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Abstract Thermal spray, being a cost- and time-efficient

process, is used extensively in industrial and engineering

sections for mass production of desired coating structures,

allowing to deposit a wide range of materials on various

substrates. Conventionally, powder feedstocks are used in

plasma and high-velocity oxy-fuel (HVOF) thermal spray

that has limitations such as limited feedstock particle size

(10-100 lm), clogging and limited options for coating

materials. Liquid feedstocks, in the form of suspensions or

precursor solutions could potentially resolve these issues

by allowing nano- and submicron particles to be deposited,

where unlike dry feedstock, the liquid medium helps in

reducing the friction and avoiding the clogging. Also, liq-

uid feedstocks, especially precursor solutions, provide the

opportunity to deposit a wide range of coating materials

with better control over coating microstructure, material

composition and stoichiometry by varying the properties of

the feedstock. Despite benefits, liquid feedstock has its own

complexities, such as complex feedstock preparation,

thermo-physical reactions during interaction with the

energy source and gases. Therefore, it becomes essential to

understand how different suspension and solution precursor

feedstock properties affect the coating microstructures and

properties. This review paper covers a detailed discussion

on the role of different process parameters such as

feedstock properties, injection methods, different torches

and surface properties, affecting the coating quality and

performance and related recent developments and chal-

lenges are discussed. This would be beneficial in opti-

mizing the spray parameters to obtain coatings with desired

microstructures. The later part of the review focuses on the

economic aspect of the suspension/solution precursor-

based plasma and HVOF spray methods and their various

applications.

Keywords liquid feedstock properties � process

parameters � solution precursor plasma spray � solution

precursor HVOF spray � suspension plasma spray �
suspension HVOF (S-HVOF) spray

Abbreviations

St Stokes number

We Weber number

qp Specific mass of the particle

dp Diameter of the particle

tp Velocity of the particle

lg Molecular viscosity of the gas

Re Reynolds number

RGS Ratio of the gas flow rate and suspension feed rate

FD Drag force

FA Adhesion force

ql Specific mass of the liquid droplet

vl Velocity of the liquid droplet

Introduction

The thermal spray process has evolved with time, and

based on the thermal energy source, it can be divided into

plasma spray, flame/combustion spray and electric arc
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spray, where powder and wires are used as conventional

feedstock. This review focuses on plasma spray and high-

velocity oxy fuel (HVOF) spray.

In plasma spray, a plasma plume is used as a high-

enthalpy source, while in HVOF, thermal energy is gen-

erated from fuel combustion in the presence of oxygen.

Thermal energy in plasma spray is higher than the HVOF

spray, which helps in the sufficient melting of feedstock

powder. While the kinetic energy of feedstock powder is

higher in HVOF spray than plasma spray due to the

supersonic speed of the flame, and hence, the formed splats

are comparatively thinner, and formed coatings are com-

paratively denser and well-adhered than in plasma spray.

Based on the coating requirements, plasma source gas can

be changed i.e., argon, a mixture of argon and hydrogen, or

argon, hydrogen, and nitrogen. For HVOF, different fuels

can be used, such as kerosene, hydrogen, ethylene or

propylene. Most of the HVOF guns support axial (parallel

to the gas flow) injection of the feedstock that allows

particles to be in contact with the heat source for a longer

time. A better exchange of kinetic and thermal energies in

axial injection increases the deposition efficiency (Ref 1).

Feedstock injected radially (perpendicular to the gas flow)

into the plasma plume or flame, due to being in contact

with the heat source for a shorter period, experience

insufficient melting and speed.

Despite the commercial availability of powder feed-

stocks in various sizes, the powder spray technology is

limited to 10-100 lm size powder due to poor flowability

and nozzle clogging. Particles smaller than 10 lm due to

having a low moment of inertia do not follow the trajec-

tories of the gas streamlines that makes it difficult to insert

them into the high-enthalpy zone (core) (Ref 2). Conse-

quently, these particles pass the substrate without hitting

and depositing on it. Particles with smaller sizes more

frequently clog the injection nozzle due to their high

fraction and low flowability. Besides, additional efforts are

required to segregate (sieve) the particles with a particular

size. These shortcomings affect the quality of the coating

by introducing micro-defects in the form of unmelted

particles, poor adhesion between stacks of splats and pores

(Fig. 1) (Ref 3).

The liquid feedstock-based plasma/HVOF spray could

resolve these issues, offering various advantages such as

allowing to deposit a wide range of coating materials,

providing a better control of coating microstructures and

depositing coatings with specific microstructures and

desired properties (Ref 4).

Suspension Plasma/HVOF Spray

In a suspension plasma/HVOF spray, instead of a dry

powder, particles suspended in a liquid medium are used as

a feedstock. Commonly used suspension media are water,

ethanol, propanol, or a mixture of these. The use of liquid

medium allows to spray particles even with a smaller size

(\10 lm) and resolve the nozzle clogging issue by

exhibiting better flowability than the dry powder (Ref 3).

However, there are other factors such as solid content in

the suspension medium that influence the clogging. Once

suspension droplets are fed into the system, after coming

into contact with plasma plume or flame, fragmentation of

droplets takes place. Later, the solvent vaporizes and

agglomerates of coating material due to the high-enthalpy

sinter and melt. Due to the acceleration toward the sub-

strate, these feedstock droplets hit the substrate and form

splats, and continuous stacking of splats develop coating.

Depending on the suspended particle size and shape, the

flow rate of feedstock and the nature of the suspension

medium, interactions between suspension and heat source

also vary along with the coating properties (Ref 5, 6).

Solution Precursor Plasma/HVOF Spray

A liquid feedstock could also be in the form of a precursor

solution of the desired coating materials. In solution pre-

cursor thermal spray, when the solution precursor feed-

stock droplets are introduced into the system, the

evaporation of the solvent, followed by precipitation of

precursors due to the high enthalpy of plasma/flame takes

place. After melting, these precipitates travel toward the

substrate. The Solution precursor plasma/HVOF spray

provides several benefits over the suspension plasma/

HVOF spray, such as resolving the particle agglomeration

and sedimentation issues and better control over the coat-

ing morphology and chemistry by altering the chemical

composition, concentration, and stoichiometry of the pre-

cursor solution (Ref 7). However, the deposition efficiency

of solution precursor thermal spray is lower than the sus-

pension plasma/HVOF spray. Also, to date, only the oxides

have been possible to deposit using solution precursor

processes.

The suspension and solution precursor plasma spray

techniques are often called SPS and SPPS, respectively,

and suspension and solution precursor HVOF spray tech-

niques are S-HVOF. These liquid feedstock-based plasma

and HVOF techniques are continuously drawing attention

due to the versatility to choose the particle size, stoi-

chiometry and chemical composition of the liquid medium.

The coating morphology and properties depend on several

parameters involved in spraying, such as preparation and

insertion of the suspension or solution precursor, suspen-

sion medium or solvent and its viscosity, the interaction of

liquid feedstock with the energy source, etc. Compared to

the conventional powder-based thermal spray, the obtained

thin coatings are denser with finer grains, show better splat
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adhesion and unique morphology because of the complex

thermochemical and thermophysical changes occurring

during spray.

An illustration depicting different thermochemical pro-

cesses occurring in suspension-based and solution precur-

sor-based thermal spray is presented in Fig. 2.

Physical and Chemical Processes During Spray

In powder and liquid feedstock-based thermal spray, the

primary phenomenon is the same. However, the feedstock

preparation, introduction of feedstock into the heat source

and its interaction with plasma/flame is more complicated

in suspension-/solution-based thermal spray, which affect

the coating formation significantly. For instance, because

of the low moment of inertia, suspended fine particles

might get bounced back from the substrate and travel

parallel to the substrate by following the gas trajectory, and

consequently, give rise to the cauliflower-like features

(Fig. 3) (Ref 9). The flow behavior of feedstock droplets in

the gas stream is illustrated by Stokes number (St), defined

as the ratio of the characteristic time of a particle (or

droplet) to a characteristic time of the flow (equation):

St ¼
qpd

2
ptp

18lgl

where, qp, dp and tp are the specific mass (kg/m3), diameter

(m) and velocity (m/s) of the particle. The lg is the

molecular viscosity (Pa s) of the gas, and l (m) is the flow

boundary layer thickness from the substrate. The St value

quantifies whether a particle would pursue the flow tra-

jectory or not.

When St\\1, particles follow the fluid streamlines

closely and pass parallelly to the substrate or hitting it at

shallow angles. Contrarily, particles deviate from the gas

flow path and deposit on the substrate if St[[1 (Fig. 3)

(Ref 8). The suspension medium or solvent also influences

the thermal and kinetic energies of feedstock droplets as

besides melting, during flight, other phenomena such as the

aerodynamic breakdown of liquid feedstock droplets,

evaporation of liquid or heating and precipitation (in case

of precursor feedstocks) and sintering also take place (Ref

10).

The aerodynamic breakup that takes place immediately

after the injection of liquid feedstock, fragments larger

droplets into smaller ones due to acceleration, drag force

and shear deformation. The breakdown geometry of the

liquid stream depends upon two things: Reynolds number

(the ratio between inertial forces and viscous forces; Re)

and Weber number (the ratio between inertial forces and

surface tension forces; We). After immediate evaporation

of the suspension medium, rapid agglomeration/sintering

of fine particles takes place. Let us assume that a particle

travels at 500 m/s (velocity) for a 100 mm stand-off dis-

tance, and the diffusion coefficient of a material is

1.0 9 10-10 m2/s at 1200 �C. Then, in 0.2 ms, the diffu-

sion distance could be *140 nm. Consequently, a rapid

Fig. 1 Schematic representation of powder-based plasma and HVOF spray processes
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agglomeration of droplets due to the attraction forces at

very short interparticle distance takes place.

In precursor solution feedstocks, droplets go through an

additional and complex chemical change, during which the

precipitation of solid particles occurs because of the

evaporation and super-saturation of the solvent. Later,

melted droplets of these particles deposit on the substrate in

molten or semi-molten form. Since finer particles exhibit

rapid heating and cooling curves during their in-flight

behavior, smaller standoff distances are preferred in SPS/

Fig. 2 An illustration of different thermochemical and thermophysical processes occurring in suspension-based and solution precursor-based

thermal spray. Inspired by (Ref 8)
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SPPS (50-120mm) and S-HVOF (100 to 200mm) (Ref 12).

The time duration involved in evaporation and sintering is

affected by the size of the droplet, suspension medium,

viscosity of the medium and feedstock insertion conditions.

Hence, liquid feedstock-based thermal spraying provides a

high degree of freedom in developing desired and con-

trolled coatings.

Feedstock

The first crucial step toward developing uniform and

homogenous coating using liquid feedstocks is to under-

stand the role of different parameters that affect feedstock

preparation. Due to the lack of suitable diagnostic tools,

detailed analysis of splat formation and the factors affect-

ing its properties is a tedious task.

Liquid feedstocks can be divided into three categories,

suspension, solution precursors, and hybrid feedstocks, and

their properties (stability, viscosity, surface tension and

chemistry) are affected by various factors that ultimately

affect the coating morphology and properties. Particles for

the suspension and suspension feedstocks can be purchased

commercially or prepared in the laboratory (Ref 13, 14).

The commercial feedstock could be in the form of powders

(with or without dispersant) premixed in the solution or

powder along with dispersing agent ready to be mixed with

the desired suspension medium.

Role of Particle Size and Shape in Suspension

Feedstock

The size of particles suspended into the liquid medium is

one of the critical factors that affect the degree of melting

of particles and the coating density and efficiency (Ref 15).

For suspension plasma spray and HVOF, a colloidal sus-

pension is prepared by suspending fine particles (submi-

cron to several nanometers in diameter) into an aqueous/

alcoholic medium. Nanoscale particle forms a compara-

tively stable suspension than bigger particles, as latter has

the tendency to sediment. However, nanomaterials have the

tendency to form agglomerates in the suspension medium.

