementioned procedures slightly vary from one-another, 

typically in terms of how they produce heat, or transfer the feedstock onto the substrate. 

Broadly, though, they work on the same principle, i.e. applying heat to melt the feedstock 

material, accelerating the molten, and semi-molten particles towards the substrate at high 

speeds, which then solidify to form a coating (Singh et al. 2025; Czupryński 2019; Elewa 

et al. 2019; Arboleda et al. 2018; Brossard 2010). 
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1.1.1  Arc Spraying 

As the term implies, AS employs an electric arc. Consumable wires create this arc, which, 

then, melts the particles of a given feedstock (Singh et al. 2025; Nurisna et al. 2022; Horner 

et al. 2015). Naturally, the parturitional wires are made up of the coating material. There’s 

also a sacrificial lamb-wire that fulfils the greater good of being the bonding agent. The 

molten, and semi-molten particles atomise, and go with the flow alongside compressed 

air, thus forming a thick coating. This thickness, and the rapid deposition rates make AS 

popular, particularly for restoration purposes (Singh et al. 2025; DePalma et al. 2022; 

Alkathafi and Younis 2021; Kant et al. 2020; Fauchais and Vardelle 2007; Gedzevicius and 

Valiulis 2006). Fig. 1.2 illustrates a schematic diagram of the process (Boulos et al. 2021). 

 

 

Fig. 1.2 Schema for a typical AS process 
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1.1.2  Flame Spraying 

As the name suggests, FS involves a flame, which is engendered by burning propane or 

acetylene in air. Either compressed air or some inert gas is used to deliver the molten or 

semi-molten particles from the feedstock to the surface of the substrate. Upon impact, 

the particles deform, and compress, thus causing the formation of a coating (Singh et al. 

2025; Czupryński 2019; Arboleda et al. 2018; Kumar and Kumar 2018; Hardwicke and 

Lau 2013). FS is widely acknowledged for its adaptability, given how many different 

materials it can be used with. Hence, it can be used in disparate applications. Provided that 

it burns fuel gasses for the mighty flame, it’s not very sustainable (Singh et al. 2025; Panchal 

and Amin 2016; Bensebaa 2013; Voisey 2010; Rodriguez et al. 2007). Fig. 1.3 offers a 

schema of the process (Courtesy of Oerlikon-Metco). 

 

 

Fig. 1.3 Schema for a typical FS process 
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1.1.3  High Velocity Oxygen Fuel Spraying 

HVOF uses the pumping of streams of fuel, and oxygen into a combustion chamber with 

a concomitant injection of feedstock material, usually in powder form (Singh et al. 2025; 

Zhao et al. 2023; Tillmann et al. 2008). The gases accelerate the particles at very high 

speeds as they are deposited onto the substrate. The velocities are such that as the gases 

exit the nozzle, they form a supersonic gas jet (Singh et al. 2025; Hu et al. 2023; Lal and 

Sampath 2023). The high kinetic energy calls for remarkable coatings with very good 

adhesion. HVOF coatings are characterised by their thickness, low levels of porosity, 

exceptional metallurgical properties, and resistance against corrosion, and wear (Singh et 

al. 2025; Babu et al. 2023; Yang et al. 2022; Fu et al. 2020; Li et al. 2017). Fig. 1.4 depicts 

a schematic representation (Courtesy of Oerlikon-Metco). Fig. 1.4(a) shows axial injection 

of the powder into a water-cooled pressurized combustion chamber, powered by gaseous 

fuels; while Fig. 1.4(b) shows radial injection of the powder with liquid fuel, such as 

kerosene, instead of combustible gases, thus allowing for higher dissipated powers. In 

both cases, cooling water is used to improve torch robustness, and its thermal efficiency 

(Boulos et al. 2021). 

 

 

Fig. 1.4 Schema for a typical HVOF process with (a) water-cooled, gaseous fuel gun; and 

(b) water-cooled, liquid-fueled gun  
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1.1.4  Plasma Spraying 

As the noun declares, PS utilises a high-temperature plasma spray. Commonly used plasma 

gases to generate the plasma jet include Argon, Hydrogen, Helium, Nitrogen, or their 

mixtures. With core temperatures reaching up to 20,000°C, the feedstock particles 

experience rapid heating and melt instantly. As a compressed gas propels the molten, and 

semi-molten particles onto the substrate, they subsequently cool down, thus forming a 

dense bond coat. PS coats can be deposited to many surfaces, like metals, alloys, and even 

ceramics (Singh et al. 2025; Zhou and Vassen 2023; Ma and Ruggiero 2018). It is widely 

used in aerospace manufacturing for its ability to produce coatings with high thickness, 

and density, and enhanced bonding strength (Singh et al. 2025; Su et al. 2016; Chen et al. 

2015; Lima and Marple 2005; Remesh et al. 2003). Further, it allows for different 

microstructures with varying properties. However, special care must be given to ensure 

low levels of porosity (Singh et al. 2025; Martin et al. 2023; Satish et al. 2023; Yuan et al. 

2023; Hui et al. 2007). Fig. 1.5 gives a visual depiction of the procedure (Singh et al. 2025). 

 

 

Fig. 1.5 Schema for a typical PS process 

  



 7 

1.1.5  Cold Spraying 

Also called kinetic metallisation, CS is a rather unique TS process in a way that it can be 

carried out at lower temperatures, usually up to a maximum of 900C, because the 

feedstock need not be heated (Singh et al. 2025; Poza and Garrido-Maneiro 2022; Schmidt 

et al. 2006). In these settings, a supersonic jet accelerates the solid powder to very high 

velocities using compressed air (Singh et al. 2025; Dykhuizen and Smith 1998). The 

subsequent with-substrate collisions cause the particles to deform plastically. The cold 

welding that thus happens gives us a cohesive coating. It is excellent for applications where 

high temperatures altering the particles’ properties is undesirable. Moreover, it seeks 

minimal heat input (Singh et al. 2025; Basak et al. 2024a, b; Ashokkumar et al. 2022a, b). 

CS stands out in the way in which it operates at very low temperatures and thereby 

produces coatings without any thermal breakdown (Singh et al. 2025; Della Gatta et al. 

2022; Villafuerte 2011; Schmidt et al. 2009; Li et al. 2006). CS process gives us dense 

coatings with little changes to the properties of particles. CS coatings are also versatile 

with an enhanced bonding strength. There do, however, exist limitations when it comes 

to coating thickness, adhesion, porosity, and roughness (Singh et al. 2025; Saharkhiz et al. 

2023; Kumar 2022; Karthikeyan 2007; Champagne et al. 2005). Fig. 1.6 gives a visual 

depiction of the procedure (Champagne et al. 2005). 

 

 

Fig. 1.6 Schema for a typical CS process  
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1.2  Plasma Spraying 

In PS, an electric arc between a cathode, and an anode nozzle is used to produce plasma 

within a spray gun. The plasma gas enters the base of the cathode and exits the nozzle at 

very high temperatures, and velocities. Depending on the operating conditions, peak 

temperatures at the nozzle can be 15,000 – 20,000°C and peak velocities can be 500 – 

2,500 m.s-1. Feedstock powders can either be injected radially, or axially, which are then 

accelerated, and propelled by the plasma onto the substrate, where they subsequently 

solidify to form splats and produce a coating. A free-moving torch allows for the 

application of coatings on substrates of virtually any shape, or size. It is an iterative 

process, i.e. the coating is built over multiple passes. PS is a versatile technique because of 

its wide-ranging benefits; including, but not limited to, thermal protection; corrosion, and 

wear resistance; and tribological, and oxidation resistance. However, arc instabilities, 

plasma fluctuations, and fluid dynamic instabilities result in decreased process 

reproducibility. Control strategies must also factor in very broad time scales associated 

with the procedure, ranging from splat formation in a few microseconds to plasma torch 

‘burn-in time’ of about an hour (Fauchais et al. 2013). 

In PS, the key equipment is the torch. A control console enables tweaking of process 

parameters, such as arc current, plasma flow rate, carrier gas flow rate, and powder mass 

flow rate. It also houses safety interlocks that prevent arc initiation sans cooling water. 

Other pertinent systems are a high frequency starter unit, plasma gas supply, powder feed, 

power supply, and a high pressure cooling water system. The primary gas must be heavy, 

so Argon (Ar) is commonly used for its low energy density. To increase gas velocity, raise 

power density, and improve heat transfer rates to powders, a secondary gas could be used, 

such as Hydrogen (H2), Helium (He), Nitrogen (N2), or Carbon dioxide (CO2). Nowadays, 

the usage of ternary mixtures is also widespread with Ar–N2–H2, and Ar–He–H2 mixtures 

as popular choices. The power supply is typically managed by a current-controlled rectifier. 

The cooling water is supplied using deionised water, pressurised to an excess of 1 MPa. 

The high pressure prevents film boiling in regions of maximum heating (Fauchais et al. 

2013). 

In this section, we shall talk about different configurations of the PS process, particularly 

Atmospheric Plasma Spraying (APS), Suspension Plasma Spraying (SPS), and Vacuum 

Plasma Spraying (VPS). 
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1.2.1  Atmospheric Plasma Spraying 

APS is the simplest PS configuration, wherein the plasma torch is operated in an open 

discharge mode, engendering a high-temperature, high-velocity jet, into which the 

feedstock is injected. An open discharge operation makes the process a little more 

complex by virtue of the mixing of ambient air with the jet. The entrained air quenches 

the jet, modifies its structure, and alters its temperature field. While the stated effects are 

hardly of any consequence to oxide ceramics, they can partially oxidise metallic particles. 

Nonetheless, APS is economically advantageous, given its lack of limitations regarding the 

shape, and size of the substrate (Boulos et al. 2021; Fauchais 2004; Fauchais and Vardelle 

2003; Janisson et al. 1998). Fig. 1.7 shows the underlying mechanism in a diagrammatic 

form (Boulos et al. 2021). 

 

 

Fig. 1.7 Schema for a typical APS process 
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1.2.2  Suspension Plasma Spraying 

Typically used to produce advance Thermal Barrier Coatings (TBCs), SPS is a relatively 

new TS process that is compatible with very fine particles with diameters in the range of 

100 nanometres to 5 micrometres. Because of their low masses, the carrier gas for these 

particles is replaced by a liquid to give them the requisite momentum to penetrate into the 

plasma stream. The feedstock consists of a fine-grained powder suspension (or slurry) that 

is injected into the jet, wherein the slurry’s liquid component evaporates rapidly, leaving 

behind particles to atomise, and subsequently impact the substrate to form a porous 

coating. SPS gives us high strength, and durable coatings with smaller pores. Moreover, 

TBCs produced with SPS have a low thermal conductivity, high thermal shock resistance, 

and greater segmentation crack densities. Segmentation cracks are vertical cracks running 

almost perpendicular to the substrate, typically forming between adjacent columns. These 

cracks act as stress-relief features, thereby improving strain tolerance. However, given SPS’ 

low deposition rates, it is inconvenient when spraying thicker coatings (Ashtiani 2020; 

Azar 2018; Ganvir et al. 2014; Kassner et al. 2007). Fig. 1.8 outlines a schematic of the 

operation (Bai et al. 2018). 

