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Abstract 

Suspension and solution precursor plasma spraying techniques represent the latest generation 

of thermal spraying methods. The liquid feedstocks bring about significantly refined coating 

microstructures compared to the traditional dry coarse powder feedstocks, enabling the 

preparation of qualitatively and functionally novel coatings. Inherently, the refined 

microstructure also yields an opportunity to combine different materials at finer scale, thus 

offering more extensive control of the coatings composition and microstructure. 

Primarily, this thesis presents the implementation of the liquid feedstocks spraying of 

aluminum oxide-based coatings using the hybrid water-stabilized plasma torch, including 

formulation of the suspensions and solutions, optimization of deposition conditions, and 

assessment of the coatings properties. Predominantly, microstructures and phase composition 

of the coatings, evaluated by SEM and XRD, respectively, were studied and are discussed with 

respect to the coatings deposition conditions. 

Based on the acquired knowledge, unique coatings combining aluminum and chromium oxides 

were prepared by means of intermixing suspensions of fine powders, intermixing solutions of 

chemical precursors, and using an innovative concept of hybrid spraying by simultaneous 

deposition of suspensions and dry coarse powders. All three methods yielded different degree 

of intermixing of the materials, the description of which is presented in the thesis. An 

outstanding result of intermixing of materials at atomic level was achieved using the mixture 

of precursor solutions, producing extremely porous coatings showing thermochromic behavior. 

 

Keywords: suspension plasma spraying, solution precursor plasma spraying, aluminum oxide, 

chromium oxide, hybrid water-stabilized plasma, intermixing, hybrid spraying 
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Abstrakt 

Plazmové stříkání suspenzí a roztoků patří mezi nejnovějších oblasti žárového stříkání. 

Depozice materiálů z kapalin přináší zásadní zjemnění mikrostruktury nástřiků oproti 

konvenčním nástřikům z prášků, což umožňuje přípravu zcela nových vrstev s unikátními 

vlastnosti. Zmenšení strukturních jednotek nástřiků také nabízí přípravu vrstev ze směsí více 

materiálů, které jsou jemněji promíchány, což poskytuje nové možnosti řízení složení a 

mikrostruktury nástřiku. 

Tato práce se v první fázi zabývá vývojem techniky depozice plazmových nástřiků oxidu 

hlinitého (Al2O3) z kapalných prekurzorů pomocí hybridního vodou stabilizovaného 

plazmového hořáku, a to včetně vývoje a charakterizace kapalných prekurzorů (suspenzí a 

roztoků), studia vlivu vlastností prekurzorů a depozičních parametrů na charakter nástřiku a 

studia funkčních vlastností nástřiků. 

Na základě získaných zkušeností s přípravou nástřiků Al2O3 byly ve druhé fázi připraveny a 

charakterizovány nástřiky ze směsí oxidů hlinitého a chromitého (Cr2O3), které byly připraveny 

metodami depozice směsných suspenzí jemných prášků, směsných roztoků chemických 

prekurzorů a pomocí inovativní metody hybridní souběžné depozice suchých prášků a kapalin. 

Nástřiky připravené těmito metodami vykazovaly různý stupeň promísení vstupních složek 

v závislosti na velikosti částic a druhu promísení vstupních materiálů. Nástřik připravený 

pomocí směsných roztoků vykázal promísení složek na atomární úrovni, což bylo 

dokumentováno jak výsledky analýzy krystalové struktury, tak pomocí termochromických 

vlastností těchto nástřiků. 

 

Klíčová slova: plazmové stříkání suspenzí, plazmové stříkání roztoků, oxid hlinitý, oxid 

chromitý, hybridní vodou stabilizovaný plazmový hořák, směsné materiály, 

hybridní plazmové stříkání 
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Nomenclature 

ANN Aluminum Nitrate Nonahydrate 

APS Air Plasma Spraying 

BSE Back-Scattered Electron 

CNN Chromium Nitrate Nonahydrate 

COF Coefficient of Friction (-) 

DC Direct Current (A) 

DE Deposition Efficiency (%) 

EB-PVD Electron Beam Physical Vapor Deposition 

FA Feeding Angle (°) 

FD Feeding Distance (mm) 

FGM Functionally-Graded Material 

FR Feeding Rate (g/min) 

GSP Gas-Stabilized Plasma 

HAp Hydroxyapatite 

IPP CAS Institute of Plasma Physics of the Czech Academy of Sciences 

POD Pin-on-Disc 

PS Plasma Spraying 

PSD Particle Size Distribution 

SAR Slurry Abrasion Response 

SD Stand-off Distance (mm) 

SEM Scanning Electron Microscope 

SLE Solid Load Equivalent 

SPPS Solution Precursor Plasma Spraying 

SPS Suspension Plasma Spraying 

TBC Thermal Barrier Coating 

TCF Thermal Cycling Fatigue 

TS Thermal Spraying 

WSP Water-Stabilized Plasma 

WSP-H Hybrid Water-Stabilized Plasma 
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XRD X-ray Diffraction 

XRF X-ray Fluorescence 

YSZ Yttria-Stabilized Zirconia 
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1 Background of plasma spraying 

Plasma spraying (PS) is a member of thermal spraying (TS) group of technologies which are 

employed to deposit coatings onto the surface of solid bodies (components) in order to provide 

their protection and enhance their functionality [1, 2]. In PS, a stream of plasma (i.e., hot 

ionized gas(es)) is used for the melting and acceleration of the feedstock material to be 

spray-deposited. In the following chapters, principles of PS technology will be briefly 

described to offer broader perspective and motivation for the experimental work presented in 

this thesis. 