Hence, these particles are further treated mechanically

(mixing, sonication or ball milling) or chemically (using

dispersant) to break agglomerates or reduce the particle

size.

It is worth mentioning that the particle velocity and

trajectory fluctuate with the particle diameter, and the size

of the final particle is entirely different (usually smaller)

and independent of the primary droplet Primary droplets

with [10lm size are further broken into smaller droplets

and the one with \10lm size goes through intense

Fig. 3 Schematic representation of particle behavior in the presence of plasma/flame jet stream. Inspired by (Ref 11)
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evaporation of suspension medium (Ref 3). During inter-

action with a high-enthalpy source, evaporation of the

suspension medium takes place, and consequently, sus-

pended particles come closer, followed by melting and

agglomeration. Hence, the particle size near the substrate is

different from the feedstock droplet. While following the

gas track, smaller particles travel parallel to the substrate

and deposit on its prominent asperities, giving rise to the

porous columnar structure (also called the shadowing

effect) (Ref 16). Larger particles following the gas trajec-

tory (for St[[1), participate in coating formation by

impacting the substrate at right angles. Therefore, coatings

developed using a suspension feedstock with smaller par-

ticles exhibit prominent peak-valley features.

With the increased distance from the torch, the tem-

perature decreases, and smaller particles re-solidify before

hitting the substrate and form granular structures in the

coating (Ref 17-19), while larger particles form larger

splats with better wettability.

Many computational studies have been performed to

understand the effect of particle size and shape in droplet

formation (Ref 19-21). In one study, the in-flight behavior

of spherical and non-spherical particles (usually obtained

after high energy ball milling) during conventional HVOF

spray was compared. It was found that non-spherical par-

ticles tend to follow the centerline trajectory of the gas flow

and felt higher aerodynamic drag forces, which led to

lesser dwell time during the flight than the spherical par-

ticles (Ref 20). The short period of contact with the heat

source formed poorly melted droplets. Although this study

was performed on powder feedstock, there could be a

similar trend in suspension feedstocks.

It can be concluded that suspension feedstocks with

large (submicron) particles form well-adhered coatings.

While coatings with columnar and nanoscale porosity are

formed with feedstock with fine (nanoscale) particles sus-

pension. However, it is not as straightforward as it seems

because coating properties and performance depend on

various other parameters.

Role of Solid Content in the Suspension Feedstock

The solid content in a suspension feedstock affects the

particle velocity and temperature and, ultimately, the

coating microstructures (Ref 22, 23). Usually, higher solid

content is preferred due to the deposition of thicker layer

per pass i.e., higher material deposition rate. Similarly,

using high solid content (or lower liquid medium) in

feedstock could be cost- and energy-efficient as less energy

is required to evaporate the suspension medium.(Ref 24-

26). Sometimes, the coatings developed using a feedstock

with higher solid content are thicker. This behavior could

be explained as when more solid materials interact with

plasma/flame, less heat is distributed among the particles

that form comparatively viscous droplets. When particles

move away from the plasma or combustion torch, thermal

and kinetic energies decrease so the decreased velocity

does not provide enough momentum for the splat defor-

mation. Hence, a less flattened splat is formed (Ref 24).

However, there are other factors such as surface tension

and viscosity that also influence the droplet fragmentation

as well as splat formation.

The viscosity of the suspension feedstock also increases

with the increased solid concentrations, complicating the

atomization during the aerodynamic breakup. Hence, larger

droplets containing the more significant mass concentration

are formed, which follow the flow trajectory near the

substrate and produce less columnar coatings by impacting

the substrate perpendicularly (Ref 27).

Porosity also varies with particle content. Some of the

examples of SPS and S-HVOF coatings with solid content

in the feedstock and coating porosity are given in Table 1.

In a recently reported study by Carnicer et al. (Ref 26), the

increase in solid concentration (up to *66 wt.%, which is

higher than other studies), resulted in porous coatings (Ref

26). This was explained by insufficient melting of particles

due to the increased particle concentration in the hot zone,

leading to the generation of a smaller number of fully

melted particles. Partially melted particles resulted in

developing irregularities in the coating, such as voids or

cracks.

In short, the higher concentration of particles in sus-

pension feedstocks usually provides coatings with higher

deposition efficiency but up to a limit. Beyond that, prob-

lems like increased viscosity of the suspension, agglom-

eration, sedimentation of particles, clogging of injector,

inefficient melting of particles during flight occur and give

rise to irregular coatings. Therefore, it is essential to opti-

mize the suspension feedstock in terms of particle stability.

Role of Viscosity of Suspension Feedstock

The homogenous dispersion and stability of particles into

the suspension are crucial for achieving uniform coatings.

Because of the interparticle interactions, suspended nano

and submicron particles tend to form agglomerates. To

resolve the issue, dispersants are used that affect the vis-

cosity of the suspension. The increased viscosity of the

suspension obstructs the atomization and forms bigger

droplets after secondary atomization. Bigger droplets, due

to following the core trajectory of plasma/flame jet, obtain

higher enthalpy and velocity (Ref 34). Suspensions with

lower viscosity produce coatings with shadow effect due to

the formation of smaller droplets that hit the substrate on

shallow angles (Ref 35). While comparing the effect of

viscosity and surface tension, Tarasi et al. (Ref 35) found
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that the feedstock with lower viscosity formed more

columnar coatings due to the smaller droplets formation

after fragmentation that after deviation from the gas tra-

jectory hit the substrate at shallow angle. Even though the

viscosity affects the atomization process and the droplet

formation, the coating microstructures are controlled by

another significant suspension property, i.e., surface ten-

sion (see section 2.1.4.).

When the higher solid content is used, particle sedi-

mentation becomes an issue (especially for coarse parti-

cles), hindering the potential use of a high concentration of

material in the feedstock (Ref 27). Therefore, typical dis-

persants such as polyvinyl alcohol (PVA), polyacrylic acid

(PAA), polyethylenimine (PEI), polyvinylpyrrolidone

(PVP) and polyethylene glycol (PEG) are used that get

adsorbed onto the particle surface, restricting the agglom-

erate reformation. Although, with time, the sedimentation

trend increases, it can be resolved by shaking or stirring.

Continuous stirring during the entire spray process could

improve the coating quality. However, an excessive dis-

persant can also increase the suspension viscosity, and

hence, it should be in optimal quantity.

Role of Dispersion Medium in Suspension Feedstock

The suspension medium affects the first and second

atomization of the feedstock. Usually, water or alcohol, or

their mixture is used as a suspension medium (Ref 5). With

suspension medium, the surface tension and the resistance

against the increased surface area of the suspension fluid

during its aerodynamic breakdown also varies. The

aerodynamic breakdown is usually presented by Weber

number (We). The liquid breaks up when We[12-14 and

deforms into different structures based on their We such as

(Fig. 4),

• We\100: bag-like droplets are formed, also referred to

as bag break-up regime

• 100\We\350: thin sheets-like structures are formed

from the periphery of drops (referred to as stripping

regime)

• We[350: the multistage break-up of drop occurs, i.e.,

catastrophic break-up regime

Alcoholic suspensions, due to their lower surface ten-

sion (*26 mN/m) than the aqueous suspensions (surface

tension 38 mN/m), quickly break down during atomization.

It was found that the aqueous suspension exhibited a

monomodal drop size distribution (300 lm) while a broad

range drop size distribution (10-300 lm) was seen in

alcoholic suspensions (Ref 34).

During the secondary atomization, when the atomized

droplets of suspensions encounter the heat source, the size

of the second breakup droplets decreases due to the droplet

fragmentation and solvent evaporation. The resulting par-

ticles are greatly influenced by the size of their primary

droplets, which in the case of water-based suspensions, are

comparatively bigger, and consequently, the velocity of

aqueous secondary particles is 70-80 m s- 1 higher than the

alcoholic suspensions. Moreover, the vaporization tem-

perature also varies with the suspension type, and for

water, it is higher (100 �C) than the alcohol-based media.

Therefore, the energy required to evaporate the liquid

Table 1. Examples of suspension plasma spray and HVOF spray coatings comparing solid content in the suspension feedstock and porosity in

developed coatings

Suspended material Solid content

(wt.%)

Average particle

size (lm)

Spray method (R or A)* Porosity Reference

Al2O3 25

40

1.2

2.2

SPS (R) & S-HVOF (A)

SPS (A)

#15 vol.% & 4 vol.%

6 vol.%

(Ref 28)

Hydroxyapatite 23

13

4-5

0.3-0.6

SPS (A) #6 area %

21 area %

(Ref 29)

8YSZ 25 0.1-1 SPS (A) #$16-45 area% (Ref 30)

Cr2O3? 0.2 wt% Graphene

nanoplatelets

20 … S-HVOF &1.8±0.3 vol.% (Ref 31)

Al2O3/TiO2 coatings

Al2O3/0wt.% TiO2

Al2O3/13wt.% TiO2

Al2O3/40wt.% TiO2

0.8-1.8

0.6-1.7

0.5-1.0

S-HVOF (A) #1 vol.%

3 vol.%

1 vol. %

(Ref 32)

TiO2 20 5.67 S-HVOF (R) #\2 vol.% (Ref 33)

*R and A stand for radial and axial spray.

Porosity measurement through: # = image analysis; $ = Mercury infiltration porosimetry (MIP); & = not mentioned.
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during the flight interacting with the heat source is more for

an aqueous medium that hinders the efficient melting of the

particle (Ref 19, 37).

Generally, suspension medium provides protection to

the dispersed particles against oxidation in the presence of

flame/plasma by covering them. However, organic solvents

due to the exothermic interaction with the heat source,

produce additional combustion enthalpy that might affect

the dispersed particles adversely. Also, there is a risk of

explosion involved in the case of organic solvents. Hence,

for technical and safety reasons, water is preferred as a

suspension medium in feedstock preparation (Ref 38).

However, as we mentioned previously, the in-flight tem-

perature of water suspension droplets is significantly lower

due to the high evaporation enthalpy of water (2.26 kJ/g)

that cools down the flame/plasma temperature. Sometimes,

a combination of aqueous and alcoholic suspensions is used

to achieve the desired results (Ref 39).

Solution Precursor Feedstock

For solution precursor feedstock, rather than a colloidal

suspension of coating material (particles), precursors of the

coating material are used, which during spray, in the

presence of thermal energy source, precipitate into the

coating material. From injection into the heat source to

hitting the substrate, multiple steps like vaporization,

fragmentation, precipitation, sintering, melting and droplet

formation take place in a short period (Fig. 2). Hence,

sufficient energy is required for coating deposition. Based

on the properties of the solution precursor such as surface

tension, viscosity, concentration, precursor type, etc. the

primary and secondary fragmentation of feedstock droplets

take place. Further, due to the interaction with the heat

source, precipitation and evaporation take place, leading to

the formation of outer crust. After melting of the outer

crust, repeated formation and melting of outer crust occur.

Based on the thermal and kinetic energy exchange, fully

molten, sintered solute and unfragmented hard shells are

generated during deposition.

Generally, coatings with low thickness, nanosized

porosity and reduced inter-splat boundaries are produced

through precursor solutions. Similar to the conventional

solution combustion method, particle formation occurs due

to the decomposition of metal salts dissolved in a solvent

like water, alcohol or mixture. The commonly used metal

precursors are butoxides C4H9O- nitrates (NO3
-), acetates

(CH3COO-), isopropoxides (–OCH(CH3)2).

Like suspension-based thermal spray, the concentration

of precursor also influences the coating microstructures. A

higher concentration of the precursor feedstock is benefi-

cial to generate a high volume of droplets resulting in a

Fig. 4 Schematic representation of the fragmentation of feedstock droplets in the presence of plasma/flame jet based on Weber number (We)

value of the liquid feedstock. Inspired by (Ref 36)
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dense coating; otherwise, highly porous coatings are

obtained. Based on molecular calculations, the final con-

centration of the solid particles formed from the precursor

is calculated. The stoichiometry, precursor type, chemical

composition and solvent type affect the coating process and

the microstructures (Ref 40).