 

 

Fig. 1.8 Schema for a typical SPS process 
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1.2.3  Vacuum Plasma Spraying 

Developed in 1974 by Öerlikon Metco, VPS is also called Low-Pressure Plasma Spraying 

(LPPS). As the term indicates, VPS is undertaken in a vacuum chamber with pressures 

ranging from 5 kPa to 70 kPa. Carrying out PS in such a fashion prevents oxidation of the 

feedstock particles; allows for the coating of high-temperature substrates; promotes 

interdiffusion, and adhesion; stabilises plasma jets by lowering density gradients between 

the jet, and ambient atmosphere; provides more uniform particle acceleration, and less 

diverging particle trajectories; and reduces superheating of particles. Though VPS is 

excellent for coating complex shapes, it is best-suited for small- to medium-sized parts. 

The requisite capital for installing VPS infrastructure is another limitation of the process 

(Boulos et al. 2021; Meyer and Hawley 1991). Fig. 1.9 provides a conceptual layout of the 

process (Boulos et al. 2021). 

 

 

Fig. 1.9 Schema for a typical VPS process 
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1.3  Parameter-Driven Variability in Coating Outcomes 

The previous sections talked about the TS family of processes with their individual 

pictorial impressions. In the bigger picture, this study aims to identify process parameters 

that most affect the coating performance, and to toggle the former to optimise the latter. 

Three parameters were seen to be especially influential in this regard, namely stand-off 

distance, spray rate, and particle temperatures. To reduce porosity, for instance, one could 

reduce the spray distance, and discharge velocity. This section looks at important process 

elements and their effects on the quality of coatings, which could be quantified by its 

adhesion, density, porosity, and roughness (Singh et al. 2025; Menasri et al. 2022). The 

microstructure of any coating is also imperative. Among the variables that influence the 

coating microstructure include spray angle, particles’ velocities, torch speed, heat transfer, 

and gas flow rate (Singh et al. 2025; Neo et al. 2022; Wentz 2009). 

1.3.1   Parameters 

1.3.1.1 Standoff Distance 

Standoff distance is the distance between the torch nozzle, and the substrate. Typically, as 

the standoff distance goes up, the coating thickness goes down because of the dispersion 

of particles before they could land on the substrate surface. Evidently then, as the standoff 

distance is brought down, the coating thickness grows (Singh et al. 2025; Phiri et al. 2018; 

Bar-Hen and Etsion 2017; Kim et al. 2013). Also, the standoff distance can influence 

voids, and particle concentration. Subsequently, a relatively higher standoff distance would 

cause a decline in cohesion and the coating’s uniformity would take a hit. In contrast, a 

relatively lower standoff distance increases the probabilities of particles’ flattening, and 

fusion, giving us thicker coatings with fewer pores (Singh et al. 2025; Odhiambo et al. 

2019). 

Further, an optimal standoff distance ensures that particles retain sufficient velocity upon 

impact, enabling deep penetration and mechanical interlocking with the substrate surface. 

This interlocking enhances adhesive strength. In contrast, a suboptimal standoff 

distance—either too short or too long—can result in inadequate particle embedding and 

weak adhesion (Singh et al. 2025; Poza and Garrido-Maneiro 2022). These effects are 

governed by the existence of a critical velocity, below which particles fail to adhere and 

may even erode the substrate instead of forming a coating (Singh et al. 2025; Li et al. 2008). 

The cooling rates of particles upon contact with the surface are influenced by the standoff 

distance. A shorter standoff distance reduces the in-flight time, thereby limiting the extent 

of convective heat loss to the surrounding atmosphere. As a result, particles retain more 
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thermal energy and impinge on the substrate at higher temperatures. Conversely, a higher 

standoff distance increases the in-flight duration, exposing the particles to more ambient 

cooling. This prolonged exposure leads to greater heat dissipation, causing the particles to 

impinge at comparatively lower temperatures (Singh et al. 2025; Habib et al. 2022). 

Furthermore, a longer standoff distance is linked to higher probabilities for the particles 

to rebound or overspray, leading to reduced coating effectiveness. On the contrary, a 

shorter distance calls for the deposition of more particles with greater coating efficacy 

(Singh et al. 2025; Gaur et al. 2023). Finally, the choice of substrate, the selection of 

feedstock, and the particle size distribution are some variables that can help with the 

determination of an ideal standoff distance. Laser sensors, and standoff gauges are some 

of the diagnostic instruments that can aid in the process (Singh et al. 2025; Mauer and 

Moreau 2022; Zhang et al. 2021). 

1.3.1.2 Spray Rate 

Spray rate (the rate at which the feedstock is expelled through the nozzle) also proves to 

be critical in most TS processes, with direct implications to the coating buildup and, hence, 

to the resultant microstructure. The spray rate affects the kinetic energies of particles on 

impact, and the volume injected to the substrate during the coating process (Singh et al. 

2025; Meeß et al. 2022; Klinkov et al. 2019). Spray rate can be quantified in terms of both 

mass flow rate, and volumetric flow rate in 𝑔 𝑠⁄ , and 𝑐𝑚3 𝑚⁄  respectively. Generally, spray 

rates can be seen as proportional to the coating thickness, i.e. lower spray rates lead to 

thinner coatings and higher spray rates lead to thicker coatings. Thus, an optimal spray 

rate is necessary for a uniform coating, and quality finishing (Singh et al. 2025; Irissou et 

al. 2022; Fauchais et al. 2010). 

1.3.1.3 Particle Velocity 

Particle velocity is the rate at which the particles travel, or the individual velocities of the 

particles, most notably denoted in feet per second, or metre per second. Each particle may 

have a different velocity, thus complicating the optimisation problem. This is also the case 

with the input datasets used for this code. Particle velocity influences many factors, such 

as the particles’ trajectory, and their velocities on impact. Both these factors contribute to 

the kinetic energies of those particles. Subsequently, upon hitting a surface, they form 

“splats” (Singh et al. 2025; Holmberg and Matthews 1994). In theory, splat formation 

improves packaging of material particles, which bolsters adhesion. Too high of particle 

velocities could cause production errors, increase rebounding, or simply make the 

substrate too hot. To ensure desired properties, particle velocity must be accounted for, 
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along with the consequent splat formation (more on it in section 3.3). Several other 

variables also influence particle velocity, such as the gun itself, standoff distance, the 

feedstock material, the gas pressure, et cetera (Singh et al. 2025; Gaur et al. 2023; Fan et 

al. 2020; Morales et al. 2019; Armada et al. 2015). 

1.3.1.4 Particle Size Distribution 

The powder’s particle size distribution gives us the range of sizes its constituent particles 

encompass. It can be represented in terms of the average particle size, or the D-values 

(D10, D50, & D90). The particle size distribution directly affects the coating 

microstructure (more on it in section 4.2). Literature shows that smaller particles form 

smoother coatings, and larger particles form coarser bondcoats. Coating thickness, and 

surface roughness are also pertinent parameters here (Singh et al. 2025; Xue et al. 2023; 

DebRoy et al. 2018; Sharma et al. 2017a). 

1.3.1.5 Chemical Composition 

Clearly, the powder’s chemical composition would have a rather direct impact on the 

coating’s properties. Ensuring the feedstock particles bind well with the substrate, 

precision in powder composition allows for formation of coatings as intended. To prolong 

the coating’s life, and to increase its durability, corrosion-resistant alloys, and wear-

resistant carbides could also be fed to the torch (Singh et al. 2025; Ahmady R et al. 2023; 

Jose et al. 2022). Especially, alloys with a similar chemical makeup as the powder improve 

metallurgical bonding (Singh et al. 2025; Pathanatecha 2019). Abrupt changes in 

composition could catalyse changes in hardness, toughness, porosity, and thermal stability 

(Singh et al. 2025; Kumar 2022; Kumar and Kumar 2021). Such changes could all further 

hamper adhesion, oxidation resistance, surface chemistry, and chemical reactivity (Singh 

et al. 2025; Al-Turaif and Bousfield 2004). Size analyses, flowability tests, and imaging 

technologies aid the regulation of the chemical composition (Singh et al. 2025; Warcaba 

et al. 2021; Salama et al. 2019). 

1.3.1.6 Heat Input (Power) 

The heat input, particularly in terms of power, affects melting, atomisation, and inter-

particle bonding (Singh et al. 2025; Bobzin et al. 2021). While heat input gives us the total 

heat provided to the system during operation, power is a measure of the energy needed to 

supply that heat to the system. The former is commonly expressed as joules per 

centimetre-squared, or calories per square centimetres, and the latter is done as Watts, or 

kilowatts (Singh et al. 2025; Espallargas 2015). This thermal energy, in the form of heat, is 



 15 

used for melting the feedstock (Singh et al. 2025; Sankaran 2015). Greater the input of 

heat, greater are the amounts of melting, atomisation, and inter-particle bonding (Singh et 

al. 2025; Hauer et al. 2019; Oksa et al. 2011). Prominent power sources include plasma 

generators, combustion chambers, or simply electrical supplies (Singh et al. 2025; Curry et 

al. 2020; Feuerstein et al. 2008). 

1.3.2  Effects on Coating Quality 

The microstructure of a coating ultimately decides a coating’s characteristics, and 

performance. The key to analysing a microstructure lies in its porosity, and density. 

Porosity measures the empty spaces (or pores) within a bondcoat, while density is a 

measure for the mass of the bondcoat per unit of its volume (Singh et al. 2025; Odhiambo 

et al. 2019). Particle velocity can be seen as inversely proportional to porosity. Thus, 

among the various TS processes, FS, and AS bondcoats exhibit higher levels of porosity, 

whereas PS, and HVOF bondcoats exhibit lower levels of porosity (Singh et al. 2025; Li 

et al. 2022). Any powder agglomerates, however, can increase porosity (Singh et al. 2025; 

Huang et al. 2022). Standoff distance, spray angle, and powder feed rate could be adjusted 

to control porosity. Apart from particles’ velocities, their shapes, sizes, compositions, and 

potential to form splats determine the coating’s packing density, and porosity. The smaller 

the particles, the denser are the bondcoats due to the ability of tiny particles to pack 

themselves closely. Also, higher impact energies, splat formation, and mechanical bonding 

increase density. Preheating the substrate could also allow for denser bondcoats. Both 

effects can become more pronounced with increased coating thickness, and the 

subsequent accumulation of layers, and production defects. Less number of layers could 

potentially minimise porosity and maximise density (Singh et al. 2025; Curry et al. 2020; 

Ghosh 2020; Abedini et al. 2006). 