1.1 Plasma spraying equipment 

The tool used for plasma spray deposition is called a plasma torch or plasma gun. Inside of the 

so-called arc chamber of a plasma torch, a plasma-forming medium is ionized by e.g., a direct 

current (DC) electric arc maintained between one or several cathodes and one or several 

anodes, or by radio frequency (RF) electromagnetic field [3]. This medium is used for the 

generation of the hot high-speed plasma stream, so-called plasma jet, for the stabilization of 

the arc, and to prevent the arc from touching the inner walls of the torch chamber. Two basic 

principles of arc plasma stabilization are schematically depicted in Fig. 1, showing the 

gas-stabilized plasma (GSP) and water-stabilized plasma (WSP) torches in Fig. 1a and 1b, 

respectively. Their combination was introduced with so-called hybrid water-stabilized plasma 

(WSP-H) technology (Fig. 1c) [4]. 

 

Figure 1. Scheme of a) GSP torch, b) WSP torch, c) hybrid WSP-H torch. Based on [4, 5]. 

Using the principle of gas stabilization, a mixture of plasma-forming gases (e.g., Ar, H2, N2, 

He) is fed into the arc chamber, dissociated and/or ionized therein by the electric arc, and 

ejected from the arc chamber through an orifice (called the nozzle), creating the plasma jet [6]. 

In order to reach high output power (i.e., thermal energy of the plasma), high volume flows 

(tens to hundreds of slpm) of gases are used for operation of such torches [7, 8]. In the last 

decade, GSP torches employing multiple electrodes (e.g., three cathodes and a single anode or 

three anodes arc-connected to a single cathode) have been developed in order to further increase 

the output power and also to mitigate the inherent fluctuation of the plasma jet of the single 

cathode-single anode systems. This fluctuation is inevitably present due to the oscillation of 

the arc attachment point on the anode, which results in variations in the arc voltage and, in turn, 

in variations in the jet energy [9]. This undesirable effect is to a large extent averaged in the 

multiple electrode systems by the multiple arcs, thus effectively stabilizing the output energy 

level of the plasma jet [10]. 

The water stabilization principle makes use of a water vortex formed inside the cylindrical 

torch chamber. The arc inside the torch chamber is confined by water flowing tangentially 

along the chamber walls. When the arc approaches to the chamber surface, water is heated and 

evaporated, pushing the arc back into the center of the chamber, making in fact a 
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closed-loop-controlled plasma confinement system. After being vaporized, water molecules 

are dissociated into hydrogen and oxygen atoms which are then ionized, forming the plasma 

that emanates from the nozzle [4, 11]. 

Owing to the different plasma-forming gases used in GSP and WSP torches, gas-stabilized 

plasma possesses generally greater density due to the heavier atoms, as well as lower velocity, 

and lower temperature compared to that of WSP [4]. Brief comparison of plasma properties is 

outlined in Table 1. An important plasma characteristic is the plasma enthalpy, i.e., the thermal 

energy available for processing of the feedstock per mass unit of plasma. In this regard, WSP 

torches are superior to GSP ones as they offer an order of magnitude greater enthalpy values, 

thus generally allowing larger quantities of feedstock material to be processed in the same 

amount of time [12]. 

Table 1. Properties of plasma generated by gas- and water-stabilized arcs. [4] 

Plasma medium Arc current 

(A) 

Arc power 

(kW) 

Mass flow rate 

(g/s) 

Enthalpy 

(MJ/kg) 

Temperature 

(K) 

Ar/H2 (65/3 slpm) 750   44 1.93 13.5 12 100 

Ar/H2 (33/10 slpm) 500   25 0.98 15.3 10 800 

N2/H2 (235/94 slpm) 500 200 5.00 24   6 200 

water 300   54 0.20 157 13 750 

water 600 133 0.33 272 16 200 

 

Operation of both types of plasma torches also requires powerful electric supply, gas and fume 

extraction units with dust separators, cooling systems, torch or samples manipulation system, 

feeders, injectors, etc., the description of which is beyond the scope of the thesis. 

Development of plasma spraying techniques utilizing high-enthalpy torches is of great interest 

for real-world applications where cost-effective large-scale spraying is often required, e.g., for 

deposition of thermal barrier coatings (TBC) on high-temperature section components in jet 

engines or manufacturing of hard coatings for large printing rolls [13, 14]. Taking the aerospace 

industry as an example, plasma spraying can be considered as a competitor to other coating 

deposition techniques, e.g., to electron beam physical vapor deposition (EB-PVD), which 

produces coatings providing longer lifetimes under thermal cycling loading than conventional 

PS coatings [15]. However, the EB-PVD technique is primarily used for high-added-value 

components such as single-crystal-grown jet engine turbine blades (see Fig. 2a) owing to its 

high application costs [16]. Also, the thermal insulation performance of an EB-PVD coating is 

generally inferior to that of a conventional and more porous PS coating. Therefore, the 

development of PS coatings combining long lifetimes, low thermal conductivity, and low 

manufacturing costs presents a great scientific and business opportunity, especially in the case 

of large-scale applications, where methods like EB-PVD are nonviable. As an example of 

recent trend towards large scale coating applications, a size comparison is shown in Fig. 2b 

between the latest GE9X engine used for Boeing 777X aircraft and the fuselage of Boeing 737 

aircraft using significantly smaller Leap-1B engines, both employing TBC systems. 
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Figure 2. a) cutaway view of Engine Alliance GP7200 aircraft engine with enlarged inlays of 

a single high-pressure turbine blade and an EB-PVD TBC system applied thereon, b) size 

comparison between GE9X jet engine and Boeing 737 fuselage. [17] 

1.2 Feedstock injection 

Thermal spraying is generally able to deposit any material that undergoes melting to the liquid 

phase before vaporization or decomposition [6]. The material to be deposited onto the coated 

part (in the TS field so-called “substrate”) is delivered into the plasma jet in order to be melted 

and propelled towards the coated part. Configuration-wise, the feedstock may be introduced 

into the jet radially or axially, as depicted in Fig. 3. In the former more common case, the 

material is fed into the plasma jet from the side(s) either outside of the plasma torch, i.e., 

downstream from the torch nozzle, or even inside of the nozzle. Contrary, in case of axial 

configuration, the material is delivered directly into the torch along the plasma jet axis and 

leaves the torch chamber together with the plasma jet through the nozzle. Generally, the radial 

configuration is applicable to any type of torch with the possibility of simple modification of 

the injection point distance from the nozzle (i.e., feeding distance - FD), the angle of inclination 

of the feedstock stream with respect to the plasma jet axis (i.e., feeding angle - FA), and also 

enables addition of multiple injectors. When using the radial feeding configuration, 

optimization of feedstock injection velocity is required to assure that the feedstock particles 

travel in the central hot section of the plasma jet, i.e., to avoid their overshooting or rebounding 

from the plasma jet. The axial configuration requires specific construction of the torch 

(so-called axial torch) and may be prone to clogging, but ensures that the feedstock material 

travels along the plasma jet axis, thus generally offering more consistent heat treatment of the 

feedstock [18]. 

