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Abstract 

 

Study of the Influence of Substrate Shape and Roughness on Coating Microstructure in  

Suspension Plasma Spray 

 

Fernanda Caio 

 

Sprayed coatings produced with submicron particles have unique properties when compared to 

10-100 micron particles. Suspension Plasma Spray (SPS) is used to deposit coatings from 

submicron particles. This process, which is a modification of the atmospheric plasma spray (APS) 

process, uses a liquid carrier to inject the fine particles into the plasma jet. However, this 

technique is still subject of extensive research efforts due to the complexity of the phenomena 

related to the liquid stream and the submicron particles in contact with the plasma jet. There is 

a wide range of parameters that affect the properties and microstructure of the coatings sprayed 

using SPS. 

In this study, the influence of the substrate shape on the resulting coating microstructure is 

investigated. For this purpose, an yttria-stabilized zirconia (YSZ) suspension was sprayed on flat 

and curved stainless steel substrates by SPS. The suspension was composed of 20 wt.% YSZ 

particles in ethanol. After spraying, the morphology of the coatings has been characterized by 

scanning electron microscopy (SEM). The results showed that the substrate shape influences the 

amount of coating material deposited and column growth. The amount of coating material 

deposited was seen to decrease as the radius of curvature decreased. Finally, roughness 

influences the formation of columnar structure. 
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1. Introduction 

In the last decades, the interest of the industry by thermally sprayed coatings has increased. 

Coatings are engineered solutions to modify and improve surface properties to desired levels of, 

for example, wear-resistance, thermal protection, corrosion-resistance, etc. Thermal spray 

processes can be customized and used to produce coatings with a variety of requirements. The 

applications of thermally sprayed coatings range from medical to aerospace industry, including 

printing, automotive, oil industries and more [1].  

Nowadays, thermal barrier coatings (TBCs) in the aerospace industry are one of the main 

applications for suspension plasma spray (SPS) coatings. TBCs are used to protect and insulate 

metallic components from high operating temperatures in gas turbines for aerospace and energy 

generation applications. The thermal protection provided by TBCs makes it possible to increase 

combustion temperature and then the turbine efficiency. Moreover, it helps to limit the oxidation 

and to increase the component lifetime. TBCs are made from different materials in multi-layers 

called bond-coat layers and topcoat layer [2] [3]. 

The bond-coat layer acts as a protector from substrate oxidation and improves bonding with 

the topcoat. This layer is usually made by an oxidation-resistant metal. The topcoat consists of a 

ceramic material with low thermal conductivity, high coefficient of thermal expansion (CTE), in 

addition to high mechanical and chemical stabilities at high temperatures. The topcoat insulates 

the substrate from the heat due to its low thermal conductivity along with the microstructural 

voids, cracks and pores present [2] [3] [4] [5]. 

Yttria Stabilized Zirconia (YSZ) is highly used as a ceramic topcoat because its properties are 

suitable for topcoat requirements. YSZ melting point is around 2700 oC, and its thermal 

conductivity is one of the lowest of all ceramics at high temperatures [6]. Bernard et al. [5] have 

shown thermal conductivity of 0.7 W/mK at 1100 oC, in SPS coatings. The coefficient of thermal 

expansion of YSZ is 11 x 10-6 K-1 which it is high and close to the CTE of substrate super-alloy 

material typically used in TBCs, 14 x 10-6 K-1 [6]. 

Figure 1 shows a multi-layered TBC used in a turbine blade [2] [3] [4]. 
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Figure 1 - Schematic of a turbine blade and cross-section of the TBC multi-layers [3] 

Typically, two different methods were used to produce TBCs: atmospheric plasma spray 

(APS) and electron beam physical vapor deposition (EB-PVD). APS uses direct current plasma 

torch which forms a plasma jet from an electric arc and plasma gases flow. Small particles are 

injected to this plasma jet where they are accelerated and melted, finally impinging on the 

substrate. On the other hand, EB-PVD is a low pressure process. The deposition occurs under 

vacuum, where the coating is formed with the vapor of the coating material evaporated by 

focused high-energy electron beams [7]. 