 

1.4  Numerical Modelling Techniques for Optimisation 

Recent years have witnessed efforts to optimise process parameters, and powder 

characteristics to achieve higher-performance coatings via conventional experimental 

methods as well as contemporary numerical studies. Computer models simulate the 

spraying process, particle interactions with the substrate, and coating buildup. This section 

would look at a few modelling approaches available in literature (Singh et al. 2025; Mehta 

et al. 2024; Zhu et al. 2022; Vignesh et al. 2017). 

1.4.1  Particle Trajectory Modelling 
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This modelling approach tracks the in-flight motions, temperatures, and behaviours of 

particles from the nozzle to the substrate surface. Employing an Eulerian-Lagrangian 

framework, particles are treated as discrete entities within a continuous high-velocity gas 

phase. As these droplets undergo atomisation, vaporisation, and acceleration, their 

velocities and temperature histories are tracked post-breakup to evaluate deposition 

efficiency, and coating structure. The model accounts for varying injection angles, 

suspension properties, and chamber geometries, showing that both particle residence time 

and torch configuration critically affect final impact conditions. This trajectory analysis 

serves as a foundational tool to optimize feedstock design, injector layout, and substrate 

placement in suspension-based thermal spray systems. It simulates particle behaviour on 

impact and predicts the coating microstructure (Singh et al. 2025; Jadidi et al. 2015). 

1.4.2  Solidification and Phase Transformation Modelling 

Solidification, and phase transformation models simulate how molten or semi-molten 

particles cool, and evolve post-impact, influencing splat morphology, grain structure, and 

coating integrity. These models are crucial for predicting microstructural outcomes such 

as porosity, residual stress, and the columnar-to-equiaxed transition (CET), which is often 

linked to crack formation. Contemporary approaches couple thermodynamic phase 

diagrams with kinetic interface models to capture solidification under rapid, non-

equilibrium conditions. Parameters such as undercooling, dendritic growth rate, partition 

coefficients, and nucleation thresholds are incorporated to model grain refinement and 

phase stability. These simulations support the optimisation of process parameters and 

alloy compositions, particularly in additive manufacturing, and thermal barrier coating 

applications, where microstructural control is essential. By resolving transient thermal 

fields, and phase transitions, such models enhance predictive capability in coating design 

and performance evaluation (Singh et al. 2025; Du et al. 2024). 

1.4.3  Heat Transfer Modelling 

This approach models the thermal behaviour of particles in the context of the Powder 

Bed Fusion (PBF) process. PBF simulations are widely used to predict and analyse melt 

pool geometry during deposition. While Computational Fluid Dynamics (CFD) models 

offer high accuracy by capturing convective effects, they are computationally intensive and 

depend on extensive thermophysical data. In contrast, industrial users often prefer heat 

conduction models for their simplicity and efficiency, though they typically lack the ability 

to capture melt pool convection—particularly Marangoni flow. To address this, some 

models artificially increase thermal conductivity to approximate convective effects, though 
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this method lacks consistency. In this study, the heat conduction model was improved by 

applying directional correction factors to an orthotropic description of thermal 

conductivity in the liquid phase. These corrections are calibrated against experimental melt 

pool geometries. The model also considers factors such as cooling rate and substrate 

temperature to predict thermal histories (Singh et al. 2025; Nikam et al. 2022). 

 

1.5  Previous Work 

The present work builds upon an in-house simulation framework initially developed by 

Azar SG (2018) and subsequently refined by Ashtiani BK (2020). This section briefly 

outlines the key contributions and limitations of the latter, which form the basis for this 

study. 

 

Arc Current (A) Arc Voltage (V) Ar – H2 mass flow rate (g/s) 

500 65 1.48 (10% volume fraction) 

 Units Molten zirconia Ethanol 

Density Kg/m3 5680 789 

Specific heat J/kg.K 1387 2470 

Surface tension N/m 1.5000 0.0223 

Melting point K 2988 - 

Boiling point K 5273 351 

Viscosity mm2/s 6.5000 1200 

Melting latent heat kJ/kg 707 - 

Boiling latent heat kJ/kg 9000 855.2370 

Table 2.1 Injection conditions, and material properties as used by Pourang et al. 

 

Ashtiani utilised particle distribution data generated by Pourang et al. (2016), based on 

CFD simulations of the 3MB Oerlikon-Metco plasma torch, as illustrated by Fig. 1.10, 

operating under predefined injection and torch conditions, as summarised in Table 2.1. 

The dataset provided particle trajectories, velocity components, and diameters, recorded 

at a standoff distance of 100 µm from the substrate surface. Beyond a hundred microns, 

Ashtiani assumed these droplets follow linear paths, determined by their respective 

velocity vectors, until impacting either the substrate or another particle. 
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Fig. 1.10 Pictorial representation of the simulation as run by Pourang et al. 

 

In reality, not all particles adhere upon impact — some rebound or splash off. However, 

Ashtiani’s model neglects these secondary effects. Since Pourang’s simulations assumed a 

steady-state plasma jet, the model also does not account for the effect of plasma 

fluctuations. Furthermore, Ashtiani introduced two different simulation strategies, namely 

the “frozen”, and “flattened” models, that work on the same computational approach. 

While the former neglects the formation of any splats, the latter does not. However, a key 

limitation here is that both models are mutually exclusive, i.e. the code enforces a binary 

choice whereby either all particles flatten, or none do. 

The frozen model assumes that particles retain their spherical shape upon impact. This 

is justified by scenarios involving small droplets, which due to their low thermal inertia, 

solidify rapidly upon contact. Moreover, such particles tend to follow plasma streamlines 

closely and have minimal perpendicular momentum, reducing the likelihood of 

deformation. This model is best suited to conditions involving high injection rates, 

increased standoff distances, and low torch power, where particle-substrate interactions 

are minimal.  
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The flattened model presumes that each particle spreads on impact to form a splat. This 

approach assumes the particle's temperature exceeds its melting point and that the 

temperature difference between particle and substrate has negligible effect on spreading. 

The splat is modelled as a kite consisting of smaller spheres of a user-specified diameter, 

as depicted by Fig. 1.11 (Ashtiani 2020). 

 

 

Fig. 1.11 A kite-shaped splat as formed by smaller constituent spheres 

 

Based on the conservation of mass, the kite takes up the same volume as that of the sphere 

before impact. However, this method leaves voids between particles, thus overestimating 

porosity. To tackle this, three approaches were considered, namely Raining idea, Carpet 

idea, and Adaptive idea, as shown by Fig. 1.12 (Ashtiani 2020). To preserve the integrity 

of splat, and reduce the levels of porosity, the model implements the adaptive idea. Yet, 

due to the overestimation of interspace between deposited particles, the levels of porosity 

remain relatively high. 

 

Fig. 1.12 Three approaches to model splat deposition on the substrate 
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The particle distribution data from Pourang et al. (2016) transmitted information in 

packets (called parcels) of particles with identical properties, as illustrated in Table 2.2. 

 

 𝒙𝒑 𝒚𝒑 𝒛𝒑 𝒗𝒙 𝒗𝒚 𝒗𝒛 𝒅𝒑 𝑵𝒑 

Parcel 1 𝑥1 𝑦1 𝑧1 𝑣1 𝑣1 𝑣1 𝑑1 𝑁1 

Parcel 2 𝑥2 𝑦2 𝑧2 𝑣2 𝑣2 𝑣2 𝑑2 𝑁2 

… … … … … … … … … 

Parcel n 𝑥𝑛 𝑦𝑛 𝑧𝑛 𝑣𝑛 𝑣𝑛 𝑣𝑛 𝑑𝑛 𝑁𝑛 

Table 2.2 Tabular representation of particle distribution data by Pourang K 

 

Here, 𝑥𝑝, 𝑦𝑝, and 𝑧𝑝 are x, y, and z coordinates of the particles in a given parcel; 

𝑣𝑥, 𝑣𝑦 , and 𝑣𝑧  are velocity vectors of the particles in x, y, and z directions; 

𝑑𝑝 is the diameter of a given particle; and 

𝑁𝑝 is the number of particles in any parcel. 

 

Fig. 1.13 Particle distribution of the input data from Pourang et al. 
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The substrate is a square of 200×200 µm2, enclosed within a larger 600×600 µm2 square 

to minimise edge effects. To simulate the motion of torch, its velocity is set to 1 µm/µs 

(=1m/s). Ashtiani modelled three configurations for the torch, namely linear, 

perpendicular-linear, and full-raster, as shown in Fig. 1.14 (Ashtiani 2020), depicted in red, 

green, and black respectively. As the green line delineates, the perpendicular-linear raster 

cuts through the middle of the modelled area along the X-axis. As the red line outlines, 

the linear raster runs three millimetres below the modelled area, also along the X-axis. 

Finally, as the black lines showcase, the full raster sweeps across both X, and Y axes with 

a spacing of three millimetres between successive X-axis passes. 

 

 

Fig. 1.14 Substrate dimensions and gun sweeping patterns 
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1.6  Objectives of the thesis 

This thesis aims to improve and exploit an in-house numerical model that simulates 

coating build-up in SPS with the broader goal of supporting process optimisation, and 

design in both research, and industrial contexts. By enabling virtual experimentation across 

a wide range of spray configurations, particle distributions, and substrate geometries, the 

model provides a cost-effective, and time-efficient alternative to extensive physical trials. 

It is intended as a predictive tool that allows users to study the effects of key parameters—

such as injection orientation, particle temperature, and plasma fluctuations—on coating 

morphology, and deposition efficiency. 

Specifically, this study investigates two datasets (A and B) derived from numerical 

simulations using ANSYS Fluent of the Mettech Axial III plasma torch. These datasets 

are employed to explore how (a) interpeak distances of asperities, (b) particle velocity 

distributions, (c) spray gun traverse velocities, and (d) database representative times 

influence the resulting coating morphologies and their microstructural characteristics, 

including column formation, columnar density, and vertical cracking. Based on these 

findings, the thesis also offers recommendations on which parameter configurations are 

best suited for achieving specific coating outcomes. 