 

Figure 3. a) radial configuration, b) axial configuration. Based on [1]. 
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1.3 Powder feedstock 

Typically, the feedstock materials are introduced into the plasma jet in the form of a dry coarse 

powder, in the liquid form as a suspension of fine-grained powder, or as a liquid solution of 

chemical precursors [19]. The coarse powders used for TS deposition have the particle size in 

order from tens up to several hundreds of micrometers (Fig. 4a, b). The powder particles are 

carried by so-called carrier gas (e.g., air, Ar, Ar+H2, etc.) through feeding lines and injected 

into the plasma jet. Therefore, good flowability of the powder is essential in order to ensure 

stable flow of the particles into the jet and to prevent clogging of the feeding lines. After being 

introduced into the plasma jet, the powder particles are heated, melted, and, at the same time, 

accelerated by the hot plasma gas stream towards the substrate. The melted particles then 

impact onto the surface of the substrate, flatten out, and solidify thereon, forming so-called 

splats (Fig. 4c). By stacking of splats, a continuous lamellar layer – coating – is formed 

(Fig. 4d). 

 

Figure 4. a) fused and crushed powder particles, b) spheroidized powder particles, c) splat on 

smooth substrate, d) cross-section of powder-sprayed coating. According to [1, 20, 21]. 

Apart from the splats, coatings may contain also unmelted powder particles, which had not 

received enough heat for melting, and resolidified particles, which had been fully melted and 

resolidified during the in-flight stage before reaching the substrate. Among the 

abovementioned structural units, voids are usually entrained, such as pores and cracks 

(Fig. 4d). 
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The pores and cracks are inherent features of the coating microstructure due to the entrainment 

of surrounding atmosphere underneath the splats, resulting from imperfect splat deformation 

and compliance on underlying surface, and due to the extremely rapid cooling and 

solidification of the melted particles upon impact, respectively. The melt cooling rate of up to 

108 K.s-1 results also in the build-up of significant thermal “quenching” stresses due to the 

shrinkage of the solidified material [22]. This stress may be relieved by formation and opening 

of the intrasplat cracks, by partial splat sliding, or by plastic flow in case of ductile materials 

[22]. Partially, the occurrence of such cracks may be mitigated by e.g., more intensive 

preheating of the coated substrate to reduce the temperature difference between the substrate 

and the solidified cooling-down splats or by decreasing the size of the deposited particles to 

decrease their absolute shrinkage with respect to the underlying material during the cooling 

[23]. After the deposition, cooling of the sprayed component may further introduce “thermal 

mismatch stresses” resulting from the difference in the coefficient of thermal expansion (CTE) 

between the coating and the substrate, which may cause the development of through-thickness 

cracks and, in extreme case, to the delamination of the coating. If desirable, the amount of pores 

entrained among the splats may be lowered by e.g., achieving greater velocity of the particles 

to improve their flattening. On the other hand, increased porosity volume may be desired for 

e.g., lowering of thermal conductivity or increasing of thermal shock resistance of coatings 

used as thermal barriers [24]. 

1.4 Liquid feedstocks 

Functional properties of the coatings may be significantly adjusted by modification of their 

microstructure. It has been shown that finer splats and voids may bring about improved 

functional properties such as hardness, wear resistance, thermal insulation, etc., owing to the 

decreased size of the structural units and increased number of intersplat interfaces [25]. 

However, direct deposition of miniature splats by feeding of fine dry powders is problematic 

or even impossible (e.g., below 5 µm in diameter [26]). Due to their small size and high specific 

surface area, fine particles tend to agglomerate by means of interlocking and electrostatic forces 

resulting in poor powder flowability and clogging of the feeding lines [18]. Moreover, owing 

to their low mass (i.e., low inertia), fine particles are unable to penetrate into the plasma jet 

(especially in case of radial feeding).  

In order to penetrate into the plasma jet, the momentum density of the particle stream has to 

generally comply with the following equation: 

 𝜌𝑝𝑣𝑝
2 > 𝜌𝑔𝑣𝑔

2, (1) 

where ρ and v are densities and velocities of the particle stream (subscript p) and plasma gas 

(subscript g), respectively [27]. Understandably, increasing the particle injection velocity vp by 

means of increased carrier gas flow rate is impractical due to the severe disturbance and cooling 

of the plasma jet [28]. Therefore, it is viable to exchange the carrier gas for a carrier liquid, 

leading to an increase in the mean density of the particle stream ρp, enabling its penetration into 

the plasma jet [29]. Formulated suspension is then injected into the plasma jet as a continuous 

stream or as pre-atomized droplets. In this way, the liquid stream or droplets possess enough 

momentum to penetrate into the plasma jet, wherein intensive atomization takes place into fine 

(e.g., micron or submicron) droplets, the solvent is heated and evaporated, and the solid 

particles receive heat treatment analogously to the case of solid powders. 
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Formulation of the liquid feedstocks, namely solvent type, solid loading of powder, chemistry 

and particle size distribution of the powder, solute type, additives, etc., significantly affect the 

behavior of the feedstocks during the deposition [30]. Generally, viscosity and sedimentation 

resistance determine the sprayability of the suspensions, while density, surface tension, and 

viscosity govern the liquid interaction with the plasma jet, thus affecting the subsequent coating 

buildup [27]. Therefore, all the above mentioned parameters have to be taken into account and 

controlled, making the development of a sprayable suspension a complex process employing a 

whole field of research and development, due to the broad spectrum of materials, solvents, 

additives (stabilizers, surfactants, plasticizers, etc.) and their interactions [31, 32]. 