EB-PVD produces coatings with columnar microstructure, which allows more thermal 

expansion and contraction comparing to APS coatings. However, it is also a more expensive 

process, and the coatings produced by EB-PVD are usually more thermally conductive than the 

others are. APS is a more flexible method and less costly, but the coatings produced by APS are 

likely to sinter, which reduces their mechanical and thermal properties [4] [8]. 

Recently, SPS started to be used to produce TBCs. SPS is a modification of APS process, using 

a liquid carrier to inject the nano-sized or submicron sized particles into the plasma jet. SPS 

process makes it possible to obtain coatings with vertical cracks, columnar or very porous 

structures. A reduced amount of micro-cracks can be observed in SPS coatings when compared 

to APS coatings (Figure 2). This happens because during the deposition in SPS, the splats are 
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thinner and the energy release rate during cooling tends to be lower. Thus, there is not enough 

energy for crack propagation [8] [9]. 

 

 

 

 

 

 

Figure 2 - Micrographs of a TBC suspension plasma sprayed (left) and a micro conventional APS (right) [9] 

The microstructure of a SPS coating is desirable for TBC production because of its inter-

columnar gaps and because of its nano-sized intra-columnar pores. Those characteristics help 

decreasing significantly the thermal conductivity of the coating and reducing thermal stresses 

during thermal cycling [10]. However, SPS is still the subject of many research due to the 

complexity of the phenomena related to the liquid stream and the sub-micron particles in contact 

with the plasma jet. 

Important information on in-flight particles size, temperature and velocity are still missing in 

SPS. This makes it harder to understand how the coating microstructure is affected by changes 

in the parameters involved in the process. In an attempt to understand better how the substrate 

is influencing in the coating microstructure formation, the objective of this research was defined. 

1.1 Objective 

The objective of this research is to investigate the effect of the substrate curvature and 

roughness on SPS coatings microstructure. To do so, coating beads deposited on flat and curved 

substrates with different surface roughness were characterized. The beads were formed from 

multiple passages on the plasma torch on the same horizontal line. The importance of 

understanding how a more complex geometry can influence the coating microstructure was the 

driven force to perform this work. The plasma gases flow might follow different trajectories 
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depending on the shape of the substrate placed in front of it, affecting also the particles 

trajectories. As seen in Figure 1, the geometry of a real part to be coated usually has a more 

complex geometry than flat samples. Therefore, it is very important to understand how the 

geometry of the substrate influences on the coatings. 

1.2 Scope and limitations 

This work was performed with ceramic sub-micron particles (i.e. YSZ), typically used to 

produce TBCs. This material was chosen due to its high use by the aerospace industry. However, 

the work focused on the process of SPS itself, and not in a specific application. 

The scope of this investigation is limited to the effects of the substrate features. The 

challenges of this work are the complexity and sensibility of the process. Additionally, the work 

is focused on the spraying of top coatings. Therefore, the bond-coats were not sprayed on the 

substrates, so the top coatings are applied directly to the surface of the substrates. 

1.3 Thesis outline 

This work was concerned with the effects of substrate characteristics (namely roughness 

and geometry) on the microstructure of coatings produced by SPS process. This thesis is divided 

in 5 chapters. A brief description of the chapters follows: 

Chapter 1 presents the introduction to the work developed. The thesis is outlined and the 

objective is introduced. The scope and the limitations of this work are presented and explained. 

Chapter 2 brings the literature review related to the work done. First, TBCs are presented. Then, 

SPS process is described, followed by the coating microstructure features. The last section of 

Chapter 2 highlights some of the research done on this topic. 

In Chapter 3, the experimental procedure is designed. The information on the experimental 

part of the work is detailed in this chapter. The experimental work preparation and strategy are 

described. Chapter 4 brings the results found with this work and discussion about the findings. 

The analyses of the coatings and the data extracted are presented. Some observations are made. 