There are plenty of reports that compare the composition

and microstructure of coatings developed using solution

precursor feedstock. In a study, acetate-based and nitrate-

based precursor feedstocks were compared (Ref 40). The

outcome shows that the acetate-based coatings are porous

and irregular, having cauliflower-like morphology with

plenty of fine re-solidified particles and tiny fully molten

droplets attached to the big splats. This could be explained

as the carbonaceous organic precursors give rise to

exothermic reactions that provide additional thermal

energy during flight (Ref 41). This substantial amount of

energy facilitated particle formation even at low plasma

power (35kW), and the crystallinity of these particles

increased with the increased power. Contrarily, in nitrate-

based coatings, more uniform coating morphology and

well-molten splats with good interlamellar interactions

were observed. For nitrate precursors, well-defined parti-

cles were formed only at higher plasma power levels

(49kW).

It should also be noted that an excessively exothermic

process may disperse the oxide particles in the plasma or

overheat the substrate (Ref 42). Besides, due to lower

surface tension and vaporization temperature, the frag-

mentation and vaporization of droplets are convenient and

aids in efficiently utilizing thermal energy in melting the

formed particles before hitting the substrate. It is good to

use organic precursors for the oxides that require higher

enthalpy for melting, while nitrate-based precursors should

be used for comparatively lower energy requirements.

Although solution precursor feedstock does not have

particle sedimentation problem, it has its own issue such as

pH optimization that limits its potential application. Due to

stoichiometric requirements, certain pH is required for the

reaction to take place. However, solution with a very low

or high pH might deteriorate the hardware (feeder, injector,

nozzle, etc.) quality with time, along with introducing

impurities during the coating formation. A proper mainte-

nance (for example, cleaning entire route with deionized

water before and after spray) could be a short-term solu-

tion. Safety is another unavoidable issue for solution pre-

cursor thermal spray as due to the hazardous nature of

organic solvents, improper storage might lead to catas-

trophic events. Also, unreacted precursor solution acting as

impurity in the coating is another challenge. Hence, it is

essential to optimize and understand the role of different

parameters involved into feedstock preparation as well as

coating deposition.

Hybrid Feedstocks

Feedstocks containing suspended particles into a precursor

solution are referred to as hybrid or suspension-precursor

or particle-precursor feedstocks. The suspended particles

and precipitated particles could be the same or different

depending upon the coating requirement. Hybrid feedstock

offers an opportunity to gain better control on the coating

microstructures by converging the characteristics of sus-

pension-based and solution precursor-based plasma or

HVOF spray (Ref 43). Undoubtedly, liquid feedstock-

based spray techniques produce fine coatings with nanos-

cale characteristics, but there is an inevitable need for

further improvements to make this process commercially

viable. Solution precursor thermal spray coatings, despite

having a better control over the coating quality than sus-

pension thermal spray coatings, underperform in terms of

deposition efficiency. Hence, hybrid feedstocks are

employed to combine the efficiency and versatility

(columnar, highly porous or dense, segmented, etc.) of

suspensions with stoichiometric control of the solution

precursor process.

Hybrid feedstocks produce coatings with unique fine-

coarse microstructures that cannot be achieved by other

conventional methods (Ref 44). For example, a suspension-

precursor hybrid feedstock of ZnO and ZnO/Zn particles

produces a coating with a double-layered morphology

containing typical clusters and a porous top layer of

ultrafine (*20 nm) nanograins (Ref 45). Because of having

clusters in the bottom layer, the pore size was in microns,

while for the top layer, the nanoscale pores were observed

due to containing ultrafine grains. These hybrid feedstock-

based coatings develop a porous skeleton-like structure,

where the dispersed particles melt and act as a binder to

assemble the hollow microspheres and crushed shells.

Consequently, with improved surface microstructures,

optical response and related photocatalytic activities under

UV and simulated sunlight irradiation also improved.

Another way of preparing the hybrid feedstock is pow-

der-precursor hybrid feedstocks, where instead of suspen-

sions, conventional powder consumable is simultaneously

fed into the flame through another nozzle (Ref 46). In this

way, the high deposition efficiency of traditional thermal

spray can be achieved along with better control over the

chemistry of the coating. Coatings generated by this

method are highly dense and show bimodality in particle

size. The partially melted, unmelted or re-solidified parti-

cles, formed through precipitation of precursor solution are

deposited between the interlamellar space of melted dry

feedstock particles. This happened because, during flight,

particles from powder feedstock melt properly and form a

coating over the splats formed through precursor feedstock.
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Ideally, to form a well-packed dense coating, an ade-

quate number of nanoparticles should form through pre-

cursor solution so that the entire interlamellar space can be

occupied. Although researchers have tried to optimize the

coating microstructure by calculating the suitable ratio

between powder and solution precursor feedstock based on

the theory of vacancies (Ref 47), other deposition param-

eters mainly, standoff distance, need to be tuned in such a

way that it is suitable for the melting of powder feedstock

as well as particles from precursor solution. It is difficult

for the latter, as a quick re-solidification of in-situ formed

nanoparticles takes place at higher standoff distances (Ref

48).

Some of the examples of hybrid feedstocks used in

liquid feedstock plasma and HVOF spraying are shown in

Table 2.

Injection

Injection of the liquid feedstock is the most critical step of

the thermal spray coating deposition process, which

depends upon the particle size and their velocity and

temperature. These parameters affect particle penetration

into and interaction with the heat zone. Particles that reach

into the core region of the flame/plasma melt thoroughly

compared to the particles in the outer area. There are two

ways of injecting the liquid feedstock to the core, i.e.,

through mechanical injection or spray atomization.

In mechanical injection, the feedstock stream is directly

(without atomization) injected into the jet with the help of a

pressurized reservoir or a pump. The liquid can be fed

either directly or in the form of superimposed pulses,

generated through a magneto-resistive rod attached to the

nozzle, where the velocity of the stream can be varied with

the applied pressure (Ref 53, 54). In mechanical injection,

it is difficult to control the drop size and their velocity

separately as they are correlated and can be fluctuated by

varying the pressure or varying the nozzle diameter. If the

applied pressure is low, primarily unmelted material will

deposit. And if high pressure is applied, there are high

chances of obtaining re-solidified particles (Ref 54).

Hence, an optimal static pressure, which is influenced by

solution properties, must be created for proper deposition.

Besides, nozzle characteristics such as diameter, shape and

size also affect the injection of feedstock.

In spray atomization, with the help of an inert gas

(usually Ar), the low-velocity liquid feedstock is frag-

mented into spray droplets even before its introduction to

the plasma/flame jet. Similar to primary and secondary

break-up during flight, this fragmentation also depends on

feedstock characteristics, such as viscosity, solid concen-

tration, and surface tension of the liquid. Hence, the

droplet’s geometry depends on the Weber number (Sec-

tion 2.4) (Ref 55). Apart from these, the ratio of the gas

flow rate and suspension feed rate (RGS [100) and the

relative velocity of gas and fluid also influences the

atomization pattern (Ref 56). The droplet size that usually

ranges from 2 to 100 lm decreases with the increased RGS

value, and sometimes it disturbs the flame (Ref 57). Jordan

et al. (Ref 58) designed a homemade capillary injector to

reduce the droplet size further (1-20 lm) through trans-

verse atomization. The atomization arrangement also

influences droplet size and velocity. For instance, external-

mixing atomization produced a liquid jet with 350 lm

diameter and 10 m.s-1 velocity while, internal-mixing

atomization produced sprays, varied from a dispersed liq-

uid jet (mean velocity = 20 m�s-1) to a fully atomized liquid

jet (mean velocity= 60 m�s-1) with a smaller drop size

(mean size=20 lm) (Ref 59).

Suspension/solution viscosity and surface tension also

affect the penetration pattern. For instance, aqueous feed-

stocks are more likely to penetrate the plasma/flame plume

than the ethanol feedstocks as they resist fragmentation and

secondary break-up due to their comparatively high surface

tension. Besides, the high enthalpy of aqueous suspen-

sions/solutions also slows down the vaporization of water.

Hence, droplets with a larger diameter and increased mass

are formed that efficiently interact with plasma/flame

plume due to having high velocity (Ref 60). Likewise,

droplets formed from viscous suspensions have high

velocity and reach the core region of the plasma/flame by

penetrating the jet efficiently, where the solvent evaporates

quickly, and the droplet size decreases further (Ref 59).

Effervescent atomization is another way of atomization,

in which a mixture of the feedstock and gas is injected into

the system, where the pressure difference turns liquid

fragments into fine droplets and ligaments (Ref 61, 62).

This method is time- and cost-efficient as it generates

smaller drops at low injection pressure.

Atomization pressure also influences the droplet for-

mation and their penetration depth into the jet. Droplet

penetration improves with the increased atomization pres-

sure, leading to a well-adherent splat formation due to

better thermal and kinetic energy exchange in the core

region (Ref 63). However, beyond the threshold value any

excess pressure gave rise to powdery deposits.

Feeding suspensions into the injector is a complex

operation because of the sedimentation tendency of the

suspended particles that might lead to clogging. Some-

times, when clogging occurs, the solvent evaporates and

the temperature inside the nozzle increases, leading to the

formation of a hard crust of agglomerated and sintered

particles (Ref 64). Therefore, a constant gas purging is

introduced into the injection unit even before introducing

the feedstock and after plasma/HVOF jet shutdown to keep
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the nozzle clean and cool. In 2011, Cotler et al. (Ref 65)

developed a cleaning device that purged a small amount of

liquid (in the form of mist) mixed with the gas, which

helped cooling and cleaning the nozzle.

Another type of injector was a liquid-in-gas injector, in

which the diameter of the inner liquid bearing tube was

decreased adjacent to the outer gas carrying tube that

helped save the energy and cost by reducing the required

pressure supplied by the pump (Ref 66). Moreover, vanes

attached to the periphery of the inner tube helped focus the

gas flow at the exit of the nozzle. Using a vibrator could

also help limit the solid plug formation and separate the

large agglomerates from the suspension (Ref 67).

Various suspension feeders are developed for feeding,

and the widely used commercial feeders are NanoFeedTM

Liquid & Suspension Feeder (Northwest Mettech Corp.,

North Vancouver, BC, Canada) and pressurized suspension

feeder (Fraunhofer IWS) (Ref 35, 68, 69). Besides, dif-

ferent homemade and industrial atomizers are also avail-

able for feedstock injection (Ref 15, 70).

Based on the assembly of injectors, the injection can be

categorized into two parts, i.e., radial and axial (Fig. 5).

Radial

In radial injections, the feedstock is introduced to the fla-

me/plasma from the outside (of the gun). This is a widely

employed injection route for plasma spray, where the

position or the angle of injection can be varied as per the

required material (from ceramic to polymers). Droplets in

the core region of plasma have different properties than the

peripheral zone, and in which region droplets are going to

be formed is mainly decided by the penetration depth of the

injected feedstock into the plasma jet and its velocity.

Regardless of the injection method, for successful pene-

tration of feedstock into the jet, the momentum density of

droplets (qlvl
2; where ql is the specific mass of the liquid

droplet and vl is its velocity) must be higher than that of the

plasma jet at the injection point. A numerical study on

suspension injection shows that the penetration depth of the

feedstock increases with its injection velocity but up to a

specific value (Ref 71). Beyond that, inefficient melting of

particles takes place due to their reduced dwell time in the

flame.

Injection position also affects droplet formation. If the

axial distance between the torch and nozzle exit is smaller

along with a reduced injection angle (toward the gun),

feedstock’s penetration depth increases, and consequently,

the temperature and velocity of the particles also increase

(Ref 71). Even though radial injection in HVOF is quite

rare, recently, the effects of radial injection dynamics and

feedstock interaction with HVOF flame were studied to

deposit the heat and oxygen-sensitive materials (Ref

70, 72). In a study, graphene nanoplatelets were deposited

using the radial injection of feedstock in HVSFS that

showed that with the increased flame power, the tempera-

ture and velocity of graphene nanoplatelets (GNPs)

increase and decrease with the feedstock flow rate incre-

ment (Ref 70).