Apart from suspensions of solid particles in a carrier solvent, solutions of chemical precursors 

of the deposited materials may be also used as feedstocks. The material is fully dissolved in 

the solvent which is thus free of any solid particles, thereby circumventing the stability and 

sedimentation issues of suspensions. On the other hand, the amount of material delivered within 

the solution (the solid load equivalent (SLE) to the suspension) is limited by the maximal 

solubility of the precursors in the selected solvent. After the solution injection into the plasma 

jet, evaporation of the solvent takes place along with precipitation of the solute, followed by 

its thermal decomposition or other chemical reactions leading to in-situ formation of the 

desirable material, and the final products are melted in the plasma. Using this method, fine 

particles are formed and deposited similarly to the suspension spraying route. However, the 

additional steps of precursor precipitation and decomposition (as compared to suspensions) 

may increase the energetic demands on the plasma jet and also bring another complexity to the 

whole process which may require optimization in order to produce the desired coating 

microstructures and ultimately properties [33]. 

1.5 Mixing of feedstock materials 

Many applications do not require more than a single-compound feedstock for the coating 

deposition. Nevertheless, certain applications may require utilization of multiple materials 

within one coating in order to meet the desired functionality. Typically, phase-stabilizing 

components are added to the base material (e.g., Y2O3 is added to ZrO2 for stabilization of the 

zirconia tetragonal phase [34], or Cr2O3 is added to Al2O3 for the α-phase stabilization [35]) 

and the mixture is supplied as a prealloyed powder of specified and uniform composition. 

However, on-site adjustment of the feedstock composition may be required during spraying, 

e.g., for the deposition of functionally-graded material (FGM) coatings or for delivering of 

varied functionality of coating components [36]. In this regard, feeding the mechanical mixture 

with changing content of the selected materials is probably the most straightforward way to 

deposit a multi-material gradient coating. On the other hand, the drawback of this approach 

may be the low homogeneity of the deposited coating, i.e., the coating is composed of isolated 

splats of different chemical composition with limited possibility of material intermixing or 

even alloying [20]. 

The use of suspensions offers significantly more efficient intermixing of the selected materials 

compared to dry coarse powders. Each atomized suspension droplet contains numerous 

particles of the different materials which are melted and fused together during the in-flight 

stage (Fig. 5). Thanks to the close material intermixing, chemical reactions may take place 

during the in-flight stage, as demonstrated in [37] where deposition of calcium titanate 

(CaTiO3) was achieved from mixture of fine calcium carbonate (CaCO3) and titanium dioxide 
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(TiO2) powders in ethanol. On the downside, the formulation of an intermixed suspension of 

two or more materials may be more challenging than the mixing of dry coarse powders due to 

the different densities and especially the different surface chemistry of the dispersed materials, 

their mutual interactions, and interaction with the solvent and the additives. This is further 

emphasized in case of mixing of single-material ready-to-spray suspensions which are 

optimized with respect to their solids and solvent chemistry, particle size and density, solid 

load, etc., [38]. Therefore, mixing of two or more suspensions may cause deterioration of the 

suspension properties, e.g., leading to undesirable coagulation and/or sedimentation of the fine 

particles. 

Among the abovementioned feedstocks, the most homogeneous mixing of different chemicals 

may be expected with the deposition of intermixed precursor solutions owing to the fact that 

the dissolved precursors are intermixed on the atomic scale in the solution. A typical example 

may be the deposition of YSZ from solution of zirconium acetate and yttrium nitrate presented 

in [39], which resulted in the formation of chemically homogeneous dense vertically cracked 

coating having purely tetragonal zirconia phase. 

An interesting option of combining powder and liquid feedstocks spraying (so-called hybrid 

spraying) was recently proposed and demonstrated, e.g., in [40, 41]. The hybrid concept 

employs simultaneous feeding of powder and liquid feedstocks into the plasma jet (Fig. 5). 

Both feedstocks are processed and deposited together, bringing a new class of composite 

coatings combining the relatively large powder-sprayed splats with the miniature 

liquid-sprayed splats. The feeding of a powder enables high coating deposition rates while the 

liquid-based splats may serve multiple purposes, such as “bonding agent” between the large 

powder splats for improved internal cohesion of the coating, nucleation sites for 

heteronucleation of desired phases from the powder, reservoir of material for self-healing of 

the coating, solid lubricants, etc. [42–44]. The hybrid spraying concept is currently intensively 

developed at IPP CAS. 

 

Figure 5. Schematic of a) hybrid spraying using axial and radial feeding configurations, b) 

examples of hybrid coatings microstructures – homogeneous intermixed composite and 

functionally graded. According to [41]. 
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2 Deposition process 

Since the thesis is primarily focused on suspension and solution precursor plasma spraying, the 

liquid feedstocks will be prioritized in the following literature review. 

2.1 Plasma jet-liquid interaction 

After penetration into the plasma jet, the liquid is fragmented into fine droplets, i.e., undergoes 

so-called atomization, and begins to absorb heat from the jet. According to estimation in [7], 

the time of fragmentation is approximately 3 orders of magnitude shorter than the time of 

vaporization. In other words, the injected liquid is first atomized into fine droplets before the 

solvent is fully evaporated. However, it has to be pointed out that these processes are not 

independent and that, e.g., smaller droplet size results in significantly shorter vaporization time. 

The atomization is finished when equilibrium is reached between plasma shear forces exerted 

onto the droplet which cause its fragmentation, and the liquid surface tension forces which keep 

its integrity [7]. The final size of the droplets is governed by multiple factors, namely plasma 

gas parameters (density ρg, velocity vg) and liquid properties (density ρl, velocity vl, dynamic 

viscosity ηl, surface tension σl), and may be estimated following the Equation 2 as 

 𝑑𝑚𝑖𝑛 =  
8𝜎𝑙

𝐶𝐷𝜌𝑔𝑉2, (2) 

where CD is the plasma drag coefficient according to [45] and V is the velocity difference 

between plasma gas and liquid. 