Finally, the conclusions of the work and future research are stated in Chapter 5.  



5 
 

2. Literature Review 

This chapter will describe SPS process and will present the coatings microstructure features. 

Additionally, recent research on SPS parameters will be highlighted. Furthermore, this literature 

review has been prepared in order to give an overview of the work done in SPS parameters, 

comparing them with the respective results on the coating microstructure. 

2.1 Suspension Plasma Spray process 

2.1.1 Origin of SPS 

Starting in the mid-мффлΩǎΣ Ƴŀƴȅ ǎǘǳŘƛŜǎ ƘŀǾŜ ōŜŜƴ ŘƻƴŜ ƻƴ ƴŀƴƻǎǘǊǳŎǘǳǊŜŘ ƳŀǘŜǊƛŀƭǎ ŀƴŘ 

finely structured coatings in the field of thermal spray technology. The interest for 

nanostructured materials has increased since they can provide advantages in engineering 

properties. The grain sizes are smaller than in micro-particles by almost two orders of magnitude 

[11]. Moreover, studies have shown that with a small grain-size, it is possible to get high-density 

nanostructured materials. For coating technology, this is very important and can bring 

advantages, mainly in plasma spray techniques [12]. 

The traditional plasma spray technique produces coatings with particles sized between 10 to 

100 µm. These coatings can contain imperfections like un-melted particles, pores and cracks. 

These imperfections sometimes are desired for improving the coating function, for example, as 

in TBCs. The planar porosities, cracks and poor contact between lamellae in TBCs help to lower 

the thermal conductivity in YSZ, but also may decrease the life of the coating. Thus, the particles 

in the size range of 0.5 to 3 µm can produce coatings with small porosities and less micro cracks 

[12]. 

However, in the traditional plasma spray process it is not appropriate to inject powder with 

less than 5 µm of diameter. To do so, it would be necessary to increase significantly the carrier 

gas flow rate, which would perturb the plasma jet and the particles trajectory to the substrate. 

Additionally, there is the problem of fine powder clogging within the injection system. Different 

ways have been used to produce fine structured coatings and SPS technology is one of them. SPS 
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involves adding the sub-micron sized particles to be sprayed in a liquid medium, leading to the 

formation of a suspension that is injected in the plasma [12]. 

2.1.2 Description of the process 

Plasma spraying process comprises a high intensity DC current arc between an anode and 

cathode which generates a plasma jet within a plasma torch. The plasma gas injected in the torch 

is heated by the arc and exits the nozzle as a plasma jet with high temperature and velocity [7]. 

This high velocity flow is necessary to accelerate the fine particles injected into the plasma jet, so 

they can impinge on the substrate [13]. The injection of the particles can be axial or radial, 

through an internal or external injection system. The schematics of SPS process with radial 

injection is shown in Figure 3 [14]. 

 

Figure 3 - Schematic of SPS process [14] 

Different types of plasma torch can be used for SPS, such as conventional, triplex or axial 

injection torches. Conventional plasma torches that use stick-type cathodes, work in a power 

range of 20 to 60 kW with plasma gases mixtures of Ar-H2, Ar-He or Ar-H2-He. This torch produces 

a 40 to 50 mm plasma jet core length, and typically, with high voltage fluctuations. In order to 

limit these fluctuations, none or a small content of H2 should be used [12] [15]. 

Triplex torches have three cathodes and three electric sources, producing three parallel arcs 

attached to a single anode. Using an Ar-He gas mixture, it is possible to reach 100 to 120 V with 

a plasma jet core of 55 to 60 mm of length. Furthermore, the axial injection torch has three 

cathodes and three anodes operated by three independent power supplies. The mean arc voltage 
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can be up to 120 V with the plasma jet converging within an interchangeable nozzle and the 

suspension injected axially in the middle of the three plasma jets [13] [15]. 

The distance between the torch and the substrate being coated is called standoff distance. 

For different applications or spray parameters adjustments, there is a different optimal standoff 

distance. The spray or surface speed is the relative speed between the torch gun and the 

substrate being coated [7] [16]. 