Ultimately, the model contributes to a deeper understanding of the SPS process, enabling 

researchers to explore hypotheses regarding coating formation mechanisms and assisting 

engineers in tailoring spray conditions to meet targeted application requirements. The 

framework further lays the groundwork for future integration with data-driven 

optimisation tools and real-time process control systems. 
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Chapter 2: METHODOLOGY 

 

2.1  Introduction 

This chapter details the numerical simulation methodology used to model particle 

deposition from a spray gun onto a substrate, typical of not just Suspension Plasma 

Spraying processes but also other thermal spraying processes. The methodology was 

originally developed by Azar SG (2018) and later refined by Ashtiani BK (2020). It 

encompasses particle trajectory prediction, impact diagnosis, and coating evolution 

through multi-pass spray deposition. The simulation models the motion, impact, and 

bonding of sprayed particles using a structured computational approach. The algorithm 

incorporates: 

• Particle transport equations to predict velocity and position; 

• Spray gun dynamics to simulate multi-pass deposition; 

• Substrate interaction models for adhesion and spreading behaviour; 

• Dynamic surface evolution for realistic layer-by-layer deposition. 

 

2.2   Initial Conditions and Input Data 

The simulation begins with an initialisation phase where particle properties, substrate 

geometry, and spray gun characteristics are defined. 

2.2.1  CFD Data 

A dataset containing particle parameters is imported from relevant CSV files. The 

pertinent properties extracted include: 

• Particles’ initial positions: 𝑋𝑝, 𝑌𝑝, and 𝑍𝑝 

• Particles’ velocity components: 𝑈𝑝, 𝑉𝑝, and 𝑊𝑝 

• Droplets’ sizes: 𝑑𝑝 

• Droplets’ temperatures: 𝑇𝑝 

• Number of particles per computational parcel: 𝑁𝑝 

These properties are stored in an array for further calculations. 



 24 

 Dataset A Dataset B 

Gun Mettech Axial III torch 

Suspension YSZ in Ethanol 

Suspension flow rate 45 mL/min 

Standoff distance 75 mm 100 mm 

Power 100 kW 90 kW 

Plasma flow rate 245 slpm 200 slpm 

Volume fraction 80% Ar – 20% H2 75% Ar – 10% N2 – 15% H2 

Table 2.3 Properties of the datasets used for the purposes of this study. 

 

 
Fig 2.1 Particle distribution of the dataset A 



 25 

 

Fig 2.2 Particle distribution of the dataset B 

2.2.2  Spray Gun Characteristics 

The spray gun is defined by its initial position and velocity. The gun traverses the substrate 

in a sweeping motion, altering its position with each pass. The spray gun moves 

incrementally along the X-axis: 

𝑋𝑔 = 𝑋𝑔 + 𝑠𝑖𝑔𝑛 ∙ 1.0 × 10−6 [eq. 1] 

When the gun reaches a boundary (𝑋𝑔 > 15 𝑚𝑚 or 𝑋𝑔 < −20 𝑚𝑚), direction reverses. 
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Fig. 2.3 Gun sweeping motion 

2.2.3  Substrate Definition 

The substrate is initialised with a predefined roughness value to account for surface 

irregularities. A spatial grid is defined over the substrate to track deposited particles. In 

section 4.3, many different substrates have been taken into consideration for the purposes 

of this study. 

 

2.3  Structured Point Generation for 3D Rough Surface Modelling 

This section describes the computational approach used to generate a substrate using a 

structured 3D grid of discrete points representing a rough surface. The algorithm ensures 

an even (or uneven) distribution of points while considering the effects of surface 

roughness and layer-wise stacking. The structured point generation algorithm is 

implemented in MATLAB and designed to simulate a surface composed of spherical 

elements, considering: 
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• Base of the pyramids representing the asperities (base); 

• Height of the aforementioned pyramids (Sub_Rough); 

• Size of the spheres that make up the asperities (Sub_Sphere_Size). 

The structured point generation follows a layered, row-wise, and column-wise approach. 

The computational domain is initialised with: 

• Number of layers of spheres on top of one-another inside any asperity (k_num); 

𝑘𝑛𝑢𝑚 = ⌊
√(

𝑏𝑎𝑠𝑒−𝑆𝑢𝑏_𝑆𝑝ℎ𝑒𝑟𝑒_𝑆𝑖𝑧𝑒

2
∙√2)

2
+(𝑆𝑢𝑏_𝑅𝑜𝑢𝑔ℎ−𝑆𝑢𝑏_𝑆𝑝ℎ𝑒𝑟𝑒_𝑆𝑖𝑧𝑒)2

𝑆𝑢𝑏_𝑆𝑝ℎ𝑒𝑟𝑒_𝑆𝑖𝑧𝑒
⌋ + 2 [eq. 2] 

• Layer-to-layer spacing to ensure only one sphere occupies the top layer (k_dis); 

𝑘𝑑𝑖𝑠 =
√(

𝑏𝑎𝑠𝑒−𝑆𝑢𝑏_𝑆𝑝ℎ𝑒𝑟𝑒_𝑆𝑖𝑧𝑒

2
∙ √2)

2
+(𝑆𝑢𝑏_𝑅𝑜𝑢𝑔ℎ−𝑆𝑢𝑏_𝑆𝑝ℎ𝑒𝑟𝑒_𝑆𝑖𝑧𝑒)2

𝑘𝑛𝑢𝑚−1
   [eq. 3] 

• Angular inclination of the faces of the pyramids w.r.t. its base, i.e. how steep the 

pyramid is (alpha). 

𝛼 =  tan−1 (
𝑆𝑢𝑏_𝑅𝑜𝑢𝑔ℎ−𝑆𝑢𝑏_𝑆𝑝ℎ𝑒𝑟𝑒_𝑆𝑖𝑧𝑒

(
𝑏𝑎𝑠𝑒−𝑆𝑢𝑏_𝑆𝑝ℎ𝑒𝑟𝑒_𝑆𝑖𝑧𝑒

2
∙ √2)

)     [eq. 4] 

Further, for each layer, the algorithm computes: 

• Number of rows of spheres for that layer (j_num); 

• Row-wise spacing determined from the available width (j_dis); 

• Column-wise spacing as the layers grow (i_dis). 

A structured nested loop iterates through rows (j) and columns (i), with special handling 

of boundary rows (j=1, j=j_num) to maintain structure, ensuring evenly spaced spherical 

elements at each layer. 
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2.4  Particle Trajectory Estimation 

The particles’ landing positions are estimated using kinematic equations: 

𝑋𝑙𝑎𝑛𝑑 = 𝑋𝑝 + 𝑈𝑝 ∙ |
100 ×10−6

𝑊𝑝
|   [eq. 5] 

𝑌𝑙𝑎𝑛𝑑 = 𝑌𝑝 + 𝑉𝑝 ∙ |
100 ×10−6

𝑊𝑝
|  [eq. 6] 

A randomness metric is computed to quantify deposition uniformity: 

𝑅 =
∑(𝑑𝑚𝑖𝑛×𝑁𝑝𝑎𝑟𝑐𝑒𝑙)

∑ 𝑁𝑝𝑎𝑟𝑐𝑒𝑙
×

1

2
   [eq. 7] 

A while-loop iterates over multiple spray passes, continuously updating the system. A sub-

function, ProbableImpact (more on it in section 3.1), determines which particles are 

likely to land on the substrate. For each impacting particle, its velocity components 

(𝑈𝑝, 𝑉𝑝, 𝑊𝑝) are extracted, positions (𝑋𝑝, 𝑌𝑝, 𝑍𝑝) are retrieved, and the spreading 

condition is checked based on temperature. This data is passed to another sub-function, 

ImpactDiagnosis (more on it in section 3.2), which decides whether a particle adheres 

to the substrate or bounces off. 
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Chapter 3: IMPLEMENTATION 

 

3.1  Computational Approach for Droplet Deposition Modelling 

This chapter details the computational approach utilised for simulating the deposition and 

dispersion of droplets in a suspension plasma spray (SPS) environment. The numerical 

framework models the kinematic behavior of injected droplets, evaluates their spatial 

distribution, and incorporates probabilistic sampling methods to ensure realistic 

dispersion characteristics. The computational methodology consists of the following 

sequential steps: 

• Determination of particles’ landing locations; 

• Filtration of particles in the deposition region; 

• Computation of local droplets’ statistics; 

• Application of weighted sampling for droplets’ selection; 

• Introduction of random perturbations to droplets’ positions. 

The governing equations and numerical implementation details for each step are discussed 

subsequently. 

3.1.1  Droplet Landing Position Calculation 

The position at which each droplet lands in the XY-plane is computed as: 

𝑋𝑙𝑎𝑛𝑑 = 𝑋𝑝 + 𝑈𝑝 ∙ |
𝐺𝑢𝑛_𝑃𝑜𝑠𝑍−𝑍𝑚𝑒𝑎𝑛

𝑊𝑝
|   [eq. 8] 

𝑌𝑙𝑎𝑛𝑑 = 𝑌𝑝  +  𝑉𝑝 ∙ |
𝐺𝑢𝑛_𝑃𝑜𝑠𝑍−𝑍𝑚𝑒𝑎𝑛

𝑊𝑝
|  [eq. 9] 

This formulation accounts for the relative vertical displacement of the injection source, 

allowing for realistic trajectory estimation. 

3.1.2  Domain Filtering 

Only droplets that land within the deposition region are considered: 

𝐿𝑖𝑛𝑒𝑠2 = 𝑇𝑒𝑚𝑝_𝐴𝑟𝑟𝑎𝑦[(𝑆𝑢𝑏_𝑀𝑖𝑛_𝑋 ≤ 𝑋𝑙𝑎𝑛𝑑 ≤ 𝑆𝑢𝑏_𝑀𝑎𝑥_𝑋) ∧

(𝑆𝑢𝑏_𝑀𝑖𝑛_𝑌 ≤ 𝑌𝑙𝑎𝑛𝑑 ≤ 𝑆𝑢𝑏_𝑀𝑎𝑥_𝑌)] [eq. 10] 

Droplets outside the defined region are excluded from further calculations. 
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3.1.3  Local Droplet Statistics 

For the subset of droplets within the deposition region, the following properties are 

computed:  

The volume-weighted mean droplet diameter is calculated as 

𝐷𝑎𝑣𝑒 =  √
∑(𝑁𝑝∙𝑑𝑝

3)

∑ 𝑁𝑝

3
    [eq. 11] 

The total injected droplet volume per unit time is 

𝑉𝑜𝑙𝑖𝑛𝑗 =  
∑[𝑁𝑝∙ 

4

3
𝜋(

𝑑𝑝

2
)

3

]

∆𝑡𝑟𝑒𝑝
    [eq. 12] 

The number of droplets expected per deposition location is 

𝑃𝑎𝑟𝑃𝑒𝑟𝐿𝑜𝑐 =  ⌊
𝑉𝑜𝑙_𝑖𝑛𝑗

4

3
𝜋(

𝐷𝑎𝑣𝑒
2

)
3⌋   [eq. 13] 

3.1.4  Weighted Sampling of Droplets 

To accurately model droplet behavior, a probability-weighted random sampling is applied. 