Experimentally, liquid atomization may be observed using the shadowgraphy technique, the 

example of which is depicted in Fig. 6. The liquid injection and atomization zone in the jet is 

illuminated by pulsed laser light which is detected by a camera. The liquid stream and droplets 

penetrating into the jet hinder the illuminating light and are recorded as dark spots (shadows). 

Such atomization observation may give a hint on the coating formation as e.g., low degree of 

atomization (i.e., large droplets) or large liquid stream divergence (compare Fig. 6a and 6c) 

may lead to the embedding of unprocessed feedstock or overspray material into the coating 

[46]. 

The shadowgraphic observation is also particularly useful for regulation of the liquid injection 

velocity or observation of the liquid breakup under different feeding angles (Fig. 6) in the case 

of the radial feeding configuration. Optimal injection velocity is essential in order to attain 

liquid penetration into the plasma jet so that the liquid travels close to the plasma jet axis, i.e., 

in the hottest zone and is therefore thoroughly heated. Contrarily, injection velocity too low 

would lead to rebounding of the liquid from the jet, and injection velocity too high would lead 

to overshooting the liquid through the jet, thereby compromising deposition efficiency. 

Technically, the control of the liquid injection velocity is done by regulating the feeding 

pressure in the liquid feeding tank (in case of pressure-based-systems) or by regulating the 

rotational speed of the peristaltic pump (in case of peristaltic-based-systems) [18]. By 

regulation of the liquid injection velocity for optimal jet penetration, the feeding rate (FR) of 

the liquid becomes the dependent variable and is measured after achieving the optimal feeding 

condition. During the deposition, the continuous online feed rate monitoring may be used to 

detect possible flaws in the process as an unexpected drop in the FR may indicate instabilities 

such as partial clogging of the feeding system. 
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Figure 6. Shadowgraphy images of suspension penetration into the WSP-H plasma jet for 

different injection angles – a) positive inclination, b) negative inclination, c) perpendicular 

injection. According to [37]. 

Along with the atomization phase, liquid heating and vaporization takes place (Fig. 7). In case 

of the suspensions, the fine powder is exposed to the plasma jet. Each suspension droplet 

typically contains larger amount of powder particles, which are brought together by the solvent 

evaporation and melted, forming droplets of melt generally larger than the particle size of the 

original dispersed powder [47]. Nevertheless, the melt droplets originating from suspensions 

are several orders of magnitude smaller than those from coarse powders. Therefore, such fine 

melt particles may suffer from overheating and excessive evaporation of the melt if the heat 

input from the plasma is too high with respect to the size of the suspension droplet. Such 

evaporation is usually undesirable as it leads to the loss of the deposited material, thereby 

lowering the achievable deposition efficiency, or even to unwanted condensation of the 

vaporized phase elsewhere on the coated component or even on the spraying equipment [48]. 

Contrarily, in case of an insufficient heat input into the suspension droplet, unmelted powder 

particles may be retained throughout the in-flight stage and deposited onto the substrate in the 

form of dried clusters of primary powder [49]. In such case, the deposit may become very loose 

and may be easily damaged mechanically or even washed away with a stream of water. 

In case of spraying of solution of precursor(s), evaporation of the solvent results in saturation 

of the solution concentration followed by precipitation (crystallization) of the solute. Schematic 

depiction of the process is in Fig. 7b. The precipitation usually begins at the surface of the 

liquid droplet where the solvent is vaporized because the solute diffusion within the droplet is 

not rapid enough to balance out the its concentration gradient [33]. After the precipitation, the 

precursor usually undergoes thermal decomposition or other chemical reactions. Ultimately, 

the final products are melted and deposited analogously to the suspension route. In-flight melt 

vaporization may take place as well as in the suspension case. Contrarily, insufficient heat 

treatment of the solution results in unfinished precipitation and/or decomposition of the 

precursors, which may be eventually incorporated into the coating. Subsequently, these 
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precursors may undergo the remaining transformation steps (e.g., calcination) directly on the 

substrate surface, which may in turn affect the final coating microstructure and properties [50, 

51]. 

 

Figure 7. Liquid feedstock droplet atomization and vaporization during the in-flight stage, 

a) suspension, b) solution. According to [18]. 

2.2 Impingement onto substrate 

The melt droplets arrive at the substrate surface, flatten out, and are cooled down rapidly under 

the rate of 108 K·s-1 [52, 53]. Such extreme cooling rates significantly influence the formation 

of the coatings, e.g., result in the formation of metastable crystallographic phases or in the 

buildup of high cooling stresses [22, 54]. 

Regarding the suspension and solution sprayed fine droplets, their low mass and inertia are 

responsible for the unique coating deposition mechanisms when compared to conventional 

deposition of powders. Generally, particles large enough retain their trajectory acquired in the 

plasma jet and impinge perpendicularly onto the surface, forming the rather conventional 

lamellar coating microstructure (Fig. 8a, 8c) similar to powder-sprayed coatings (cf. Fig. 4d), 

but with significantly reduced splat size. However, if the particles are very fine (e.g., diameter 

of few micrometers), they tend to follow the diverging gas streams flowing along the substrate 

surface (i.e., parallel to the surface) and impinge sideways on the surface asperities (Fig. 8a, 

8b) [55]. This so-called shadowing mechanism of deposition became an accepted explanation 

to the formation of the columnar (or feathery or cauliflower-like) microstructure (Fig. 8d) [56]. 

Please note that this mechanism was proposed based on coating microstructures deposited 

using gas-stabilized plasma torches. As mentioned earlier, the plasma parameters of the 

WSP-H torch used for deposition experiments within this thesis differ considerably from those 

of GSP torches and thus may affect the above-described buildup mechanism. Therefore, the 
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elaboration on the coating formation mechanisms will be one of the topics of the experimental 

work carried out herein. 