SPS process comprises these steps: suspension preparation, injection of liquids into the jet, 

plasma-liquid interaction and coating build up [17]. The suspension may enter in the spray system 

on the form of liquid jet or spray of drops. The injection can be done by pressurizing the liquid 

with air or gas to enter in a tube that takes it to the injection location [18]. 

The following physical phenomena are involved in SPS process [19]: 

- Injection of the liquid (suspension) into the plasma jet. 

- Primary fragmentation, or breakup, of the liquid stream and secondary breakup of the 

droplets. 

- Vaporization of the liquid. 

- Acceleration, heating and melting of the sub-micron sized particles. 

- Potential agglomeration and/or occasional evaporation of the fine particles. 

- Impact, spreading and solidification of the particles on the substrate. 

These multiphase phenomena happen in a small space and a very short period of time (a few 

centimeters and a few milliseconds) [19]. 

2.1.3 Suspension preparation 

A suspension can be described as a heterogeneous mixture of liquids and solids [18]. The 

principal component is the solvent which can be organic or water. The most commonly used in 

SPS are ethanol and water [11]. Besides the liquid and the sub-micron sized particles, some other 

elements, as dispersing and stabilizing agents, can also be added to the suspension. This is to 

improve the rheological properties, avoid or reduce the agglomeration of the particles and their 

sedimentation [17] [20].  
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According to Pawlowski [17] there are some properties that have to be controlled to spray a 

suspension in the thermal spray system: 

- Dispersion and stability: suspension has to be dispersed and stable for the duration of 

the process. The fine particles suspended should not agglomerate.  

- Sedimentation: particles should not sediment in the bottom of the container due to 

gravity during the processing time. 

- Viscosity: related to injection mechanism. Depends on injector and tube size. 

- Interaction with jet/flame: solvent makes a difference in contact with plasma jet: water 

cools it down and ethanol heats it up [17]. 

The suspension has to be fed in a controlled way and has to be transported with no 

interruptions to the torch through a calibrated nozzle [17]. 

2.1.4 Injection of liquid 

There are two different ways to inject the liquid into the plasma flow: atomization or full 

liquid jet, known as mechanical injection [13]. Depending on which system is used, the liquid 

could be entered in the plasma flow in form of liquid stream, drops or droplets [21]. 

Atomizer systems produce droplets with an extensive size distribution and spray angles. This 

angle could get up to 60o. The external dimensions of the atomizers are around 20 or 30 mm, 

which complicates the injection of the droplets close to the torch nozzle exit. The size distribution 

of the droplets should be as narrow as possible in order to control the interaction of the droplets 

with the plasma jet. Additionally, it is necessary to adapt the droplet velocity for the penetration 

into the hot gas jet [13]. 

In mechanical injection, the suspension can be transported to the spray system by 

pressurized vessel or by peristaltic pump. The suspension is stored in a pressurized reservoir and 

forced through a stainless steel injector, with a nozzle of internal diameter varying from 50 to 

300 µm. The suspension can be injected into the plasma plume as a liquid jet that is atomized by 

the high-speed plasma, or it can be atomized before the injection. Figure 4 shows the schematic 

of the pressurized reservoir [11] [17] [20]. 
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Figure 4 - Schematic of liquid feedstock delivery [17] 

Using the pressurized vessel system, it is possible to control the injection velocity by 

controlling the pressure of the gas. The mass flow rate (ml) is expressed as follows (Equation (1)), 

where ́ l and vl are, respectively, the liquid specific mass and average velocity at the injector exit, 

and dn is the injector internal diameter [11]. 

ά  ” ὺ        (1) 

 

2.1.5 Plasma-liquid interaction 

Within the plasma jet, there are three major areas: plasma jet core, plasma plume and 

plasma fringe.  

Figure 5 shows the schematic of these major areas, called zones 1, 2 and 3. In the plasma jet 

core (Zone 1), the injected liquid will cross the highest heat and momentum transfer area, with 

temperatures above 8000 K. The plasma plume (Zone 2) is the area where the heat and 

momentum transfer capabilities will be decreased when comparing with plasma core. The 

temperature will vary from 3000 to 6000 K [11] [15]. 