The radial injection is also suitable for solution pre-

cursor-based thermal spray, which provides control over

the degree of pyrolysis through injection parameters. For

example, in the case of thermal barrier coatings (TBCs)

where semi-pyrolyzed material that forms beneficial ver-

tical cracks is favored, radial injection allows more droplet

formation into the colder (outer) zone and increases the

probability of formation of desired coating microstructure

(Ref 57). Sometimes, due to the perturbation, the injected

feedstock does not interact well with the flame. Hence,

inefficient energy transfer between suspension droplets and

torch occurs, leading to the insufficient melting of particles.

To resolve this issue, multiple-feed injectors located in a

circle centered at the torch axis are designed to allow the

deeper penetration depth and could be used to inject mul-

tiple suspensions simultaneously (Ref 73).

The radial injection provides the freedom of controlling

the coating microstructures by changing the injection

position and angle. However, some challenges, such as

inefficient heat and momentum transfer between jet and

droplets, the inadequate velocity of fragmented droplets,

and the need to optimize the injection position and angle,

are attached to it. This type of injection is suitable for

certain situations where oxygen-sensitive material (gra-

phene, CNT and fullerene) needs to be deposited because

the short in-flight time reduces the probability of

degradation.

Axial Injection

In the axial injection, the feedstock is directly introduced

into the torch or the combustion chamber, where additional

atomization of the feedstock before interacting with the

plasma/HVOF jet takes place. Because of the longer dwell

time within the plasma/HVOF jet and complete entrapment

of feedstock, an improved thermal and momentum

exchange between feedstock droplets takes place that helps

in improving the coating deposition efficiency (Ref 35).

The axial injection is considered energy- and cost-efficient

as it requires comparatively low operating power to melt

the particles due to better thermal and kinetic energy

exchange.

In axial injection, suspension characteristics such as

surface tension and viscosity affect the fragmentation dif-

ferently than the radial injection (Ref 35). For instance, the

fragmentation of feedstock droplets for ethanol-based

Y2O3 suspension with solid content 0.1-4 vol.% was so
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severe that the size of molten droplets was unaffected by

the initial droplet size and the solids concentration in the

initial droplet (Ref 23). However, the size distribution of

powder in the suspension significantly impacts the diame-

ter of the molten droplet. When axial injection occurs at 0�
angle with the flame in S-HVOF, due to the same direction

of travel, the interaction between feedstock liquid and

flame becomes very limited, and hence, large suspension

droplets are formed. Besides, the torch temperature also

decreases significantly due to the vaporization of the sol-

vent (Ref 74). For an efficient injection, the injection angle

value needs to be optimized according to the feedstock

properties and torch design. For example, in one such

study, Mahrukh et al. found that the suitable injection angle

for their feedstock was 10�-15� (Ref 61). At an angle lower

than this (5�-10�), poor evaporation of feedstock droplets

took place, and chances of droplets exiting the torch

without evaporation increased. If the injection angle was

Fig. 5 Schematic representation of (a) radial, (b) axial and (c) hybrid injection of the feedstock into the plasma/flame jet during plasma/HVOF

process

J Therm Spray Tech (2022) 31:1443–1475 1455

123



increased (15�-20�), a collision between droplets and the

combustion chamber increased that might deteriorate the

torch by depositing on the internal wall.

For hybrid injection, a unique arrangement of dual or

triple feeders is used, where each feeder is controlled

independently to get the desired coating architecture, each

feeder is controlled independently to get the desired coat-

ing architecture (Ref 75-77). Through this setup of feeders,

composite, layered or graded coatings can be obtained.

Based on the assembly of the feeders, this could be cate-

gorized into radial, axial or mixed types of injection (Ref

43, 78).

Torches

Plasma Torches

Torches with the cylindrical cathode (with power\45kW)

are used for the powder-based spraying. In a recent sce-

nario, guns with a high-enthalpy plasma source were used

to aid proper evaporation of solvent before powder melting

due to the exchange of more kinetic and thermal energy to

the particle droplets. The characteristics of plasma jet such

as plasma source gases and their velocity, plasma power

and electrode design are the variables that control the

morphology and deposition efficiency of coatings. As

mentioned, the momentum density of the feedstock and

plasma jet influence the injection and fragmentation of the

feedstock stream, and the momentum density of plasma

depends on the mass density of plasma gas/es and plasma

gas/es velocities. Therefore, with power, the plasma

velocity increases, and consequently, acceleration and heat

transfer to the droplets also increase.

A negative aspect of the conventional high-power

plasma torches is that with time, erosion of anode occurs

due to the arc root fluctuations, diminishing the voltage

along with the momentum and heat transfer to the feed-

stock. Voltage fluctuation is represented by the ratio of the

difference between the maximum and minimum value of

the voltage during fluctuation (DV) and the mean value of

voltage (V). To increase the plasma power or, in other

words, to reduce/control the voltage drop, a small amount

(\5 vol.%) of other gas/es such as He, H2, or N2 is mixed

with Ar. It was found that mixing H2 with Ar in compar-

ison to the He offers more power and more voltage fluc-

tuations (Ref 79).

Water-stabilized plasma (WSP) is also used to satisfy

the need for a higher power plasma source. According to

Hrabovsky’s study (Ref 80), WSP torches produce con-

siderably higher plasma enthalpy (up to 272 MJ/kg) and

plasma velocity (6000 m/s) compared to the conventional

gas-stabilized plasma (GSP) torches (enthalpy up to 25 MJ/

kg and velocity up to 2000 m/s). In WSP, H2/O2 plasma is

generated due to the ionization of the steam, and the high

content of H2 creates the plasma jet with high plasma

temperature and flow velocity (Ref 80, 81). Mušálek et al.

(Ref 82) utilized the advantages of WSP by using

WSP�500 (Institute of Plasma Physics AS CR, v.v.i., CZ)

to deposit the SPS-based YSZ coatings. They found that all

the coatings exhibited columnar cauliflower microstruc-

tures with segmented cracks on the free surface, irrespec-

tive of their spray conditions. WSP torch, even after the in-

flight agglomeration of particles, generated (*1 or 2 times)

smaller splats than the GSP. The most important feature of

these liquid-stabilized high-enthalpy torches is that they

improve the deposition efficiency ([ 50%) by supporting

the high feedstock throughput, which is more than 100 ml/

min (Ref 81-83). These torches are well suited for cost-

effective industrial-scale applications as no helium is

required for plasma generation.

Recently, a hybrid-WSP torch (WSP�-H 500) has been

developed, in which benefits of water vortex are converged

with the gas vortex. In WSP-H, at first, GSP (argon-based)

is generated, followed by combining with the WSP in the

water-stabilized section, increasing the plasma enthalpy

(up to 300 MJ/kg), flow velocity (up to 7000 m/s) and

plasma density (up to 9.8 g/m-3) (Ref 84). Besides, the

WSP-H torch creates a plasma jet with a longer plasma

path, which prevents the deceleration and cooling of the in-

flight particles before hitting the substrate, even at the

longer stand-off distances (for example, 90 mm 100 mm

SOD) (Ref 60). The deposition efficiency of WSP-H torch-

based coatings can be further enhanced by introducing an

additional feeder (dual or triple feed) injection setup. These

characteristics make WSP-H torches a promising option for

high-enthalpy plasma sprayed coating used for large-scale

applications.

Multi-electrodes systems are also used to limit the arc

root fluctuations and increase the enthalpy of the plasma

gun. One such example is the Triplex I and IITM (from

Oerlikon-Metco) DC torch, in which a cascaded plasma arc

is generated by using three independent cathodes and a

common anode, producing three isolated arcs. Hence, the

plasma power increases along with reduced voltage insta-

bilities, generating a more extended plasma jet (up to

55-60mm) than the conventional torches (\50mm).

Axial III (from Northwest Mettech Corp.) is used

extensively to support the axial injection of feedstock

(especially for particles with a high melting point). It also

contains three different cathodes, but unlike Triplex, three

separate anodes cumulatively generate 30-150kW plasma

power and 300-500 m/s plasma velocity. Therefore, due to

high enthalpy and better plasma stability, this torch more

efficiently transfers the heat and momentum to the parti-

cles. The feedstock is introduced axially between these
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three different sets of electrodes through a water-cooled

nozzle in this setup. Recently, Aeroplasma Corp., Japan, has

developed a twin-cathode type plasma spray gun (Ref 85)

that contains three plasma torches: one with reversed polarity

(called as P-torch) and two sub-torches with normal polarity

(referred to as N-torches), generating a hairpin-shape plasma

jet during operation. The unique quality of this torch is that it

deposits coating at low power and gas consumption and is

suitable for both radial and axial injection.

The radiofrequency inductively coupled plasma (RF-

ICP) torches are also used to deposit SPS/SPPS coatings

that feed the suspension axially and are considered suit-

able for depositing the refractive materials such as Barium

Magnesium Tantalate (BMT) due to their longer dwell time

(Ref 86). RF-ICP torches work at reduced pressure (15

kPa) and generate a more extended plasma jet (*70 mm).

The PL-50 (Tekna Plasma Systems Inc., Sherbrooke,

Canada) is the commercially available RF-ICP torch.

S-HVOF Torches

Axial injection of the feedstock is commonly used in

S-HVOF, where the feedstock is introduced directly into

the torch’s combustion chamber (injection pressure 0.3-1

MPa). Because of the low temperature of the HVOF flame

compared to the plasma plume and additional temperature

cooling due to the vaporization of the solvent, axial

injection is highly preferred so that efficient energy and

momentum can be transferred between the energy source

and feedstock droplets.

Various modifications have been done in the conven-

tionally used HVOF torches to support the internal injec-

tion of feedstocks. The TopGun-G (GTV mbH,

Luckenbach, Germany) and Diamond Jet Hybrid (Oerlikon

Metco, Wohlen, Switzerland) torches are widely used to

deposit suspension-/solution-based HVOF coatings (Ref

87). TopGun-G torch contains water-cooled gas distribu-

tion, combustion chamber, and nozzle tube, along with

supporting a wide range of fuel gases such as propane,

acetylene, or hydrogen. Using acetylene as fuel is benefi-

cial for depositing the material with a high melting point as

it generates the highest flame temperature (Ref 88). Dia-

mond Jet Hybrid is made up of a hybrid system of the

water-cooled chamber and the attached extended nozzle.

Generally, premixing of fuel and oxygen is preferred

before injection.

The thermal power of a torch fluctuates with various

parameters such as flow rate, fuel/oxygen ratio, fuel type,

solvent type, design of combustion chamber unit and feeder

type (Ref 19, 87, 89). Killinger et al. (Ref 87) studied the

effects of different kinds of feeders and their nozzle size

and found that feeding through a pressure vessel operated

with compressed nitrogen gas with a smaller nozzle

diameter exhibits efficient melting of particles. Usually, a

longer expansion barrel attached to the combustion cham-

ber is preferred as it allows complete evaporation of the

solvent and proper melting of particles due to longer dwell

time, producing comparatively denser coatings (Ref 90).

Sometimes, due to the turbulent flow of the fuel gas, the

deposition of droplets on the chamber wall and injector

nozzle takes place, which creates defects in the coatings

due to the occasional protrusion of these large particle

deposits. Also, due to the inefficient vaporization of solvent

in the low-velocity region of the combustion chamber,

chances of defects in coating increase. Variation in the

design of the combustion chamber is done to avoid these

issues. For instance, conical-shape chambers are preferred

to deposit low melting point materials such as hydroxya-

patite, while cylindrical-shape nozzles are used for high

melting point materials (Ref 1).