 

Figure 8. a) numerical computation of particles trajectories according to particle size [55], b) 

top – deposition of fine particles according to the shadowing mechanism, middle – combined 

deposition mechanism of mid-sized particles, bottom – conventional layered deposition of 

large particles [56], c) cross-section of dense microstructure YSZ coating [57], d) cross-section 

of columnar microstructure YSZ coating [58]. 

  



24 

 

3 Aluminum oxide as a thermal spray material 

Aluminum oxide (Al2O3, alumina) is generally one of the most important engineering ceramic 

materials owing to its functional properties (mechanical, chemical, electrical), wide 

availability, and affordable costs. Typically, aluminum oxide is processed using pressing and 

sintering methods of powders [59] but is also commonly deposited by thermal spraying from 

conventional coarse powders. In this thesis, aluminum oxide was used as a baseline material to 

explore its applicability for plasma spray deposition from liquid feedstocks using the hybrid 

water-stabilized plasma torch. The following chapter gives a brief overview of alumina features 

and its characteristics when used as a PS feedstock. 

3.1 Properties of Al2O3 in Plasma Spraying 

Aluminum oxide is a chemically very stable material up to high temperatures close to its 

melting point (Tm = 2045 °C, [60]). It is practically insoluble in water, organic solvents (e.g., 

ethanol, methanol), mineral acids, and strong alkali [61]. Also, alumina properties include high 

hardness, wear resistance, and high breakdown voltage. As a result, Al2O3 is typically used as 

a wear-resistant, corrosion-resistant barrier up to high temperatures, or as a substrate for 

electronic components [62–64]. 

Aluminum oxide crystallizes in multiple crystallographic configurations (polymorphs), 

selection of which is displayed in Table 2. The most employed one is the α-phase (corundum) 

which possesses the most favorable physical and chemical properties (e.g. hardness and 

chemical inertness). The α-phase has rhombohedral lattice and is stable up to the melting point. 

The α-phase crystallizes from the melt at low cooling rates (in the range 1 – 100 K·s-1 [65]) or 

is formed from the other crystallographic phases when they are heated above α-phase 

recrystallization temperature of approximately 1100 °C [66]. The other (metastable) phases are 

formed during e.g., chemical processes used for alumina nanopowders production, or under 

specific thermal conditions during melt solidification such as high cooling rates [65]. 

Table 2. Alumina polymorphs typically found in PS coatings. [60] 

Phase Crystal lattice Density (g.cm-3) 

α-phase Trigonal* 3.97 

γ-phase  Cubic 3.42 

δ-phase  Tetragonal 3.40 

* often listed also as hexagonal or rhombohedral. 

During thermal spraying, high cooling rates of the melt often take place and thus large amounts 

of metastable phases are found within the coatings. Therefore, majority of the sprayed alumina 

coatings is typically comprised of γ-phase, δ-phase, and amorphous phase [35, 54]. 

Numerous studies were devoted to identify the factors that influence the phase composition 

and namely the formation of the desirable α-phase in thermally sprayed coatings. Possibly, the 

easiest way to obtain a coating comprising the α-phase is maintaining high substrate 

temperature during the deposition in order to decrease the cooling rate of the splats which 

would, in turn, favor the formation of the stable phase. However, this approach may be 

infeasible due to the substrate material temperature limitations (e.g., increased surface 

oxidation, loss of mechanical properties due to annealing or even melting). For the same reason, 

post-spray annealing of the deposit above the transformation temperature from γ- and δ-phases 
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to α-phase is problematic. Moreover, the phase transformation from γ to α is accompanied by 

an increase in the density of the solid deposit (see in Table 2), leading to its volumetric 

shrinkage, increase in porosity, and possible cracking [67, 68]. 

Alternatively, retention of the unmelted particle core of the original α-phase feedstock was 

proposed in order to obtain higher amount of the α-phase. By incomplete melting of the powder 

particles, the unmelted particle cores were expected to serve as the nucleation sites for the melt 

[54]. However, partial feedstock melting is difficult to control from the technological point of 

view as a narrow processing window has to be found between full and insufficient feedstock 

melting. Also, partially melted particles suffer from poor flattening upon impingement onto the 

surface, thus resulting in inferior coating quality. 

Other strategies include e.g., adding of α-phase stabilizing agents to the feedstock, such as 

Cr2O3
 (chromia, eskolaite), which has the same rhombohedrical lattice as α-alumina [35]. 

Using mechanical mixture of powders, the chromia splats may serve as heteronucleation sites 

for epitaxial growth of α-alumina in the splats deposited thereon. This approach, however, 

suffers from the insufficient contact between individual splats, thus limiting the number of 

available α-phase nucleation sites. Alternatively, the prealloyed alumina-chromia powder may 

be used as chromia and alumina are mutually fully soluble in the melt and crystallize in the 

form of (Al,Cr)2O3 mixed oxide having the crystal configuration of corundum. In this case, the 

high cooling rates of splats during plasma spray deposition are beneficial to mitigate the 

separation of the two oxides as they exhibit a miscibility gap for specific concentration range 

during cooling to room temperature (see phase diagram in Fig. 9) [69, 70]. 

 

Figure 9. Phase diagram of Al2O3 and Cr2O3. [20] 

3.2 Application of PS alumina 

Stemming from its mechanical and chemical properties, alumina is applied in various fields of 

industry. Most often, it is used for increasing abrasion and erosion wear resistance of metallic 

components, such as pistons or valves, or as high-temperature corrosion protection for heating 

elements in furnaces or steam pipes and walls in coal-fired boilers [1, 62]. Furthermore, certain 

applications make use of intermixing alumina with other oxides, e.g., chromia or titania, for 

modification of the coating’s functional performance [63, 71]. 

One of the more specific fields employing alumina coatings is paper and pulp industry, where 

mechanical resistance, chemical inertness, and high dielectric strength are required. An 
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example application is corona rolls which are used for polyethylene treatment to activate its 

surface and improve adhesion of the printing ink [2]. Such rolls can have a typical diameter of 

250-500 mm, length of up to 5000 mm and, based on the required breakdown voltage, the 

alumina coatings applied thereon can be 2 mm thick. As mentioned earlier, the plasma-sprayed 

alumina is predominantly in the γ-phase which is hygroscopic and the absorption of water 

adversely affects the material’s dielectric constant [72]. Therefore, the development of fast and 

cost-effective method of coatings production with higher α-phase content is of direct 

application interest. 