Finally, in the plasma fringe (Zone 3), the momentum will be high enough to fragment the 

liquid stream but the heat treatment on the droplet will not be sufficient. It would be ideal if all 

the droplets of the suspension could be injected directly into the plasma core area. Therefore, it 

is very important to inject the liquid as close as possible to the torch nozzle exit [11]. 
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Figure 5 - Schematic of plasma jet zones [15] 

When the suspension is injected into the system, the droplets are accelerated in the plasma 

jet and the liquid evaporates from the droplet. Thus, the fine particles get in direct contact with 

the hot gas. Figure 6 shows the behavior of a droplet when interacts with the plasma jet [17]. 

 

 

 

 

 

Figure 6 - Evolution of a suspension droplet in the high temperature plasma [17] 

The big droplets from the suspension enter into the high speed plasma jet. The drag force 

between them produces shear deformation in the droplets. This phenomenon is called 

aerodynamic breakup, and it happens right after the injection of the droplets into the plasma jet 

[17]. However, if the injection process feeds the liquid in a form of a liquid stream, a primary 

breakup may occur. This is caused by the plasma cross flow. Thus, the droplets resulting from the 

first breakup may go through a second breakup [21]. 

After the aerodynamic breakup, the suspension liquid is evaporated from the small droplets 

in the phase called evaporation of liquid. Subsequently, the sintering process of fine particles 

occurs with the agglomeration of fine particles into greater particles. Next phase, the fine 

particles and the sintered agglomerate are melted. Some evaporation can occasionally occur. 

Finally, the particles impinge on the substrate [17]. 
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Furthermore, in the impact phase, the fine particles with low inertia will possibly be 

advected by the flow, following trajectories parallel to the surface of the substrate, not impacting 

on it. Unlike those fine particles, the ones with higher inertia will continue on their initial 

trajectory and will impinge on the substrate [22]. These happens because of an impinging jet 

system shown in Figure 7 [23].  

 

Figure 7 - Schematic of a typical impinging gas-jet system [23] 

It is possible to see in Figure 7 that in the stagnation region the flow turns and moves laterally 

parallel to surface of the substrate. This is because the gas axial velocity decreases and the static 

pressure on the substrate increases, as the plasma gas gets closer to the substrate. Stokes 

number can be used to study the gas-particle interaction and the particles trajectory close to the 

substrate. Stokes number is given as follows (Equation (2)) [23]: 

Ὓὸ       (2) 

 

Stokes number is the ratio of particles inertia and the fluid drag on the particle where ” is 

particle density, Ὠ is particle diameter, ὺ is particle velocity, ‘ is the gas viscosity and ὰ  is the 
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thickness of the flow boundary layer in front of the substrate. Particles with low Stokes number 

will follow the gases flow. On the other hand, particles with high Stokes number will follow their 

trajectory to the substrate being less affected by the gases flow [15] [23]. 

2.1.6 Coating formation 

The sprayed particles getting to the substrate, or to the previously deposited coating layer, 

can be found on the substrate in one of the three following conditions [11]: 

- Those that have been well treated. These particles were fully molten and form 

lamellae when impacting and spreading on the substrate. 

- Those that have traveled in the jet fringe area and are in a powdered state. 

- Those that have been molten and re-solidified. These particles might be expelled 

to plasma jet cooler areas when they are subjected to turbulence or thermophoresis 

effect. Thermophoresis effect takes place when fine particles come across high 

temperature gradients during their trajectory [13]. 