Larger droplets, having a greater volume contribution, have a higher probability of being 

selected. The probability weight assigned to each droplet is given by 

𝑊𝑒𝑖𝑔ℎ𝑡 =  
𝑁𝑝∙ 

4

3
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𝑑𝑝

2
)
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∑[𝑁𝑝∙ 
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𝜋(

𝑑𝑝

2
)

3

]

   [eq. 14] 

The droplets are randomly sampled using these weights. 

3.1.5  Randomised Spatial Perturbations 

To account for turbulence and stochastic dispersion, the final droplet positions are 

randomly perturbed: 

𝑋𝑝 =  𝑋𝑝 + (−1 + 𝑟𝑎𝑛𝑑() × 2) × 𝑅  [eq. 15] 

𝑌𝑝 = 𝑌𝑝 + (−1 + 𝑟𝑎𝑛𝑑() × 2) × 𝑅  [eq. 16] 

where (−1 + 𝑟𝑎𝑛𝑑() × 2) is the perturbation term, which generates a random 

displacement in the range [–1, 1]. 
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The described methodology is a physically consistent computational approach to model 

the deposition of droplets in a suspension plasma spraying (SPS) environment. The 

combination of volume-weighted sampling, and randomised perturbations ensures 

accurate representation of spray deposition patterns while maintaining computational 

efficiency. 

 

3.2  Computational Algorithm for Inter-droplet Interactions Modelling 

This section outlines the numerical procedure employed to simulate the interactions of 

individual droplets within a plasma spray plume with a dynamically evolving coating 

surface. The simulation is conducted within a discretised spatial domain, wherein such 

interactions with existing surface morphology are resolved using a deterministic, 

geometry-based impact model. To initiate the deposition process, the expected landing 

zone in the XY-plane is determined by extrapolating the trajectory until the droplet 

reaches 𝑍 = 0, or intersects with a previously deposited particle. The influence width in 

X and Y directions is calculated as: 

∆𝑋 =  
𝐷𝑠+ 𝐷𝑚𝑎𝑥

2 sin(tan−1|
𝑉𝑣
𝑈𝑣

|)
    [eq. 17] 

∆𝑌 =  
𝐷𝑠+ 𝐷𝑚𝑎𝑥

2 cos(tan−1|
𝑉𝑣
𝑈𝑣

|)
    [eq. 18] 

The particles previously deposited in the identified grid are queried from the spatial 

memory structure Hub{}. Each entry contains the positions, and diameters of earlier 

particles; the extracted values include 𝑋𝑠𝑢𝑟𝑓 , 𝑌𝑠𝑢𝑟𝑓, 𝑍𝑠𝑢𝑟𝑓 , and 𝐷𝑠𝑢𝑟𝑓. Particles close to 

the trajectory line are filtered using an elliptical proximity threshold: 

|𝑋𝑠𝑢𝑟𝑓 − 𝑋̂(𝑍)| < ∆𝑋    [eq. 19] 

|𝑌𝑠𝑢𝑟𝑓 −  𝑌̂(𝑍)| < ∆𝑌    [eq. 20] 

To determine the first point of contact, the trajectory is treated as a parametric line 

intersecting a field of spheres, representing previously deposited particles. If a valid 

intersection is found, the corresponding impact point is computed, following which the 

new droplet is added to the grid square corresponding to its impact coordinates. 

If no collision is detected with a previous particle, the droplet is projected to land directly 

on the substrate. The landing location is computed by tracing the trajectory to the 
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substrate surface, and a similar logic is followed to insert the droplet into the Hub data 

structure and update counters. Each successful deposition updates the following global 

values: 

• 𝑍𝑚𝑎𝑥  : maximum coating height; 

• 𝐷𝑚𝑎𝑥 : maximum particle diameter recorded; 

• Total_Num: total number of deposited particles; 

• Sphere_Vol: volume of material deposited in deposition region; 

A sub-function, SubParticles (more on it in section 3.3), may be called to simulate splat 

formation if spreading is enabled for a given particle depending on its temperature, as 

discussed subsequently. 

 

3.3  Geometric Modelling of Droplet Spread to Simulate Splat Formation 

This section presents the numerical implementation developed to simulate the deposition 

footprint of individual droplets during the Suspension Plasma Spraying (SPS) coating 

buildup process. The approach accounts for the kinematic trajectory of incoming particles, 

their impact deformation on the substrate, and the spatial distribution of deposited 

material on a discretised domain. The simulation employs an elliptical spreading model 

governed by the particle's physical and kinematic parameters. 

Upon impact, a molten droplet deforms, and spreads into an elliptical footprint whose 

orientation, and dimensions depend on its incident velocity vector, and volume. The 

primary assumptions in the model include: 

• The droplet flattens into an elliptical shape; 

• The major axis aligns with in-plane projection of the particle’s velocity vector; 

• Volume is conserved during deformation. 

The angles of impact with respect to the coordinate planes are computed as: 

𝛼1 = tan−1 | 
𝑊𝑣

𝑈𝑣
⁄  |    [eq. 21] 

𝛼2 = tan−1 | 
𝑊𝑣

𝑉𝑣
⁄  |    [eq. 22] 
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𝛾 = tan−1| 𝑊𝑣 √𝑈𝑣
2 + 𝑉𝑣

2 ⁄ |   [eq. 23] 

These angles define directionalities of droplets, and subsequent elliptical deformations. 

The effective footprint is defined by two semi-axes 𝑎 and 𝑏, which are computed based 

on the droplet’s diameter, 𝐷𝑠, and effective substrate height resolution, 𝐷𝑠𝑢𝑏. Assuming 

the droplet’s volume remains constant before, and after impact, the semi-axes can be 

computed as: 

𝑎 =  4
3⁄ ∙

(𝐷𝑠 2⁄ )3

𝐷𝑠𝑢𝑏∙𝑏
     [eq. 24] 

𝑏 = 𝑚𝑎𝑥 (√4
3⁄ ∙

(𝐷𝑠 2⁄ )3

𝐷𝑠𝑢𝑏
∙ sin (

𝛾
𝜋

2⁄
) ,

𝐷𝑠𝑢𝑏

2
)  [eq. 25] 

Note that these parameters define the radial extents of the major, and minor axes of the 

deformed droplet.  

Existing deposits in the footprint region are retrieved from the data structure Hub, as 

discussed in section 2.6. Once the neighbourhood has been mapped, the deposition 

process is executed by tracing the droplet’s spread across the elliptical footprint. This is 

performed in two phases: backward, and forward spreading from the impact center. Each 

of these phases has calculations pertaining to spine, and branch structures. 

The spine corresponds to the principal axis of deformation aligned with the in-plane 

velocity direction. For both forward, and backward regions, the droplet is advanced 

stepwise using radius increments, 𝑅𝑖𝑚𝑖𝑛 or 𝑅𝑖𝑚𝑎𝑥. At each of these steps, the sub-

function, Sub_Impact (more on it in section 3.4), is called to: 

• Update position and droplet size due to step displacement; 

• Identify the impacted grid cell index val; 

• Append the new deposition data into Hub{val}. 

At every spine point, symmetric branches are generated perpendicular to the direction of 

spine. For each branch index 𝑗, new positions are computed using radial increments 

𝑅𝑗𝑚𝑖𝑛(𝑖) or 𝑅𝑗𝑚𝑎𝑥(𝑖), depending on whether the point lies in the backward, or forward 

half. Each branch simulation also calls Sub_Impact, checks for valid grid cell indices, and 

deposits data into the appropriate grid cell. 
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This framework allows for high-resolution modelling of coating buildup during SPS by 

simulating the detailed footprint of individual droplets, accounting for impact dynamics, 

spread geometry, and deposition logic. The resulting substrate evolves with each impact, 

enabling accumulation, surface roughness development, and thickness tracking 

throughout the coating process. 

 

3.4  Impact Location Corrections using Projection, and Overlap Analyses 

This section outlines the geometric refinement procedure used to compute the most 

physically valid impact location for an incoming droplet in a simulated Suspension Plasma 

Spraying (SPS) environment. The algorithm considers possible overlaps with existing 

surface particles and resolves the final impact coordinates using projection, rotational 

alignment, and circular intersection logic. To determine which particles on the substrate 

surface may influence the incoming droplet's trajectory or landing, a radial search distance 

is defined as: 

𝐷𝑠𝑒𝑎𝑟𝑐ℎ = 𝐷𝑠𝑢𝑏 +
𝐷𝑚𝑎𝑥

3
    [eq. 26] 

A projection plane is also defined in the XY-plane to estimate the likely area of droplet 

interaction. For each neighboring particle, a projection onto this plane is computed by 

calculating the perpendicular distance from the surface particle to the plane. 

Further, a spherical overlap test is performed by comparing the radial distance between 

the droplet, and surface particle. If this radial distance is within their combined radii, a 

potential overlap is detected. A corrected impact point is computed in a rotated frame 

aligned with the local geometry, and flow direction. 

For selecting the best-fit, among all possible locations, the point with the maximum height 

(z) is selected. If only one valid location is available, it is used directly. However, if no valid 

projection exists, a fallback strategy is employed; a circular projection is used to determine 

the XY-coordinates based on the droplet radius, and the distance from coating surface. 

The resulting impact location is solved analytically, ensuring the droplet lands realistically 

within the geometric constraints of the coating surface. 
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3.5  Summary 

This chapter described the numerical modelling methodology for multi-pass particle 

deposition in a thermal spray simulation. Key elements include particle trajectory 

estimation, gun movement simulation, impact diagnosis and spreading behaviour, layer-

by-layer deposition modelling, and dynamic surface height regulation. 

Fig. 3.1 delineates all steps of the procedure in the form of a flowchart. 
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Fig. 3.1 A flowchart for the computational methodology employed by the model  
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Chapter 4: PARAMETRIC ANALYSES 

 

4.1   Introduction 

Suspension Plasma Spraying (SPS) has emerged as a versatile technique for depositing 

yttria-stabilized zirconia (YSZ) thermal barrier coatings with tailored microstructures. 