Another example of large-scale alumina coatings application are the discharge tubes for ozone 

production which is used for oxidative degradation of hazardous chemicals, in water 

purification, or for waste water treatment (Fig. 10). In order to increase the ozone yield, high 

permittivity of the dielectric coating is required [73]. In this case, dense coatings (i.e., low 

porosity) are required in order to attain high dielectric strength of the separating layer deposited 

onto the supporting glass tube. 

 

Figure 10. a) single ozonizer tube, b) ozonizer tube array in a reactor. [73] 
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Objectives of the thesis 

Suspension and solution plasma spraying is an innovative method to deposit protective or 

functional layers utilizing high-temperature plasma stream, building upon the conventional 

plasma spray deposition of dry coarse powders which is an established and 

industrially-employed method of coatings fabrication. The introductory part of the thesis 

presented an overview of the state-of-the-art knowledge regarding liquid feedstock plasma 

spraying to provide the background to the experimental work carried out within the scope of 

the thesis. Aluminum oxide was selected as the fundamental material for the liquid feedstock 

plasma spraying methodology developed within the scope of this doctoral thesis as it has been 

used within the thermal spraying industry for several decades in the form of dry coarse 

powders; providing broad scientific and technological knowledge to be compared with the 

newly developed processes and coatings. The objectives of this thesis are summarized as 

follows: 

1. Development and characterization of suspensions and solutions suitable for thermal 

spraying and establishment of methodology for the deposition of coatings therefrom, 

using the hybrid WSP-H plasma torch. 

2. Characterization of coating properties with respect to the feedstock formulation and 

deposition conditions in order to understand the factors affecting the coating character, 

buildup mechanisms, and resulting properties, eventually allowing further control of 

the functional performance of the coatings. 

3. Preparation of coatings combining aluminum and chromium oxides in order to prepare 

multimaterial coatings aiming to increase the α-phase content by means of various 

feedstock modification, namely by intermixing of suspensions of fine powders and 

solutions of different precursors (intermixed feedstock concept), and by employing 

simultaneous deposition of suspensions and dry coarse powders (hybrid concept). 

Study of coatings formation with respect to the different degree of materials intermixing 

stemming from the feedstock formulation and different particle sizes. Evaluation of 

how the oxides intermixing affects microstructure, phase composition, and functional 

properties of the deposits. 

  



28 

 

4 Samples Preparation and Characterization Methods 

The following chapter presents a brief overview of methods employed in preparation and 

characterization of the plasma sprayed coatings. For details specific to the carried out 

experiments, the reader is kindly referred to the original research articles included in Section 

5. 

4.1 Plasma Spray Deposition 

Suspension Preparation and Feeding 

For the deposition of the coatings, both commercial ready-to-spray and custom in-house-made 

feedstocks were used. The pre-deposition preparation of the purchased ready-to-spray 

suspensions comprised mechanical agitation of the slurry in order to re-disperse and 

homogenize the powder in the solvent. This was done using a cylindrical mill, onto which the 

suspension container was placed and let roll for several tens of minutes. If necessary, ceramic 

beads were put into the suspension to help break larger powder agglomerates during milling 

(Fig. 11a). 

The in-house-made feedstocks were both suspensions and solutions. The suspensions were 

prepared by mixing of the fine powder with the selected solvent (demineralized water, absolute 

ethanol, or their mixture) and with a dispersing and stabilizing agent. The formulation of the 

suspensions was optimized prior to the deposition for the highest sedimentation resistance of 

the suspension by varying the solid load and stabilizer contents. Pre-deposition agitation of the 

custom suspensions was carried out identically to the commercial ones. 

Preparation of the precursor solutions was carried out by dissolving of the crystalline precursors 

in demineralized water in preselected concentration of the solute. 

The feedstocks were delivered into the plasma jet from a custom-built pressure-based liquid 

feeder initially developed within the scope of [74]. The feeder is equipped with feed rate 

monitoring and magnetic mechanical agitation to prevent sedimentation of the feedstocks in 

case of a long spraying run (Fig. 11b). The liquid is delivered into the plasma jet from the 

feeding tank through feeding hoses and an injection nozzle which is a precise orifice (diameter 

of 0.35 mm) laser-cut in a small sapphire block, providing a narrow laminar stream of the 

liquid. Injection velocity, and thus the feeding rate of the liquid stream is controlled by 

adjustment of the pressure in the feeding tank. The feeder is also equipped with a secondary 

vessel for storage and feeding of a pure solvent which is fed into the jet during the cooling 

periods during spraying (see further) to maintain cooling and prevent clogging of the injection 

nozzle. 
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Figure 11. a) scheme of suspension agitation in a cylindrical mill, b) custom-build liquid 

feedstock feeder in the sprayshop control room. 

Spraying 

The deposition of the coatings was carried out using the hybrid water-stabilized plasma torch 

WSP-H 500 (ProjectSoft HK, a.s., Czechia) mounted to a programmable industrial robotic arm, 

which ensures repeatability of the torch trajectory with respect to the coated substrates and 

eliminates the possible inaccuracy of manual torch operation. As described in Section 1.1, 

WSP-H torch produces high enthalpy plasma and, therefore, usage of this torch comes with 

several specifics usually not encountered when using more common gas-stabilized torches. 

Figure 12a shows the configuration of liquid and powder injectors on the body of the WSP-H 

plasma torch. All three injector tubes offer independent linear movement along the jet axis to 

allow the adjustment of the feeding distance, as well as axial swiveling to enable precise aiming 

of the feedstock into the center of the plasma jet. In Fig. 12b, the running torch with engaged 

powder feeding is depicted. 