Most of the S-HVOF reports are based on gas-fueled

torches rather than liquid (kerosene)-fueled torches as the

varied quality of kerosene complicates their atomization

and combustion. A comparatively longer combustion

chamber is designed for liquid-fuel torches to support their

prolonged combustion time. The feedstock is injected

radially between the combustion chamber and the expan-

sion barrel, where gas temperature decreases (\3000K) but

the velocity is higher (2 km/s). The longer expansion barrel

provides droplets the opportunity to get sufficient heat

inflight (Ref 33, 91). In this case, although the transferred

enthalpy between particles and the flame is lesser than the

gas-fueled torches, kinetic energy is higher.

Fuel to oxygen ratio in the chamber is another crucial

parameter affecting the coating quality. The oxygen-rich

mixtures give rise to longer flames, while fuel-rich mixtures

produce coatings with less oxide content (Ref 92). Moreover,

to increase the enthalpy, ethanol-based or mixed ethanol-

water suspensions are used. If the oxygen content is not

enough in the premixed fuel/oxygen mixture, ethanol droplets

do not combust properly because the vaporization of ethanol

occurs in the middle of the combustion chamber where only

leftover (from premixed combustion) oxygen is available for

the reaction (Ref 1). Hence, it is essential to decide the mass

fraction of fuel and oxygen before combustion (Ref 19). Apart

from the axial injection of fuel and feedstock, a combination

of axial injection of fuel and radial injection (inside the

combustion chamber) of feedstock is also used.

Coating Deposition

Role of Surface Roughness

The surface roughness of the substrate significantly influ-

ences the coating morphology by introducing the
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nucleation sites and providing anchoring points. It is evi-

dent from the previous studies that a rough surface pro-

duces coatings with columnar microstructures due to the

deposition of molten/semi-molten droplets on asperities

(Ref 93-96). In case of thin coatings, the surface irregu-

larities are reproduced, and the shape of rough surface is

still visible due to less depositing material.

With the increased roughness (arithmetic mean of

roughness (Ra), root mean square roughness (Rq) and

mean roughness depth (Rz)), the coating becomes more

irregular, and its microstructure shifts from vertical cracks

to columns (Ref 93). Hence, it is quite difficult to obtain

smooth coatings on a very rough surface. It happens when a

perpendicular plasma jet carrying the particle droplets hit

the substrate, only big particles with a high moment of

inertia hit the substrate perpendicularly, while particles

with a small diameter are easily influenced by the drag

force of the plasma trajectory and get carried away from

their original direction, hitting the substrate at a shallow

angle. On a rough surface, small droplets deposit on the

nearest asperities giving rise to the columnar structures

(shadowing effect), which start growing vertically and

horizontally (cone-shape) with coating thickness. Inter-

columnar voids separate these columns, and the head of

columns exhibit a typical cauliflower-like morphology.

For the smooth surfaces (e.g., mirror-polished), fine

droplets travel parallel to the substrate without any hin-

drance and deposit at the far range (no shadow effect).

Generally, smooth surfaces produce dense coatings with

less crack density. However, with the increased coating

thickness, the previously deposited splats/particles on the

smooth surface start acting as newly formed asperities,

which obstruct the path of subsequent particles. Once the

roughness reaches a particular value, the crack appears,

meaning cracks do not emerge from the interfacial region

(throughout the coating thickness), instead develop after a

certain coating thickness. In short, it could be generalized

that the smooth surfaces produce comparatively more

continuous and uniform coatings with lesser crack density.

Contrarily, rougher surfaces generate porous, columnar,

and more irregular coatings.

Grit blasting, grinding, polishing, and laser treatment are

the commonly used methods to control the surface topog-

raphy. Zhao et al. (Ref 93) have compared the Vickers

hardness of the coatings obtained on the mirror-polished

(Ra = 0.04 lm), grit blasted (low pressure (Ra = 0.16 lm)

and high pressure (Ra = 3.51 lm)) and ground surface (Ra

= 1.05 lm), and found that the hardness decreased with the

increased roughness. According to Sokolowski’s report

(Ref 97), coatings generated on a laser-treated substrate

(Ra= 3.6 lm; Rz= 17.6 lm) exhibited a unique ‘peak-and-

valley’ microstructure, where each peak gave rise to a

separate columnar structure, and the valley formed a

longitudinal pore. Besides, the grain/splats formed over the

peaks were round and comparatively smaller in size than

the splats in the valley area. The generated coating was

regular in pattern and twice as rough (Ra= 7.4 lm; Rz=

43.5 lm) as the substrate. With the increased solid content

in the suspension feedstock, the columnar structures

become less visible, possibly due to the increased density

of the coating running along the length of the substrate (Ref

96).

Role of Substrate Preheating

In thermal spray, the temperature of the substrate influ-

ences the solid-liquid interactions (flattening i.e., splash

mechanism, solidification and adhesion) between the sub-

strate and the molten particles (Ref 98). For example, if a

substrate is preheated (substrate temperature, Ts) above its

transition temperature (Tt, the temperature beyond which

disk-shaped splats are formed instead of splash), the des-

orption of the surface impurities (dirt/grease) takes place,

allowing a better substrate and molten metal droplet

interaction (better wettability) during thermal spray. On the

contrary, a non-preheated (at room temperature) substrate

exhibits reduced interfacial interactions due to the rapid

vaporization of the adsorbents upon the impact of hot

molten droplets (Ref 99). Sometimes, the rapid evaporation

of adsorbents modifies the final shape of splats by lifting

off its parts from the substrate (Ref 100).

Besides, preheating amends the topography of the sub-

strate that ultimately influences the splat formation.

Cedelle et al. (Ref 99) preheated the mirror-polished

stainless steel substrate above its transition temperature (at

673 K). They found that the roughness of the oxide layer

has increased with positive skewness (Sk), which reduced

the droplet flattening time by half and at least doubled the

cooling rate (more for nanosized droplets). Moreover, the

preheated substrate gives rise to a disk-shaped splat, while

the non-preheated substrate forms splash-shape splats. It

could be explained as when a molten droplet hits the

substrate, ridges of the deformed substrate hinder the splat

expansion. These ridges result from friction between the

slightly melted substrate surface (including the formed

oxide layer) and the molten droplet, and later due to the

homogenous and faster cooling, a disk-like splat is formed

(Ref 101).

With the increased substrate temperature, the flattening

ratio of splats (splat size/drop size) decreases. However,

the splashing of splats re-occurs with the increase in sub-

strate preheating duration due to the re-adsorption of

gas/condensation, which results in poor wettability (Ref

102). Similarly, the preheating temperature significantly

impacts the interfacial bonding between the splat and the

substrate. A modeling study (Ref 103) proves that the glass
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transition temperature is the intrinsic bonding temperature

required for a perfect bonding at the substrate-splat

interface.

Many reports state the effects of substrate preheating on

the coating microstructures formed through a liquid-based

thermal spray. Although smaller splats are formed through

SPS/SPPS/HVFSF than the powder-based spray, the sub-

strate preheating has similar outcomes (Ref 93). It was

found that the coatings formed on the non-preheated sub-

strate exhibited an increased number of horizontal cracks

due to the weak substrate-splat interfacial interactions.

Further, at 150 and 300 �C, narrower and no visible cracks

were observed, respectively (Ref 93).

Substrate preheating influences the crystallinity and

grain size of the coating. Tarasi et al. (Ref 104) found that a

preheated (at 350 �C) mild steel substrate produced Al-

YSZ coatings with higher amorphous content and a smaller

grain size. According to Wang et al. (Ref 105), a splat

formed at preheated substrate can be divided into three

zones: coarse grain zone (central), medium grain zone

(transitional) and fine grain zone (peripheral). Also, the

area of these grain zones varied with the substrate pre-

heating temperature, where area % of central coarse grain

zone increased and area % of peripheral fine grain zone

decreased with the increased temperature from 100 to

350 �C. Also, they found that during solidification, if the

preferred growth direction of fine grains is parallel to the

heat extraction direction, they exhibit the fastest growth.

Role of Substrate Shape

Obtaining a uniform coating on a curved substrate remains

a challenge for various industries. Hence, it is essential to

understand the role of the shape of the substrate in affecting

the coating microstructures. According to Caio et al. (Ref

95), the coating thickness decreases with the decreased

radius of curvature. It happens because the finer particles

following the gas streamlines were dragged away from

(parallel to) the substrate, and hence, lesser material was

deposited. The particles hitting the flat substrate were 1.3

times and 2.9 times more in numbers than the cylindrical

and rod-shaped substrates, respectively. According to a

numerical study (Ref 106), the number of particles hitting

the flat substrate was 2.3 times more than the curved ones.

The difference in the number of particles hitting the

substrate in these two studies could be attributed to the

mismatch between the plume and the substrate’s central

axes. In the latter, most of the particles were traveling

above the torch axis, while in Caio’s study, particles were

equally distributed in both directions.

A new parameter (catch rate) is defined to represent this,

Catch rate %ð Þ ¼ Mass of landed particles in Dt time

Mass of injected particles in Dt time
� 100

The curved surfaces exhibited well-defined columnar

structures as compared to the flat ones (rod shape[ cylin-

drical[flat substrate) because of particles hitting the sub-

strate at shallow angles (between 10� and 20�). Particles

traveling toward the curved substrate above 10�-20� angles

passed the substrate without hitting it (Ref 106). Because of

shallow impact angles, the column width decreased with

the increased distance from the center (Fig. 6) (Ref 95).

Coating Architecture

The coatings produced using liquid feedstock exhibit dif-

ferent kinds of nano- and micro-scale features such as

vertical cracks, lamellar or columnar structures and pores,

depending on various spray parameters.

Columnar coatings: The formation of the columnar

structure is widespread due to the deviation of the finer

particles from the flow trajectory. VanEvery et al. (Ref 16)

compared the microstructure variation in the coatings

deposited by using microsized (D50 lm) and nanosized

(D80 nm) particles-based suspension feedstocks. They

found that micro-sized particles produced a coating with

lamellar structures because they are big enough to be

influenced by the plasma drag force. Consequently, instead

of depositing only on substrate asperities, the splat for-

mation takes place on the entire surface in a comparatively

homogenous manner, forming lamellae. On the contrary,

the nanosized particles give rise to the columnar structures

due to the shadowing effect. According to the column

development theory, the coating morphology can be cate-

gorized into three regions. First, the initial area, where the

column is not defined clearly, second, where the column

starts exhibiting a cone-shape feature and separates to the

other column with inter-columnar voids and at last, the top

region, which introduces typical cauliflower-like features

to the coating (Ref 94). The normal and vertical charac-

teristics of substrate asperities influence the column length

and width associated with the column mean diameter and

coating thickness, respectively. The mean diameter of a

column exhibits a linear dependency on the coating

thickness.

Multilayer or graded coatings: Hybrid (powder ? sus-

pension/solution feedstock) thermal spray processing is a

facile method that provides an opportunity to obtain coat-

ings with three possible architectures: layered, composite,

and graded. Layered and composite structures take place

due to the sequential and simultaneous feeding of the

feedstocks, respectively. While the concurrent feeding of

the powder and suspension/solution feedstock with a varied
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relative feed rate of one or both produces graded coatings

(Ref 43). The performance of these hybrid coatings can be

controlled by altering feedstock properties and their related

parameters. Aghasibeig et al. (Ref 107) varied the elec-

trocatalytic activity of the layered (APS?SPPS) coatings

by varying the number of passes (3, 6, and 10) of SPPS

coating sprayed on the top of APS coating and found that

the coating with six thermal spray passes of SPPS exhibited

the highest electrocatalytic activity due to the hierarchical

coating microstructures with improved surface roughness

(Sa = 14.4 lm). Composite coating architecture converged

the lamellar features of powder feedstock-based coating

with the unique microstructural features such as nanosized

pores, cauliflower-like surface, etc. of liquid feedstock-

based coatings (Ref 49). Similarly, a porous skeleton-like

ZnO-ZnO coating with unique features was formed by

Chen et al. (Ref 45) through the hybrid (SPS and SPPS)

process. Functionally graded architecture is highly pre-

ferred in applications such as TBCs (Ref 108). TBCs

sometimes suffer from delamination of the topcoat from

the bond coat that diminishes the coating durability. In this

case, graded coatings could be beneficial, providing a

graded interface with a lesser mismatch in thermal prop-

erties rather than a typical distinct interface, delaying the

coating failure by resisting the crack initiation and propa-

gation into the high toughness near-interfacial region (Ref

109, 110). Hence, TBCs with improved furnace cycle

durability and low thermal conductivity can be achieved

using graded architecture. Besides, nano features intro-

duced into the interfacial region aid in reducing the oxygen

activity, and consequently, reducing the rate of formation

of the thermally grown oxide (TGO) (Ref 111). To gain a

more accurate understanding of functionally graded coat-

ings, Ai et al. performed a numerical study (Ref 112) and

found that the magnitude of deposition stress in function-

ally graded coatings was lower than the conventional

coatings, varying with the coating and substrate thickness.