 

 

 

 

 

 

 

Figure 8 - Schematic of particle trajectories within the hot gas flow and the respective coating [13] 

Figure 8 shows the schematic of particle trajectories within the hot gas flow and the 

respective result in the coating [13]. The molten particles deform and solidify fast once they 

impinge on the substrate, forming lamellae. The two main shapes of lamellas are: pancake, in the 

form of a deformed disk, which are shaped from particles of low thermal and/or kinetic energy; 

or flower, a splashed particle with a corona with dendrites around [17] [20]. 
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2.2 Coating microstructure characteristics 

As already described in the previous section, SPS coatings have lamellae, unmolten 

particles, molten and re-solidified particles and voids. These features pile up layer by layer of 

spray passes [17]. Studies have shown that SPS process can produce highly porous coatings, as 

well as dense, columnar type or vertical cracked coatings [24]. 

2.2.1 Coating morphology 

According to Fauchais et al. [12], suspension plasma sprayed coating morphologies are 

related to the fragmentation of the drops and the penetration of droplets into the plasma jet. 

Due to the nature of the process, in each bead deposited, the center of the spraying jet is denser 

and more adherent. However, in the fringes, the particles are more powdery and not so 

adherent. 

Therefore, with bead overlapping, the powdery phase is covered with a denser phase in 

the next bead. Furthermore, some material might be vaporized and re-condensed when 

impacting to the substrate, or previous coating layer, contributing to defects within the coating. 

These phenomena occur in the entire coating build up, bead by bead, pass by pass [12].  

VanEvery et al. [25] categorized the spray deposition microstructure development in three 

types: 1SD, 2SD and 3SD. Type 1 spray deposition (1SD), forms coatings with inter-deposit gaps 

that produce columnar structures. This happens because of the inertia difference between 

suspension droplets and plasma. This makes some droplets to be unable to follow the plasma 

direction and impact on the sides of the surface asperities. Figure 9 (a) shows the schematic of 

deposition characteristics for 1SD. 

Type 2 of spray deposition (2SD) has more droplets than 1SD. These droplets follow 

trajectories to impinge in substrate asperities shadowing the surroundings of the asperities as 

suggested in Figure 9 (b). This behavior is called shadowing effect. Lastly, in type 3 of spray 

deposition (3SD), the plasma drag forces do not interfere in the deposition of the particles. Thus, 

in 3SD the deposition occurs on the surface and asperities, without shadowing from the asperities 

(Figure 9 (c)) [25]. 
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Figure 9 ς Schematics of spray deposition characteristics with influence or not of substrate asperities: (a) 1SD, (b) 2SD and (c) 
3SD [25] 

2.2.2 Coating microstructure 

Depending on spray parameters and resulting droplet size, velocity, temperature and 

trajectory different coating microstructures are produced. For example, Ganvir et al. (2015) [26] 

have identified three different coatings (C1, C2 and C3). These coatings were produced by axial 

SPS varying the spray parameters in order to get different microstructures. All the coatings were 

sprayed with Axial III plasma gun (Northwest Mettech Corp., Canada). 

The suspension used was 25 wt.% of 8YSZ in ethanol. YSZ particle size distribution was D50 

= 490 nm. Plasma gases Ar, H2 and N2 formed the gas flow used. Figure 10 shows the cross section 

and top view of coating C1. It is a porous coating with some column formation. Coating C2 (Figure 

11) showed a microstructure in a feathery columnar-type. Finally, coating C3 showed a 

microstructure with vertical cracks and inter-pass porosity bands as shown in Figure 12 [26]. 

Figure 10 - Coating C1 (a) cross section and (b) top view [26] 
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Figure 11 - Coating C2 (a) cross section and (b) top view [26] 

 

Figure 12 - Coating C3 (a) cross section and (b) top view [26] 

 

2.2.3 Coating characterization 

By means of testing and characterization methods, it is possible to understand how the 

coating is expected to behave in working conditions. Thermal, mechanical and adhesion-cohesion 

are examples of properties that can be identified by testing and characterization methods [7].  

These methods are important to evaluate the usefulness of the coatings. Research has 

been done in order to understand and develop appropriate techniques for testing coatings. Even 

though thermal sprayed coatings are different from processed bulk materials, some common 

techniques have been imitated from other material science disciplines, for example, 

metallography and image analysis [27]. 






































































