Unlike conventional plasma spraying, SPS uses a fine suspension of YSZ particles, 

enabling the formation of columnar structures akin to those from electron-beam physical 

vapor deposition (EB-PVD) while retaining the flexibility of spray processing. The 

resulting coatings can exhibit strain-tolerant inter-columnar gaps and micron-scale 

porosity – features that lower thermal conductivity and enhance thermal cycling durability 

in gas-turbine applications. Indeed, SPS offers the possibility of producing coatings with 

a range of microstructures, from columnar or vertically cracked architectures to fully dense 

or porous deposits, by appropriate adjustment of process parameters. The present chapter 

focuses on how key deposition parameters influence the YSZ coating microstructure in 

SPS, using a 3D numerical simulation as a tool to isolate each effect. Four primary 

parameters are investigated: (1) the particle velocity distribution, (2) the inter-peak distance 

of substrate asperities, (3) the torch traverse velocity, and (4) the deposition time interval 

per simulation update (∆𝑡𝑟𝑒𝑝). Each parameter controls a distinct facet of the SPS 

deposition process: 

o Particle velocity distribution (i.e. the in-flight particle speed components) determines 

the momentum and directionality of impacting droplets, which in turn dictates the 

mode of layer buildup. Higher particle velocities produce a more collimated, line-of-

sight flux of droplets that can “punch through” the surrounding gas and impact the 

substrate with near-normal incidence; 

o The inter-peak distance on the substrate – essentially the spacing between surface 

asperities – controls initial nucleation sites for these columns. A closely packed peak 

spacing (fine roughness) means many potential nucleation points, resulting in 

numerous thin columns or even a quasi-continuous layer with only micro-cracks; 

o The torch traverse velocity (spray gun scanning speed) governs the dwell time and 

material flux on each area of the substrate. At a slow scan speed (long dwell), a large 

amount of molten material and plasma heat is delivered per unit area, promoting 

extensive deposit buildup and higher local substrate temperatures; 

o Finally, the representative time interval ∆𝑡𝑟𝑒𝑝 in the simulations – essentially the time 

window of particle impacts accumulated before updating the growing film – influences 
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the apparent structure by controlling temporal resolution. A small ∆𝑡𝑟𝑒𝑝 (short time 

slices) captures the fine-scale column nucleation and growth competition faithfully, 

whereas a larger ∆𝑡𝑟𝑒𝑝 aggregates many sequential impacts at once, effectively 

smoothing out transient features. 

Two different SPS datasets (referred to as Dataset A and Dataset B) are analysed in this 

chapter to ensure the observed effects are robust under different spray conditions. These 

datasets correspond to distinct plasma torch settings: Dataset A employs a higher-enthalpy 

plasma jet (245 slpm Ar–H₂ gas at 100 kW, 75 mm stand-off distance) compared to 

Dataset B (200 slpm Ar–N₂–H₂ at 90 kW, 100 mm standoff distance). Relative to Dataset 

B, the more intense, closer-range plume in Dataset A accelerates and heats the suspension 

droplets more aggressively, so particles arrive hotter and more fully molten on the 

substrate. By comparing results from these two datasets, the chapter evaluates how 

differences in plasma gas composition, power, and stand-off distance modulate the 

influence of each parameter on the coating microstructure. This comparative approach 

highlights any shifts in behaviour and strengthens the generality of the conclusions. 

In the following sections, the effects of each parameter are presented and discussed in 

turn, with an emphasis on the evolution of coating morphology under varying conditions. 

Throughout these results, side-by-side comparisons between the Dataset A and Dataset B 

are made to underline how baseline spray parameters can amplify or mitigate 

microstructural trends. By providing this contextual analysis, the chapter sets the stage for 

a comprehensive discussion on optimising SPS process parameters to achieve desired 

coating structures, bridging modelling insights with established SPS knowledge. 

 

4.2   Particle Velocity Distribution 

In this section, we study the impact of increasing the velocities of particles on the final 

coating morphology, i.e. we study how a coating evolves as we raise the rates at which the 

particles travel. Particles may have many different velocities and, thus, for the purposes of 

this study, we multiply the x-component, and y-component of each particle velocity by 

certain factors. Specifically, we use factors of one, two, three, four, five, and ten, 

represented as (1u, 1v), (2u, 2v), (3u, 3v), (4u, 4v), (5u, 5v), and (10u, 10v) respectively, 

wherein u, and v are the x-, and y-components of the velocity of any given particle.  

Figures 4.1 – 4.4 illustrate how the YSZ bondcoat morphology evolves as the in-flight 

particle velocity distribution increases. 



 

 
 

 

 
 

 
Fig. 4.1 From top, left to right: Surface morphologies of the XZ sections for dataset A with particle distributions of 

[a] (1u, 1v) m.s-1, [b] (2u, 2v) m.s-1, [c] (3u, 3v) m.s-1, [d] (4u, 4v) m.s-1, [e] (5u, 5v) m.s-1, and [f] (10u, 10v) m.s-1. 



 

 

 

 
 

 
Fig. 4.2 From top, left to right: Surface morphologies of the YZ sections for dataset A with particle distributions of: 

[a] (1u, 1v) m.s-1, [b] (2u, 2v) m.s-1, [c] (3u, 3v) m.s-1, [d] (4u, 4v) m.s-1, [e] (5u, 5v) m.s-1, and [f] (10u, 10v) m.s-1. 
 



 

 

 
 

 
Fig. 4.3 From top, left to right: Surface morphologies of the XZ sections for dataset B with particle distributions of: 

[a] (1u, 1v) m.s-1, [b] (2u, 2v) m.s-1, [c] (3u, 3v) m.s-1, [d] (4u, 4v) m.s-1, [e] (5u, 5v) m.s-1, and [f] (10u, 10v) m.s-1. 
 



 

 

 
 

 
Fig. 4.4 From top, left to right: Surface morphologies of the YZ sections for dataset B with particle distributions of: 

[a] (1u, 1v) m.s-1, [b] (2u, 2v) m.s-1, [c] (3u, 3v) m.s-1, [d] (4u, 4v) m.s-1, [e] (5u, 5v) m.s-1, and [f] (10u, 10v) m.s-1. 
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Increasing the particle velocity in an axial suspension plasma spray has a pronounced 

impact on coating growth mechanisms, promoting a transition from a mixed/lamellar 

morphology toward a columnar architecture. In the given Axial III SPS conditions, a 

tenfold boost in particle speed effectively makes deposition more line-of-sight and 

directional. High-velocity particles carry greater momentum normal to the substrate, 

enabling them to punch through the decelerating plasma gas near the surface. This 

directed flux means that impacting droplets tend to hit substrate asperities head-on with 

less lateral dispersion. The result is an enhanced “shadowing effect,” where growing 

protrusions shield neighbouring areas from incoming particles. Consequently, material 

preferentially accumulates into separated vertical growths (columns) instead of forming a 

continuous lamella, leaving characteristic inter-columnar gaps. In essence, faster particles 

deposit in a more beam-like fashion, laying down columnar features much like a vapor-jet 

process, rather than the spread-out splats of a slower spray. The influence of particle 

velocity is intimately tied to particle size, and phase state upon impact. Higher injection 

speeds promote more vigorous droplet atomisation, producing finer particle fragments 

that arrive at the substrate. These sub-micron particles possess low inertia (Stokes 

numbers ≪ 1), so they are easily diverted by the plasma flow in the near-surface boundary 

layer. Instead of impinging perpendicularly and fully flattening, they tend to glide in at 

shallow angles while still molten or semi-molten. Such glancing impacts, combined with 

rapid solidification of the tiny droplets, mean that particles “stick” atop surface high points 

without spreading far, building up columnar deposits layer by layer. By contrast, larger or 

slower particles with higher momentum strike more orthogonally and form wide splats, 

filling in valleys and yielding a dense lamellar structure. The net outcome is that elevating 

the particle impact velocity biases the SPS process toward the columnar growth mode 

observed in the XZ/YZ cross-sections. This explanation is supported by numerical 

models and simulations: for example, Saito et al. (2018) found that only particles above a 

critical velocity (achieved at higher plasma currents) could overcome gas entrainment and 

deposit centrally, whereas slower ones were deflected away. Likewise, Monte Carlo–type 

coating simulations capture column formation when particle flux is strongly directional, 

invoking the same shadowing and asperity-catching mechanism (Azar 2018). 

In summary, increasing particle velocity in axial SPS intensifies the kinetic and geometric 

conditions (high momentum normal impacts, fine droplet fragmentation, and shallow-

angle deposition) that favour columnar microstructure development. At low velocities, 

particles arrive at the substrate with insufficient momentum and increased lateral 

dispersion, leading to a more isotropic deposition, and filled-in valleys — characteristic of 
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a denser, splat-dominated structure. However, with increasing particle velocities, the 

impinging droplets strike the substrate more directionally, enhancing normal impact 

momentum and reducing spread. This beam-like deposition promotes the “shadowing 

effect,” whereby protrusions on the substrate surface capture incoming particles, shielding 

adjacent valleys and leading to vertically segregated growth. The columns produced under 

these high-velocity conditions are marked by well-separated, strain-tolerant feathery 

structures, akin in form to EB-PVD TBCs, confirming that careful control of in-flight 

particle dynamics can tailor the coating morphology as desired. Thus, controlled 

modulation of particle velocity and its distribution directly governs the evolution of 

columnar microstructures in SPS, offering a tuneable pathway to optimise thermal barrier 

coatings for desired performance attributes. 

 

4.3  Interpeak Distances of Substrate Asperities 

In this section, we study the influence of increasing the distances between subsequent 

peaks of asperities on the resulting coating microstructure, i.e. we examine how a coating 

evolves as we reduce the roughness of a substrate. For this study, we raise the interpeak 

distances of surface asperities across 5 µm, 15 µm, 25 µm, 35 µm, 50 µm, and infinity, 

wherein an interpeak distance of infinity signifies a smooth surface with no asperities. 

Figures 4.5 – 4.8 illustrate how the YSZ coating microstructure evolves as the interpeak 

distance between consecutive asperities increases.  



 

 
 

 

 
 

 
Fig. 4.5 From top, left to right: Surface morphologies of the XZ sections for dataset A with interpeak distances of 

[a] 5 µm, [b] 15 µm, [c] 25 µm, [d] 35 µm, [e] 50 µm, and [f] a smooth substrate. 



 

 

 

 
 

 
Fig. 4.6 From top, left to right: Surface morphologies of the YZ sections for dataset A with interpeak distances of 

[a] 5 µm, [b] 15 µm, [c] 25 µm, [d] 35 µm, [e] 50 µm, and [f] a smooth substrate. 
 



 

 

 
 

 
Fig. 4.7 From top, left to right: Surface morphologies of the XZ sections for dataset B with interpeak distances of 

[a] 5 µm, [b] 15 µm, [c] 25 µm, [d] 35 µm, [e] 50 µm, and [f] a smooth substrate. 
 