Doping is another route for homogeneously intermixing

materials in the coating architecture that can be achieved

by deposition of intermixed suspensions, precursor solu-

tions or hybrid (powder ? suspension/precursor solution)

feedstocks. Doping provides compositional control and

more proximal contact between the dopant and matrix.

However, proper understanding of possible interactions

between additional material and matrix, giving rise to

intermediate species is necessary. Solution feedstocks are

more preferred over suspensions for doped coatings due to

their better control over stoichiometry and intermixing of

constituents.

To engineer the desired hybrid/graded/doped coating

architecture, it is essential to optimize the spray parameters

that are fit for powder and precursor solution/suspension,

Fig. 6 An illustration of the effect of substrate shape coating deposition and microstructure: (a) for flat substrate and (b) for curved substrate.

Inspired by (Ref 95)
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which could be critical due to the subsequent in-flight

processing of powder-based and liquid-based feedstocks.

Cost Assessment of Suspension/Solution Precursor
Plasma/HVOF Spray

The capital expenditure covers the investment done in

advance and is a combination of the cost of various things

such as land, plant and equipment and associated installa-

tion, training, and any other cost essential to get things up

and running (Fig. 7). The operational cost includes the

expenditures related to the rent and utilities, wages and

salaries, audit/maintenance fees, overhead and adminis-

trative expenses, and the running cost of consumables

(Fig. 7).

Capital Expenditure (CapEx)

A typical plasma or HVOF spray equipment contains

fundamental parts such as a plasma/HVOF gun, injection

nozzle, feeder pump, heat exchanger, controller with a

6-axis robotic arm, and turntable. Hence, the cost of these

parts comes under equipment cost. Apart from the equip-

ment cost, an installation charge is also added to capital

expenditure. For safety purposes and reducing contamina-

tion possibilities, a separate spray booth is required for

thermal spray. For instance, during HVOF spray, the noise

level is around 123 dB, and hence, an acoustic

(soundproof) room with a monitoring system and flow

controllers is essential. Besides, an additional cost of an

extractor (for health and safety purposes) is also added to

the initial investments.

After setting up a spray booth, installing gas (for com-

bustion or plasma)/fuel cylinders and related regulators

further increases the initial cost. To evaluate the coating

morphology, diagnostic equipments are also required, and

the cost of the diagnostic equipment increases with the

complexity of the process. For example, spray of feedstock

with nano or submicron particles needs more complex

diagnostic tools as compared to the powder feedstock

spray. Besides, if instead of commercial liquid feedstocks,

laboratory-made feedstocks are used for the thermal spray,

additional investment for laboratory setup and related

equipments is also required.

The total equipment cost varies with the choice of core

components as per the requirements. For instance,

atomizing an injection nozzle (ultrasonic nozzle) instead of

a simple injecting nozzle increases the equipment cost. The

choice of plasma guns or HVOF combustion chambers

affects the total equipment cost and influences the opera-

tional cost by manipulating the deposition efficiency. For

instance, the Triple-Cathode spray gun (Oerlikon Metco

Ltd., based on the Cascading Arc Technology) provides

high voltage levels with low current input (up to 90 kW

power capacity). It can also be used in extended spray

operations without the need for the replacement of core gun

elements. Also, it provides benefits of high material

throughput, which ultimately reduces the operational cost.

According to Oerlikon Metco’s report (Ref 113), the Tri-

plexPro-210 spray gun saves 24% and 27% cost compared

to the Metco 9MB series and Metco F4 series, respectively.

Although some of the existing spray guns, such as the

Praxair SG-100 gun can be used for liquid suspension

injection (predominantly for radial injection), a large

selection of spray guns solely dedicated to liquid feed-

stocks is provided by Oerlikon Metco Ltd. Table 3 shows

spray guns and feeders available at Oerlikon Metco Ltd.

Apart from the Oerlikon Metco, other companies such as

GTV GmbH, Luckenbach, Germany, Northwest Mettech

Corporation, Vancouver, BC, Canada, Praxair, Progressive

Surface, Metallizing Equipment Co. Pvt. Ltd., and Miller

Thermal Inc. (Wisconsin, USA) provide equipment, com-

ponents and services for liquid feedstock thermal spray.

Operating Expenditure (OpEx)

Operating cost of suspension/solution precursor plasma/

HVOF spray varies with different components such as

spray gun model, injection type, feed rate, deposition

efficiency, and spray method for thermal spray. For

example, buying nanomaterial suspensions could increase
Fig. 7 Representation of CapEx and OpEx related to SPS, SPPS and

S-HVOF spray
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the total operational cost, and if the feedstocks (suspension

or solution precursors) are prepared in the laboratory,

addition cost for the laboratory setup, consumables, and

storage is required.

Deposition efficiency (DE) plays a significant role in

dictating the coating cost. For example, if a spray process

has a very low DE, probably a greater number of passes

would be required to deposit the desired coating thickness,

which ultimately increases the cost. The axial injection is

considered more efficient due to better thermal and kinetic

energy transfer in terms of DE. In radial injection, some-

times the smaller droplets cannot enter the core region of

plasma/flame and deflect from their path, which leads to

insufficient energy transfer, and hence, poor deposition

occurs. The axial injection is quite common in the S-HVOF

process compared to the SPS/SPPS, making S-HVOF a

high throughput method. Even though solution precursor-

based feedstocks provide better control over the chemistry

and microstructures of the coating, due to the complexity,

low deposition efficiency and comparatively high opera-

tional cost, they are still not used at the industrial level.

DE also depends on the SOD, and it decreases with

increasing SOD (Ref 114). Moign et al. (Ref 115) per-

formed the life cycle assessment (LCA) of APS, SPS (axial

and radial) and SPPS, where, based on previous studies,

they considered DE as 60% (APS), 50% (for axial SPS),

30% (for radial SPS) and 30% (for SPPS).

Deposition efficiency (DE) is the crucial factor that

indicates the productivity of the process. Based on the ISO

17836:2017 (Ref 116), DE can be calculated as

DE ¼ Mass difference of the test piece

Mass of spray material fed through
� 100%

It should be noted that usually, the calculated DE is the

underestimated value because some of the feedstock

material is lost in overspray and acceleration and deceler-

ation of the torch robot. The overspray issue can be

resolved (to some extent) by increasing the substrate size.

The loss of material in acceleration and deceleration is

unavoidable. However, since the primary cause of the

inaccuracy is the same for each session, the comparison of

DEs is still valid. During suspension spray, the solvent is

vaporized, only solid content reaches the substrate (for

solution precursors, the estimated solid content is calcu-

lated through stoichiometric calculations) (Ref 114, 117).

Based on the DE, feedstock and other consumables cost,

the coating cost of a spray process can be estimated. Here,

we have assumed some spraying parameters and some are

based on our previous work (Ref 118) that would help

estimate the cost of TiO2 coating deposited through SPS,

SPPS and S-HVOF spray on a 1 m2 substrate (Table 4).

Based on these spray parameters, the approximate cost

of consumables (feedstock, power, labor, gases and water)

for the coating process can be calculated for SPS, SPPS and

S-HVOF, which help in estimating the coating cost

(Table 5). It is worth noting that the suspension used in this

cost estimation is nanoparticles (\50 nm) suspension.

Usually, the cost of nanomaterials and preparation of their

stable suspension is quite high and varies with the solid

concentration, material, suspension medium, particle size,

and place of origin. Here, we have considered a nominal

range for the cost of nanomaterial suspension i.e.,

200-1000 USD.

Here, we have calculated the coating cost for water as a

suspension medium because despite being an energy-effi-

cient suspension medium, ethanol (or any other alcohol) is

less preferred due to the comparatively high cost and high

risk of accidents. In the above scenario, for suspension, we

have assumed that the solid content is homogeneously

dispersed in the suspension medium. Otherwise, the

requirement of external mechanical or chemical processing

for homogenous dispersion increases the operational cost.

For better dispersion, mechanical stirring could be a

cheaper option. In the above coating cost calculation, the

erosion of the plasma torch with each spray session is not

considered. Here, cost estimation for only SPPS is done. In

a similar way, the cost related to solution precursor HVOF

spray could be calculated. Also, we have assumed that in

the above example, no pretreatment (etching, grit blasting

or adhesion layer) or post-treatment of the coated substrate

was required.

Applications

Thermal Barrier Coatings (TBCs)

Thermal barrier coatings are constantly demanded in avi-

ation and power generation industries to improve the effi-

ciency and durability of turbines and engines. Typically, a

thermal barrier coating system consists of two parts, i.e.,

dense bond coat (BC) and porous topcoat (main thermal

Table 3 Commercially available thermal spray guns and feeders

designated to the liquid feedstocks by Oerlikon Metco Ltd

Components Models

Plasma torches TriplexPro-210

SinplexPro series

F4MB-XL series

Metco 9MBM

HVOF torches Diamond Jet Hybrid

Feeders LFS 400 Liquid Suspension Feeder
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barrier coating-TBC), where bond coat protects nickel

alloy substrate against corrosion/oxidation and help topcoat

adhering to the substrate. The topcoat provides thermal

insulation to the substrate. The commonly used topcoat

materials are zirconia and alumina-based ceramics that are

widely deposited using the Electron Beam-Physical Vapor

Deposition (EB-PVD) and Atmospheric Plasma Spray

(APS) techniques. The high cost and low deposition rate

limit the industrial application of EB-PVD. With the proof

of nano-featured coatings having better strain tolerance and

thermal insulation, SPS/SPPS has gained more attention

over APS. Plenty of literature suggests that the thermal

resistance of TBCs could be controlled by engineering the

coating microstructures such as pore size, shape, architec-

ture and distribution. One such study found that SPS TBC

exhibited *44% and *66% less thermal conductivity than

APS and EB-PVD TBCs (Ref 119). This occurred due to

the increased total porosity and nano-submicron pores in

the SPS TBC, aiding better thermal insulation than micro-

pores in APS. Besides, cauliflower-like columnar structures

of SPS TBCs increase the durability of the coatings against

thermal fatigue, where these columnar structures suppress

Table 4 Assumed spray conditions for coating deposition using SPS, SPPS and S-HVOF spray on a 1m2 substrate

Parameter SPS SPPS S-HVOF

Primary (Ar) and secondary (H2) gas flow rate

(L/min-1)

50 and 0.9 50 and 0.9 …

Plasma current (A) and voltage (V) 700 and 50 700 and 50 …
Shielding gas (Ar) flow rate (L/min-1) 3 3 …
Oxygen flow rate (L/min-1) … … 280

Hydrogen flow rate (L/min-1) … … 788

Spray speed Horizontal speed 450 mm/sec; vertical

increment 5mm

Number of passes 10 10 10

Spray time (Sec) 4444.4 4444.4 4444.4

Suspension feed rate 10 ml/min 10 ml/min 10 ml/min

Solid content (for suspension)/concentration (for

solution)

5 wt.% 1M 5 wt.%

Deposition efficiency (DE) 50% (axial injection) 30% (axial injection) 50% (axial injection)

Table 5 Cost estimation of deposited coatings using SPS, SPPS and HVOF spray (based on the assumed spray parameters given in Table 4)

Bulk Price (in USD) Approximate cost (in USD)

SPS SPPS S-HVOF

Feedstock Suspension (aqueous suspension of TiO2) 200-1000/liter 148.15-740 … 148.15-740

TiO2 precursor (titanium butoxide) 118/liter … 40.12 …
Ethanol 55.50/liter … 48.90 …
Labor* 27.23 /h … 81.69 …

Consumable

Plasma gas (Ar) 3.00/m3 10.88 10.88 …
Plasma gas (H2) 5.54/m3 0.37 0.37 …
Shielding gas (Ar) 3.00/m3 0.68 0.68 …
Oxygen 1.50/m3 … … 31.06

Fuel (H2) 5.54/m3 … … 323.44

Water for cooling 2.04/m3 1.55 1.55 1.55

Electricity 0.18/kWh 7.49 7.49 7.49

Labor* 27.23/h 54.46 54.46 54.46

Total cost/m2 223.57-815.42 164.53 579.08-1170.93

*Might vary in different parts of the world
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the interfacial crack propagation generated through the

thermal stress (Ref 120). Similarly, ethanol-based suspen-

sions produce TBCs with higher thermal cyclic fatigue

lifetime due to the better strain tolerance of columnar

microstructures than water- or water-ethanol-based sus-

pensions (Ref 121). To tailor the thermal performance of

TBCs, it is essential to understand the role of different

coating parameters such as porosity, pore size distribution

and columnar density (no. of columns per unit length).

Recently, an understanding-based design strategy suggests

that axial suspension plasma spray coatings with optimum

number of pores with [10lm and 1lm-100nm and negli-

gible number of pores with 10lm-1lm and \100 nm

should exhibit superior thermal shock performance (Ref

30). Likewise, lowering the environmental pressure during

SPS can also help alter the quality of TBCs because, with

the lower pressure, the columnar coating turns into a ver-

tical crack segmented structure with the decreased rough-

ness and increased porosity (Ref 122). According to a

study, SPS TBCs are more promising than S-HVOF in

producing highly porous coatings with cauliflower/column-

like coating microstructures leading to lower thermal

conductivity. While S-HVOF coatings are comparatively

denser with vertical cracks (Ref 123).

Apart from controlling the coating microstructures, SPS

and SPPS are used to customize the topcoat through dop-

ing, functionally graded or double/multi-ceramic layer

designs. Although Yttria-Stabilized Zirconia (YSZ) is the

well-established industrial topcoat material, to mitigate the

shortcomings of YSZ such as phase transformation, ther-

mal stability and thermal cycling life, different rare earth

oxides such as Gd2O3, La2O3 and CeO2 are used as

dopants. These dopants form nanosized clusters in the

zirconia matrix, acting as defects that decrease the thermal

conductivity of coating by scattering phonons (Ref 124).

Developing doped coatings using APS is a complicated

process as dopants power needs to be prepared through

spray drying before plasma spray. In that case, liquid

feedstocks are suitable to deposit dopant coatings, where

YSZ particles could be suspended into precursor solution

of dopants and sprayed simultaneously, or YSZ (APS) and

dopant precursor solutions (SPPS) are injected sequen-

tially. Although both approaches provide integrated

advances of APS and SPPS methods, suspended particles

provide high throughput and dissolved precursors give rise

to nano-featured coatings with ultrafine splats, they have

distinct benefits (Ref 49). The simultaneous injection gives

rise to composite coatings with unique microstructures

consisting of concurrently distributed nano- (due to SPPS)

and micro- (due to APS) zones. The differential sintering

properties of these zones hinder the densification and

hence, better thermal cycling of TBC. The sequential

injection develops a well-adhered layered structure with a

protective top SPPS layer that restricts the insertion of

corrosive/oxidizing agent to the underlying layer and

micro-porous APS layer that reduces thermal conductivity.

Besides, due to the presence of the SPPS layer, the gen-

eration of thermally grown oxide (TGO), eventually slows

down. According to a study, layered TBC exhibited

0.24lm thinner TGO formation after 250 thermal cycles

compared to the composite TBC (Ref 49).

Apart from YSZ, zirconate with pyrochlore structures

such as Gd2Zr2O7 (GZO) or La2Zr2O7 (LZO), are the most

promising materials due to their better phase stability and

low thermal conductivity. However, their low coefficient of

thermal expansion (CTE) hinders their use as TBC material

alone. Therefore, these materials are used in multilayered

systems of functionally graded systems. The most common

TBC systems are GZO/YSZ, LZO/YSZ and La2Ce2O7/

YSZ (LCO/YSZ) systems. Despite having many advan-

tages, layered structures might suffer from delamination

during thermal cycling due to the CTE mismatch. The

functionally graded coatings (FGC) could solve this prob-

lem, where different layers of YSZ and GZO or LZO with

gradually varied compositions are deposited (Ref 125). In

one study, where FGC of YSZ and GZO exhibited *59%

better resistance to thermal cycle than multilayer TBCs due

to the homogenous splat formation of both coating mate-

rials, leading to uniform thermal stress and microcrack

formation, and hence, the formation of longitudinal

macrocracks slowed down (Ref 126). In another study,

FGC-based TBC showed higher fracture toughness and

better erosion resistance but inferior thermal cyclic lifetime

at 1400�C than layered TBC (Ref 109). Some examples of

different thermal barrier coatings deposited using liquid-

based thermal spray methods are summarized in Table 6.

Even though these ways of modifying the coating

microstructures and architecture using liquid feedstocks

provide the versatility to deposit next-generation TBC

coatings, the feasibility of applying these coatings,

replacing the conventional APS remains challenging.

Hence, the development and optimization of these multi-

layer models need to be done.

Erosion- and Wear-Resistant Coatings

Stability against wear, abrasion and erosion are other

desired properties for thermal barrier coatings. Usually,

electron beam-physical vapor deposition (EB-PVD)-based

coatings exhibit better erosion and wear resistance than

APS coatings due to their columnar architecture. But their

high production cost hinders their commercial application.

Suspension or solution precursor-based plasma/HVOF

coatings, possessing nano- and submicron sized splats,

unique morphologies including columnar/vertically

cracked coating microstructures, exhibiting better strain-
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tolerant behavior, that make them a suitable choice for

erosion and wear resistant applications (Ref 28, 129, 132).

Apart from the spray method, other factors such as porosity

content, hardness and toughness of the coating influence

the erosion and wear behavior of a coating (Ref 129, 133).

Higher porosity leads to an easy removal/detachment of the

coating material from the coating matrix. To resolve this

issue, an additional dense layer is deposited on the top that

improves erosion resistance (Ref 133). Some examples of

different erosion resistant coatings deposited using liquid-

based thermal spray methods are summarized in Table 7.

Corrosion-Resistant Coatings

Corrosion is an inevitable threat to various industries,

leading to the deterioration and failure of the component/

system. Usually, coatings (passive or active) are used to

protect the surface and delay corrosion. Due to their robust

nature, thermal spray coatings are constantly being used for

various applications such as orthopedics, turbines, offshore

structures and engines to protect the surface against cor-

rosions. It is proven that the corrosion stability varies with

coating microstructures. For instance, SPS hydroxyapatite

(HAp) coatings showed better corrosion resistance in fetal

bovine serum (FBS) than APS HAp coatings (Ref 136).

The reason was that the lamellar microstructures with

micro-size cracks in APS HAp coatings acted like micro-

capillaries, helping FBS reach the substrate and lead to

corrosion. Since the coating development method affects

the corrosion performance of the coating material, sus-

pension and solution precursor-based coatings vary in their

corrosion performances. SPS HAp coatings were found to

be more stable in Hank’s medium than the SPPS HAp

coatings attributed to the well-melted splats, giving rise to

a comparatively denser coating structure (Ref 137). While

for SPPS HAp coating, various large-size pores with par-

tially melted/unmelted particles along with some fully

melted particles were observed.

Suspension and solution precursor-based HVOF or

plasma spray coatings also help control another type of

corrosion, i.e., hot corrosion. It is prevalent in TBCs when

molten deposits from impurities in the fuel such as sodium,

sulfur, vanadium, lead, and phosphorus settle on coatings.

During combustion, these impurities oxidize and form a

strong acidic or alkaline molten oxide, deteriorating the

ceramic and metallic parts of the TBC system through

selective leaching of the stabilizer from zirconia, resulting

in phase change and consequently volume changes *3-5%

upon cooling (Ref 138). The corrosion resistance of ther-

mal spray coatings could be improved either by altering the

coating architecture or incorporating certain oxygen-active

elements into the coating. Usually, higher porosity is pre-

ferred in TBCs due to better strain tolerance and lower

thermal conductivity, but it is not beneficial for erosion and

hot corrosion resistance because of infiltration of molten

salts and other impurities into the TBC system (Ref 138).

Suspension and solution precursor plasma and HVOF spray

provide the freedom to control pores and splats boundaries.

It was found that a mixed (suspension ? solution precursor

based) YSZ coating exhibited slightly better hot corrosion

resistance than a conventional (APS) YSZ coating due to

smaller grain size (20-30nm) and pores (Ref 139). After a

four-hour hot corrosion test, the mixed YSZ coating did not

show severe degradation (some vertical or oblique cracks

in the coating), while for APS-YSZ coating, degradation

took place at ceramic–bond coat interface (large transverse

cracks). Another way to improve the corrosion resistance is

to design TBCs with a less reactive topcoat material or a

Table 7 Examples of erosion resistant coatings deposited using liquid feedstock-based plasma/HVOF spray methods

Coating material Coating method Porosity Microhardness Erosion rate/erosivity number/

erosion wear rate

Reference

Yttrium aluminum garnet

(YAG; Y3Al5O12)

SPPS 30.5 ± 2.5 vol.% 258 ± 28 *0.18-0.23 (g/kg) (Ref 129)

Al2O3-YSZ/ZrO2 Hybrid powder? S-HVOF … 823-1032 @

HV0.3

… (Ref 47)

Gadolinium zirconate/YSZ

(GZ/YSZ)

SPS (composite & layered

architecture)

16-18 vol.% … #1.9-2.2 seconds/mils (Ref 109)

GZ/YSZ SPS

GZ-dense/GZ/YSZ

*15 vol.% 646 ± 35@

HV0.5

#*3 seconds/mils (Ref 133)

YAG SPPS 33-44 vol.% … *0.23-2.81 (g/kg) (Ref 134)

Al2O3-YSZ Hybrid powder ? SPS 3.3 ± 0.5 area% 1096 ± 136@

HV0.1

$ *0.06-0.1 x 10-3 g/gm (Ref 135)

*= Erosion rate; # = Erosivity number; $ = Erosion wear rate
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dense sealing layer. Satyapal et al. (Ref 138) found that

between layered (GZ dense/GZ/YSZ) and composite (GZ

? YSZ/YSZ) TBCs, layered TBC exhibited inferior hot

corrosion-induced fracture toughness, resulting in a larger

number of horizontal cracks near the interface attributing to

the absence of the dense sealing layer at the columnar

region. While composite TBC restricted the molten salt

after reacting with it in the top composite layer

(GZ?YSZ), and hence, showed horizontal cracks close to

the top surface instead on interfacial region.