 

 

 

 
 

 
Fig. 4.8 From top, left to right: Surface morphologies of the YZ sections for dataset B with interpeak distances of 

[a] 5 µm, [b] 15 µm, [c] 25 µm, [d] 35 µm, [e] 50 µm, and [f] a smooth substrate. 
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Both Datasets A and B exhibit the same qualitative trend: as the inter-peak distance 

(asperity spacing) of the substrate increases, the SPS microstructure evolves from a 

relatively uniform, planar deposit toward a highly segmented, columnar architecture. At 

the smallest spacing (5 μm, or effectively smooth substrate), the coating initially forms 

many narrow, closely spaced columns. When the spacing increases to intermediate values 

(15–25 μm), moderate-size columns form atop peaks while modest voids appear between 

them. At the largest spacings (35–50 μm), the coating breaks up into a few well-defined, 

thick columns centered on each asperity, leaving broad inter-columnar void channels in 

the valleys. In other words, higher peak-to-peak distances yield larger column width, 

whereas closely spaced asperities produce many thin columns. This progression is driven 

by the shadowing effect: elevated peaks intercept incoming particles and shield their 

surroundings, so deposition concentrates on the crests and starves the valleys. 

It is also important to note that Dataset A’s high-energy spray conditions produce a 

fundamentally different coating morphology than Dataset B’s milder settings. The Dataset 

A torch (100 kW, 245 slpm, 80% Ar – 20% H₂, 75 mm stand-off distance) creates a hotter, 

faster jet that breaks suspension droplets into finer fully-molten splats. As a result, Dataset 

A coatings develop a much finer, denser columnar network for every peak spacing tested. 

By contrast, Dataset B’s weaker plume (90 kW, 200 slpm, 75% Ar – 10% N₂ – 15% H₂, 

100 mm stand-off distance) often produced fewer columns and even lamellar layers on 

smooth regions. Thus, even small asperities drove column formation under Dataset A but 

were largely ignored by Dataset B’s cooler jet. Moreover, because Dataset A fully melts 

most droplets, these columns contain almost no inherent microporosity; nearly all the 

porosity resides between columns as large vertical voids. In contrast, Dataset B’s columns 

– when they form – contain more unresolved particles and small cracks inside them due 

to cooler splats. This reflects the underlying spray physics: Dataset A’s intense jet creates 

vigorous shadowing even on moderate topography, whereas Dataset B’s gentler, longer-

flight plume only segments the coating strongly when the interpeak distances are large. 

Mechanistically, these differences stem from the altered process parameters. Dataset A’s 

higher plasma power and 20% H₂ content create a hotter, more focused flame with greater 

thermal flux; the shorter 75 mm stand-off also reduces quenching, so particles arrive hotter 

and more molten. This combination drives the spray into a “high-velocity” regime: 

particles have high inertia normal to the surface, so deposition is beam-like and less 

sensitive to topography. In contrast, Dataset B’s lower power, N₂-diluted jet and 100 mm 

stand-off produce more cooling and a wider, cooler plume. Many droplets solidify partially 
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before impact, enhancing classic SPS shadowing: only peaks catch splats, and inter-peak 

valleys fill slowly. Ultimately, Dataset A’s conditions bias the coating toward a dense, fine-

columnar architecture with low intrinsic porosity, whereas Dataset B remains in a 

shadowing-dominated mode, yielding coarser, more porous columns. 

In summary, despite differences in spray power and gas flow between Dataset A and 

Dataset B, the two datasets show consistent trends with substrate spacing: higher inter-

peak distance yields fewer, larger columns with more open porosity, while smaller spacing 

gives many fine columns and a denser coating. The underlying shadowing mechanism and 

requirement for peak-based anchoring are the same in both cases, leading to comparable 

microstructural transitions and adhesion behaviour in the XZ and YZ cross-sections. 

These insights guide process selection. In practice, tailoring interpeak distance and spray 

parameters allows one to “dial in” the desired morphology. Dataset A’s conditions 

inherently favour a highly segmented columnar microstructure with abundant inter-

column porosity – ideal for thermal barrier coatings, whereas Dataset B’s conditions 

favour a more compact, lamellar‐like coating – potentially better for erosion resistance or 

stiffness. Ensuring a sufficiently rough substrate for good adhesion, while choosing 

appropriate parameters will yield the target balance of columnarity, density, and durability. 

 

4.4  Spray Gun Traverse Velocity 

In this section, we study the effects of increasing the velocity of the plasma torch on the 

resultant coating morphology, i.e. we examine how a coating evolves as we raise the rates 

at which the torch traverses the substrate. For this study, we multiply the x-component, 

and y-component of the torch velocity by factors of one, two, four, eight, sixteen, and 

thirty-two, represented by 1 m.s-1, 2 m.s-1, 4 m.s-1, 8 m.s-1, 16 m.s-1, and 32 m.s-1 

respectively. Figures 4.9 – 4.12 illustrate how the YSZ coating buildup evolves as gun 

velocity increases.



 

 
 

 

 
 

 
Fig. 4.9 From top, left to right: Surface morphologies of the XZ sections for dataset A with torch velocities of 

[a] 1 m.s-1, [b] 2 m.s-1, [c] 4 m.s-1, [d] 8 m.s-1, [e] 16 m.s-1, and [f] 32 m.s-1. 
 



 

 

 

 
 

 
Fig. 4.10 From top, left to right: Surface morphologies of the YZ sections for dataset A with torch velocities of 

[a] 1 m.s-1, [b] 2 m.s-1, [c] 4 m.s-1, [d] 8 m.s-1, [e] 16 m.s-1, and [f] 32 m.s-1. 
 



 

 

 

 
 

 
Fig. 4.11 From top, left to right: Surface morphologies of the XZ sections for dataset B with torch velocities of 

[a] 1 m.s-1, [b] 2 m.s-1, [c] 4 m.s-1, [d] 8 m.s-1, [e] 16 m.s-1, and [f] 32 m.s-1. 
 



 

 

 
 

 
Fig. 4.12 From top, left to right: Surface morphologies of the YZ sections for dataset B with torch velocities of 

[a] 1 m.s-1, [b] 2 m.s-1, [c] 4 m.s-1, [d] 8 m.s-1, [e] 16 m.s-1, and [f] 32 m.s-1. 
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Both the Dataset A and Dataset B exhibit consistent trends in response to torch 

translation speed. As the torch scan rate increases (from 1 µm/µs through 32 µm/µs), the 

plasma jet and resulting coating evolve in similar ways in both cases. Particularly, faster 

traverse speeds stretch and weaken the jet, reducing the time the plasma and particles 

spend over any given area, whereas slower speeds concentrate the plume and increase local 

dwell time. In both datasets, the fine suspension droplets (which have low Stokes 

numbers) closely follow the plasma flow. As torch speed increases, the reduced residence 

time means many particles spend less time near the hot core and more time entrained in 

the spreading plume. The torch motion effectively adds a lateral component to the flow: 

particles tend to be carried forward by the moving jet, broadening the impact footprint. 

Both simulations show that at high speed, fewer particles solidify in flight or deposit 

behind the leading edge, so the resulting particle flux is more uniform across the scan. In 

contrast, at slow speeds the plasma “pours” more vertically onto one spot, and the classic 

shadowing effect becomes pronounced: fine droplets are deflected around asperities or 

early splats, building up thick columns on peaks. Importantly, because torch motion 

influences the flow everywhere, the relative effect of these particle–plume interactions 

remain similar: increased scan speed always shortens the flow–particle coupling time and 

spreads material more thinly, while slow scans always allow maximal heating and particle 

concentration at local spots. 

The coating microstructure reflects these shared mechanics. Both Datasets A and B show 

that fast torch scans produce finer, more uniform coatings with higher porosity, whereas 

slow scans produce thicker, denser coatings with pronounced columnar/dendritic 

features. For example, as torch speed increases, both cases transition from heavy, high-

relief columnar build-up to a thin, evenly covered layer with many fine columns and larger 

intercolumn gaps. Conversely, at the slowest speed (1 µm/µs), each pass deposits a large 

mass of molten material and heat, causing broad lamellae that later crack vertically 

(producing large columnar blocks). In both datasets, this yields low overall porosity 

(because splats coalesce) but poor thickness uniformity (with obvious ridges and layer 

lines). As torch speed increases, the per-pass deposit thins and splats cool faster, so 

coatings become more porous and planar. Both analyses concur that increasing torch 

velocity enhances columnar segmentation (more, narrower columns) and raises porosity, 

while slowing the torch yields a nearly continuous lamellar layer that only cracks to relieve 

stress. This is why, despite differences in their plasma power and gas composition, Dataset 

A and Dataset B share the same qualitative trend: slow scans give heavy, dense deposits 

(with later vertical cracks) and fast scans give sparse, fine-columnar deposits. 
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It is also imperative to note that Dataset A consistently produces denser, finer-columnar 

coatings than Dataset B, because the former’s plasma is much hotter, and energetic. 

Dataset A’s torch runs at 100 kW with pure Ar–H₂ at a 75 mm stand-off, whereas Dataset 

B uses 90 kW with a diluted Ar–N₂–H₂ mix at a 100 mm standoff. The higher gas flow 

and hydrogen content in Dataset A raise the plasma enthalpy and jet velocity, so particles 

arrive hotter, more molten, and with greater momentum. By contrast, Dataset B’s cooler, 

broader plume (weaker power and N₂ dilution) decelerates particles more. Mechanistically, 

this means that even at high torch speeds Dataset A’s particles remain fully molten and 

travel nearly normal to the substrate, whereas Dataset B’s particles slow and begin to 

shadow and stack as columns. At slow traverse (∼1 µm/µs), both setups deposit thick 

layers, but Dataset A’s film is almost fully molten and can develop fine vertical cracks from 

thermal stress, whereas Dataset B builds broader columns with large voids. The strong 

heating in Dataset A leads to dense splat stacks with only micro-cracks, whereas Dataset 

B shows “cauliflower” columns and clear inter-column gaps. As speed increases (towards 

32 µm/µs), Dataset A still yields appreciable thickness and mostly filled microstructure, 

thanks to its focused jet, whereas Dataset B’s coating thins out dramatically and becomes 

highly porous. In effect, column density remains high in Dataset A (many fine columns) 

even at fast scans, but in Dataset B the columns thin and gaps widen. 