Electronic Applications

Most thermal spray studies focus on protective coatings

rather than functional such as dielectric, conductive,

luminescent and bioactive coatings. The development of a

fundamental understanding of the process and process-

materials-property relationship opens an innovative path of

opportunities in the fields of electronics, ceramic super-

conductors and sensors. For instance, liquid feedstock-

based plasma and HVOF spray could be used to develop

reflective coatings suitable for a large range of wavelengths

due to having pores acting as several optical index dis-

continuities, exhibiting high reflectivity. Marthe et al. (Ref

140) developed a self-supported bi-layer coating of alu-

mina, with [90% scattered reflectance for UV–visible

range of wavelengths. The first layer (micro-structured

layer) was developed using APS that with *200nm aver-

age pore size efficiently scattered only at the longer

wavelengths (500-800nm) radiation, and the second layer

that was developed using SPS scattered the radiation at the

lowest wavelengths (300-500 nm) only due to having

smaller pores (\80 nm). The scattering property of both

coatings did not interfere with each other as for APS

coating, and the pores were too big to scatter the shorter

wavelength radiation and similarly, for SPS coating, the

pores were too small to scatter longer wavelength radiation.

Similarly, the electrical properties of a coating vary with

the shape and the distribution of the microstructural

defects, i.e., pores and cracks (Ref 141). For example,

yttrium oxide coatings deposited using SPS exhibit higher

dielectric breakdown voltage due to having higher coating

density and lower surface roughness, leading to reduced

electrical stresses and measurement errors occurring at the

coating and electrode interfaces than the APS yttrium

coatings (Ref 141). In a study, S-HVOF alumina coatings

exhibited better electrical resistivity and stability at very

high humidity (97% RH) than the conventional HVOF

coatings (Ref 142). Conventional HVOF coatings, having

interconnected cracks and pores that helped in adsorption

and accumulation of water monolayers on the oxide sur-

face, showed increased surface electrical conductivity.

Contrastingly, the dielectric strength of S-HVOF alumina

coating was slightly inferior to the conventional HVOF

coatings because the micro-scale defects (pores or cracks)

in S-HVOF were significant enough to induce the forma-

tion and concentration of high electrical field densities.

However, since these micro-defects were homogenously

distributed in the coating matrix, the fluctuation in dielec-

tric strength with changing coating thickness was lower

than conventional HVOF coatings.

Plasma and HVOF spray are also used to deposit per-

ovskite materials that are widely employed in solid oxide

fuel cells (SOFC). Since these ceramics often have com-

plex compositions, the inhomogeneous dissociation and

evaporation behavior of individual constituents change the

chemical composition and lead to the formation of sec-

ondary phases in the coating matrix that ultimately affects

the coating performance as a cathode, anodes or elec-

trolytes (Ref 143). The purity of perovskite materials could

be enhanced by further treating them at high temperatures

in a furnace in the presence of oxygen, which is energy and

time-consuming. By optimizing the spray parameters using

suspension or solution-based plasma spray and HVOF, a

wide variety of coating structures with different composi-

tions without further post-deposition sintering requirements

could be produced (Ref 143-145). Likewise, the liquid

feedstock-based plasma or HVOF spray provides better

control over the electrochemical performance of the solid

electrolyte (Ref 146, 147). For instance, for lower energy

plasma spray, flammable (ethanol and/or ethylene glycol)

suspension medium exhibits better YSZ electrolyte con-

ductivity in SOFC than a water-based suspension medium

YSZ electrolyte (Ref 145). Also, it was found that the

electrolyte conductivity was the same for suspension and

solution precursor YSZ electrolytes, but the latter showed

more gas leakage rate than the suspension electrolyte.

During operation, SOFCs generally suffer from chromium

poisoning that affects the cathode performance negatively

and increases interfacial resistance, and to resolve this

issue, a conductive protective coating on current collectors

and interconnectors is required (Ref 148). Spinel metal

oxide coatings are considered a promising solution to this

issue due to having better electrical conductivity and

chemical and structural stability at elevated temperatures,

but thick film deposition of these oxides (especially on

current collector mesh) using a cost-efficient method is

another issue. SPPS, being a versatile technique, provides

better control over the coating stoichiometry, thickness and

morphology. It was found that SPPS deposited manganese

cobalt oxide (Mn1.5Co1.5O4) coatings on mesh and plates in

SOFC provide good oxidation resistance and low area-

specific resistance, which was stable for more than 72

hours (Ref 149).

Suspension and solution precursor-based plasma and

HVOF spray coatings are also used for sensing
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applications. Conventional techniques to alter a bandgap of

semiconductor metal oxides through doping are tedious

and require expensive facilities. Self-doping with oxygen

vacancies provides an alternative approach to narrow the

bandgap (Ref 150), and with an increased number of

oxygen vacancies, visible light responding could be

achieved. As the size of the oxide semiconductor decrea-

ses, the oxygen vacancy content also increases. Using the

SPPS process combines the nanomaterial synthesis with

high-temperature heating and rapid cooling in reducing

atmosphere that helps in generating a large number of

oxygen vacancies in wide bandgap semiconductor coatings

(Ref 151-153). Besides, the large surface area and porous

structure of SPPS coatings help in improving the sensitivity

of the sensor (Ref 153, 154). Apart from that, using dif-

ferent starting solution precursors, the coating microstruc-

tures and their sensitivity toward different molecules could

be varied (Ref 155). Also, with SOD increments, the

response time and recovery time of ZnO coating toward

sensing NO2 decrease due to the increased porosity, and

SOD 100mm showed the best sensing response (Ref 152).

Solution precursor-based spray is proven an excellent

method to enhance the sensing performance of composite

coatings due to donor defects and homogenous hetero-

junctions (Ref 154). So, selecting the deposition parame-

ters carefully, functional and smart coatings could be

developed.

Other Smart Coatings

Self-healing coatings are in demand in multiple areas due

to their ability to repair cracks and defects within coatings

without any external intervention, extending their service

time. TBCs that ultimately undergo coating spallation due

the thermos-mechanical loading, which develop cracks in

the coating, could be resolved by incorporating some

healing agents such as SiC, MoSi2, and TiC, that after

exposing to a high-temperature atmosphere, forms oxides

and heal the pores or cracks in the coatings (Ref 156-158).

It is essential to avoid undesired reactions and premature

oxidation of the healing agent during the coating deposi-

tion. Suspension and solution-based feedstocks are very

suitable for plasma spray because a part of the plasma

energy becomes utilized in solvent evaporation, shielding

the material against early oxidation (Ref 159). But simul-

taneously, sufficient energy should be transferred to the

solid material for proper melting and adhering to the sub-

strate after hitting it. Otherwise, poor intersplat interactions

would give rise to poor mechanical and thermal properties

of the coating (Ref 25). Hence, the understanding and

optimization of deposition parameters and feedstock

properties are essential. Sol-gel glassification could be a

solution to this situation, where the healing agent is

encapsulated by a stable ceramic layer like Al2O3 or SiO2,

providing better thermal durability to the coating (Ref

157, 160). The poor fluidity of the healing agents restricts

their potential use to fill the larger cracks, which could be

overcome by doping appropriate material, optimizing

encapsulation and feedstock properties.

Thermal spray coatings often show superhydrophobic-

ity. Superhydrophobic surfaces i.e., surfaces that exhibit

water contact angle (WCA)[150� and roll-off angles (RA)

\10� show water-repellency and provide various addi-

tional functions such as self-cleaning, corrosion protection

and anti-biofouling. The surface wettability generally

depends on the surface chemical composition and surface

topography, and the use of liquid feedstock in plasma and

HVOF spraying gives the freedom of controlling both

properties (Ref 161). Although a wide range of approaches

is used to develop superhydrophobic coatings/surfaces, low

time- and cost-efficiency and poor durability of coatings

developed using these methods restrict their large-scale

fabrication. Due to the use/formation of nanomaterials

during spray, liquid feedstock-based plasma and HVOF

coatings show multi-scale roughness, mimicking the sur-

face of some superhydrophobic leaves in nature (Ref 162).

In a study, coatings deposited using different SODs (30, 40

and 50mm) showed WCA [150 �. However, due to the

varied coating microstructures, the WCA and RA values

were different (Ref 163). The coatings deposited at 30 mm

SOD showed *163� WCA and *6.4� RA due to having

dense and close-patterned columnar structures with high

aspect ratio in the coating, which trapped the air between

deep crevices more efficiently than the coatings deposited

at 40 and 50 mm. With increased SOD, the intercolumnar

gap became broader and shallower, allowing water droplet

penetration and reduced WCA. It was observed that coat-

ings deposited using a smaller number of passes (15)

showed better superhydrophobicity (WCA *155�) than

the coatings deposited using more number of passes (25

passes with WCA 140�) (Ref 162). The reason behind this

is the formation of feathery features at an increased number

of passes due to the shadowing effect that aids in water

penetration and reducing the contact angle (CA). Although

adding a layer of a low-surface-energy polymer on the

thermal spray coatings also introduces superhydrophobicity

to the coatings surface, the durability of the polymeric

layer against the harsh environmental condition is an issue.

Liquid feedstock-based plasma spray, especially SPPS,

has the potential to develop robust superhydrophobic

coatings and could be used to develop surfaces with

reversible wettability. Xu et al. (Ref 164) deposited Yb2O3

coatings with a WCA *160� and RA *7� using low-

pressure SPPS. They demonstrated that after prolonged

exposure (at 200 �C for 5h) of thermal annealing, the

coating lost its water-repellency and turned into
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superhydrophilic coatings. The superhydrophobicity could

be regained after vacuum treatment of the coating, repre-

senting its reversible wettability feature. Some of the

examples of superhydrophobic coatings deposited using the

liquid feedstock-based thermal spray method are summa-

rized in Table 8. Solution precursor-based spray provides

better control over the coating chemistry and microstruc-

tures is a potential tool to develop superhydrophobic

coatings, but limited information about parameters-prop-

erty correlation and low deposition efficiency hinders its

potential applications.

Another application of liquid feedstock plasma and

HVOF spray is antimicrobial coatings for various surfaces,

including implants, where suspension and solution pre-

cursor help doping the hydroxyapatite coatings with

antimicrobial materials like silver, zinc, copper, etc. (Ref

171, 172). Some of the examples of antimicrobial coatings

deposited using liquid feedstock in the thermal spray are

presented in Table 9. The elimination of tedious powder

preparation methods and homogenous distribution of the

doping material are the two main benefits of using liquid

feedstocks (Ref 173). Even though suspension and solution

precursor plasma and HVOF spray open the door of

opportunities to develop novel coatings with desired

structures and properties by controlling the deposition

parameters and feedstock properties, more research

focused on the parameters-property relationship is

required.

Outlook

Suspension and solution precursor plasma and HVOF spray

offer the benefits of developing a wide range of coatings

with unique microstructures such as columnar or vertically

segmented. In the past few years, with technological

advancements such as development of suitable guns,

injectors, diagnostic tools, etc., the liquid feedstock-based

plasma and HVOF spray have become capable of meeting

the manufacturing standards as well as end user require-

ments. Suspension and solution precursor-based coatings

are already being used in various industries for different

applications.

Due to the complexity of the process, there are some

challenges that need to be overcome for further improve-

ment of the process. For example, liquid feedstock-based

thermal spray has low throughput than powder feedstock-

based thermal spray, but the optimized suspension and

solution precursor feedstock have the capability to surpass

the deposition efficiency of APS. Although complex

feedstock preparation and their high cost is the foremost

concern but with technical advancements, this could be

improved. Further, technological readiness of these
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techniques could be improved by understanding feedstock

and energy source/gas interactions along with coating

formation mechanism through experimental analyses and

numerical simulations. Also, the development of new

sensors for the velocity and temperature measurement of

sprayed particles will help provide better control over the

process. Another way of improvement in liquid feedstock-

based coating deposition is developing coatings using

hybrid feedstock/injection that introduces unique features

into the coating, but for their potential application, more

work is required to optimize the spray parameters in a way

that they are suitable for both powder as well as suspen-

sion/solution, making the process robust and reliable for

industrial adoption.

In short, coatings generated through liquid feedstock-

based plasma/HVOF spray are more beneficial than con-

ventional coatings but to exploit their full potential further

efforts are required.
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