In summary, both Dataset A and Dataset B exhibit the same fundamental response to 

torch velocity: slow torch speeds concentrate the plasma and particles, producing thick, 

dense deposits with strong columnar structure, whereas fast speeds stretch the jet and 

spread out the spray, yielding thinner, more uniform (yet more porous) coatings. These 

common trends – jet stretching, momentum redistribution by the moving torch, and 

variation of local residence time – underlie the coating outcomes in both cases, 

demonstrating that torch translation speed is a key control on the balance between 

columnar growth and planar filling in SPS. However, the torch-speed sensitivities of 

Datasets A and B stem directly from their process parameters. Dataset A’s combination 

of higher power, hydrogen-rich gas, and short stand-off accelerates and heats particles to 

a greater degree, so the deposition remains energetic even under fast scans. By contrast, 

Dataset B’s lower-enthalpy, nitrogen-diluted plume loses heat and momentum quickly 

with distance, so its coating morphology is highly sensitive to scan rate: fast traverses 

starve the coating of heat and material, while only very slow traverses allow enough 

buildup. 
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Thus, torch velocity is a powerful lever for SPS morphology. Balancing torch speed with 

plasma power, gas mix, and stand-off distance is essential to optimise deposition efficiency 

and coating quality: 

• Use slower torch speeds for thick, low-porosity coatings – Lower traverse speeds 

dramatically increase material deposition per pass. This yields dense, well-bonded 

columnar layers; 

• Use faster torch speeds for thinner, finer coatings – Higher traverse speeds shorten 

dwell time, thinning the deposit and cooling the substrate. This can improve adhesion 

via compressive stress, but increases porosity; 

• Adjust plasma gas, and power to suit speed – A H₂-rich plasma boosts heat transfer, 

supporting higher torch speeds without loss of density. Conversely, if using slow scans, 

a small reduction in power can prevent overmelting; 

• Optimise stand-off distance – Shorten the stand-off to keep particles hot upon impact 

and lengthen the stand-off to dissipate heat.  

By strategically balancing torch velocity with plasma parameters, one can tailor deposition 

efficiency and microstructure. 

 

4.5   Database Representative Time 

In this section, we study the role of increasing the database representative time on the final 

coating microstructure, i.e. we explore how a coating evolves as we increase ∆𝑡𝑟𝑒𝑝 values. 

For this study, we raise the representative times across 400 µs, 800 µs, 1200 µs, 1600 µs, 

and 2000 µs for the stronger Dataset A and across 200 µs, 400 µs, 600 µs, and 800 µs for 

the weaker Dataset B. Figures 4.13 – 4.16 illustrate how the YSZ coating morphology 

evolves as the database representative time increases. 



 

 
 

 

 

 
 

 
Fig. 4.13 From top, left to right: Surface morphologies of the XZ sections for dataset A with database representative times of 

[a] 400 µs, [b] 800 µs, [c] 1200 µs, [d] 1600 µs, and [e] 2000 µs. 
 



 

 

 

 
 

 
Fig. 4.14 From top, left to right: Surface morphologies of the YZ sections for dataset A with database representative times of 

[a] 400 µs, [b] 800 µs, [c] 1200 µs, [d] 1600 µs, and [e] 2000 µs. 
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Fig. 4.15 From top, left to right: Surface morphologies of the XZ sections for dataset B with 

database representative times of [a] 200 µs, [b] 400 µs, [c] 600 µs, and [d] 800 µs. 
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Fig. 4.16 From top, left to right: Surface morphologies of the YZ sections for dataset B with 

database representative times of [a] 200 µs, [b] 400 µs, [c] 600 µs, and [d] 800 µs. 
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Across both Datasets A and B, when ∆𝑡𝑟𝑒𝑝 is small, i.e. when passes occur in rapid 

succession, the coating develops a highly segmented, columnar architecture with clear 

inter-column gaps. For example, at ∆𝑡𝑟𝑒𝑝= 400 μs (Dataset A), the simulated coating 

shows fewer, thicker columns, whereas at ∆𝑡𝑟𝑒𝑝= 2000 μs, it shows multiple, thinner 

columns. Likewise, at ∆𝑡𝑟𝑒𝑝= 200 μs (Dataset B), the deposit is a network of thick 

columns with broad inter-columnar gaps, but at ∆𝑡𝑟𝑒𝑝= 800 μs, though columns remain 

thick, we can also see some narrower, shorter columns emerging from between them. 

In real-life scenarios, with short ∆𝑡𝑟𝑒𝑝, subsequent spray passes land on a still-hot surface, 

so the substrate and existing deposit are reheated and heat accumulates between passes. 

This interpass heat accumulation effectively anneals the coating: adjacent splats and 

column segments undergo sintering and enhanced interlamellar bonding. Conversely, a 

long ∆𝑡𝑟𝑒𝑝 allows the coating to cool significantly between passes. Each new splat arrives 

onto a relatively cold substrate, so heat is dissipated and the material solidifies almost 

independently. This cooling interval limits sintering: splats bond only as much as typical 

ambient cooling allows, and many small pores remain. 

It is also essential to note that Dataset A’s operating parameters produce a much hotter, 

higher enthalpy plume than those of Dataset B. With 100 kW power, 80% Ar – 20% H₂ 

gas and a short 75 mm stand‐off, Dataset A delivers intense heat flux to the coating. In 

practice this means each pass deposits very hot, molten droplets and deposits substantial 

thermal energy, rapidly raising substrate temperature. By contrast, Dataset B’s 90 kW 75% 

Ar – 10% N₂ – 15% H₂ plasma and a longer 100 mm spray distance produce a cooler, 

more diffuse jet. Its droplets have more time to cool or evaporate before impact, so 

Dataset B coatings retain larger pores. Mechanistically, short ∆𝑡𝑟𝑒𝑝 acts like a very high 

local feed rate. Thus, material is piled on before cooling, virtually overwhelming the 

classical shadow growth. 

In summary, both Dataset A and Dataset B exhibit the same ∆𝑡𝑟𝑒𝑝-driven behaviour: 

shorter interpass times impose a higher thermal load that deepens columnar segmentation, 

and longer inter-pass times enhance cooling and sintering to fill in the microstructure. 

Therefore, the time interval between torch passes strongly dictates the SPS coating 

architecture. Fine temporal resolution (small ∆𝑡𝑟𝑒𝑝) preserves the discrete droplet-by-

droplet growth needed for classic columnar, porous microstructures. A shorter ∆𝑡𝑟𝑒𝑝 of 

a few hundreds of μs yields fine, well separated columns and high inter-column porosity, 
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as each particle impact and “shadowing” event is captured. Conversely, a coarse temporal 

resolution (large ∆𝑡𝑟𝑒𝑝) aggregates many splats into quasi-simultaneous deposits, 

effectively averaging the process. This suppresses the shadowing mechanism and 

promotes column coalescence: lateral bridging increases and relatively fewer pores remain. 

Recommendations 

• Use fine-to-moderate ∆𝑡𝑟𝑒𝑝: A representative time step on the order of a few hundred 

microseconds is advised. For instance, ∆𝑡𝑟𝑒𝑝 ≈ 400 μs maintains the distinct columnar 

segmentation in both datasets, preserving most microstructural detail. 

• Tailor ∆𝑡𝑟𝑒𝑝 to spray regime: Under Dataset A–like conditions (100 kW, Ar–H₂, 75 mm 

SOD), smaller ∆𝑡𝑟𝑒𝑝 values should be used. Coarser steps could lose critical features. 

Dataset B–like milder conditions can tolerate somewhat larger ∆𝑡𝑟𝑒𝑝 before accuracy 

suffers. 

• Balance accuracy and cost: Larger ∆𝑡𝑟𝑒𝑝 dramatically cuts computation (e.g. 800 μs 

steps use approximately four times fewer iterations than 200 μs), but the last gains come 

at steep fidelity loss. Aim for the smallest ∆𝑡𝑟𝑒𝑝 that is still computationally feasible. 

Finally, ∆𝑡𝑟𝑒𝑝 must be chosen judiciously to capture key SPS phenomena. By aligning 

∆𝑡𝑟𝑒𝑝 with the spray parameters, one can reliably simulate the balance between density, 

and columnarity.
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Chapter 5: CONCLUSION AND FUTURE SCOPE OF WORK 

 

The model developed by Ashtiani BK (2020) studied radial injection, assuming two 

different models, namely frozen, and flattened models, as illustrated in section 1.5. 

However, as they point out on pg. 64 (Ashtiani 2020), a comprehensive study could not 

be conducted, owing to a lack of diversity in CFD results. 

The present study overcomes these limitations by making splat formation a function of 

particle temperature, effectively integrating both frozen, and flattened models into one. It 

examines the effects of four key process parameters, namely (i) interpeak distances 

between substrate asperities, (ii) particle distributions, (iii) spray gun velocity, and (iv) 

database representative times, thereby advising on ways to optimise the microstructural 

characteristics of SPS coating buildup. 

Further, the current study contrasts two different CFD datasets of numerical simulations 

of the Mettech Axial III torch in ANSYS Fluent: a stronger, hotter, higher-enthalpy, 

Hydrogen-rich plume with a shorter stand-off distance, versus a weaker, cooler, lower-

energy Nitrogen-diluted plume with a longer stand-off distance. Tecplot was used to 

generate the plots. 

However, it is important to note that even this refined version of the previous model 

makes certain assumptions, which could be resolved in future iterations. First, the particles 

are assumed to follow straight-line trajectories from 100 microns above the substrate to 

its surface, thereby neglecting rebound effects. Second, the substrate itself is considered a 

tiny square of 600X600 µm2. Third, the splat scale is treated geometrically — no thermal 

or fluid-based deformation models are used. Therefore, to improve the model, future 

iterations could focus on: 

1. Making the particle trajectories a function of the mass of droplets, with lighter 

particles deflecting more readily, while heavier ones traversing straight lines; 

2. Employing a Random function to randomly neglect a portion of the particles to 

simulate the effects of splashing, and rebounding; 

3. Increasing the substrate area to a few thousand more square micrometres, say 

1000X1000 µm2; 

4. Using heat transfer equations to calculate, and subsequently update the substrate 

temperature to simulate heat dissipation, and thermal losses. The results from 

database representative time already hold promise in direction of the same. 
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Moreover, like the previous ones, the current version also exaggerates the effects of 

shadowing, thus overestimating porosity. This may have to do with the fact that the model 

assumes the breaking down of droplets in shape of kites made up of smaller spheres to 

simulate the formation of splats. Thus, to address the exaggeration of shadow effects, and 

the overestimation of porosity, a new model of the splat formation needs to be developed. 

This work has shown that the current model is able to qualitatively capture some of the 

features of the coating build-up, but its accuracy is not yet sufficient to quantitatively study 

the effect of the operating parameters on the coating. An improved splat formation model 

should be able to offer this capability.  
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