 

Figure 12. a) photo of torch front end with feedstock feeding lines, b) torch in operation with 

engaged powder feeding. 
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Due to the extreme thermal load imposed onto the substrates, the deposition routine consists of 

several so-called spraying cycles which typically involve three up and down torch strokes in 

front of the revolving carousel with attached-on substrates (Fig. 13). The spraying cycles are 

alternated with cooling periods during which the torch is moved away from the substrates. The 

up and down torch movement in a spraying cycle is harmonized with the revolution speed of 

the carousel in order to ensure even deposit coverage of the samples. A simplified 

representation of the torch movement over the covered area – cylindrical surface flattened to a 

plane figure – is depicted in Fig. 13a; in-scale 3D representation of the covered area is shown 

in Fig. 13b. 

 

Figure 13. a) plane representation of the torch-covered area of the revolving carousel during 

three up and down torch moves, b) in-scale 3D representation of the carousel coverage. 

The revolving carousel is capable of holding 20 pieces of substrates of various sizes and 

geometries. Typically, steel rectangles (20 × 30 × 2.5 mm3) or discs (diameter of 25 mm, 

thickness 1 - 6 mm) were used for sample coating deposition. During the spraying, the sample 

temperature (as measured by a K-type thermocouple on the back side of the samples) rises by 

several hundred degrees centigrade; typically, from 200 – 300 °C to about 400 – 500 °C. 

Therefore, the carousel with substrates is intensively cooled using compressed air blown 

through multiple air knives attached to a fixture located sideways from the carousel (Fig. 14). 

The air cooling helps to prevent excessive sample temperature increase during one spraying 

cycle, shortens the time necessary for cooling down to the preselected interpass temperature, 

and also helps to remove the loose and soft overspray deposit which could be responsible for 

the development of interpass porosity. 
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Figure 14. Carousel with substrates and air knives. 

4.2 Microstructure analysis 

Metallography 

In order to observe the microstructure of the coatings, metallographic cross-sections of the 

samples were prepared. Substrates with coatings were cut using precision metallographic saw, 

vacuum embedded in low-viscosity epoxy resin, and polished using a semi-automatic polishing 

machine. For the most fragile samples, epoxy resin pre-embedding was used first prior to 

cutting to prevent formation of artifacts. 

Scanning Electron Microscopy 

The polished cross-sections or as-sprayed free-surfaces of the coatings were routinely observed 

using a scanning electron microscope (SEM) EVO MA 15 (Carl Zeiss, Germany). 

Predominantly, the back-scattered electrons (BSE) detection regime was used, as it is capable 

of visualizing the differences in local mean atomic number in the sample via different shades 

of grey of the acquired image, thus enabling the observation of chemically different phases 

within the coatings and porosity without imaging artifacts. The topography of the as-sprayed 

coatings free surfaces was observed also using the topographic secondary electron (SE) 

detection. In all cases, the low vacuum observation was maintained in order to prevent charge 

buildup on the non-conductive ceramic coating samples without the necessity of 

gold-sputtering of the samples prior to the observation. 

Thickness and Porosity Evaluation 

The SEM micrographs were used to evaluate the coatings thickness and porosity using image 

analysis (IA). In order to standardize the procedure for all samples, a semi-automated 

Octave/Matlab script was developed by the author. Using this tool, the micrograph is binarized, 

the interfaces between epoxy-coating and coating-substrate are found, and the coating 

thickness is measured at 20 equidistant points. The mean thickness and standard deviation are 

then calculated. Schematic description of the process is shown in Fig. 15. 
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Figure 15. a) screenshot of IA tool for thickness analysis, b) original SEM micrograph with 

identified interfaces and equidistant points used for mean thickness evaluation. 

For the evaluation of coating porosity, IA of cross-section micrographs was used. A procedure 

inspired by [8] employing two sets of micrographs at two nominal magnifications was 

established in order to take into account both fine sub-micrometric porosity typical for 

liquid-sprayed coatings, and also larger pores and cracks typical for coarse-powder-based 

coatings. Usually, nominal magnification between 3000 x to 5000 x was used for the detection 

of fine porosity and nominal magnification between 300 x to 500 x was used for evaluation of 

the coarse porosity. Schematically, the process of porosity evaluation is depicted in Fig. 16. 

Both high and low magnification cross-section micrographs were binarized. In the high 

magnification images, large pores exceeding a preset area value were filtered out and vice versa 

for the low magnification images in order to obtain two disjunctive domains for fine and coarse 

porosity. The sum of both values represents the total porosity of a coating. 

 

Figure 16. Porosity evaluation of a hybrid coating microstructure using two sets of 

micrographs. 
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4.3 Phase and Chemical Composition 

X-ray Diffraction 

The phase composition of the coatings was studied using primarily the X-ray diffraction 

(XRD). The diffraction patters were acquired from the free surface of as-sprayed coating 

samples using a D8 Discover diffractometer (Bruker, Germany) with 1D detector LynxEye, 

Cu Kα radiation, using Bragg-Brentano configuration. The diffraction patterns were then 

analyzed via the Rietveld refinement method [75] using Topas V5 software for both qualitative 

and quantitative evaluation of the sample’s phase composition and phases’ crystallographic 

parameters, such as crystalline size (i.e., coherently diffracting domains’ (CDD) size) and 

lattice parameters sizes. 

Nuclear Magnetic Resonance 

The phase composition of the samples was also analyzed by 27Al nuclear magnetic resonance 

(NMR) with 14 kHz magic angle spinning (MAS) using Bruker Avance III HD spectrometer. 

Unlike XRD, the NMR is able to distinguish the coordination of the Al atoms by O atoms, 

which is in the case of α-Al2O3 fully octahedral, while in the case of γ-Al2O3, there are 

octahedral and tetrahedral Al sites in the ratio of 3:1 [76], thereby distinguishing the two 

polymorphs. This method was used as a complimentary technique for the verification of the 

XRD results, For the NMR analysis, the coatings were stripped off of the substrates and ground 

to fine powder. 

X-ray Fluorescence 

Chemical analysis of the alumina-chromia coatings was analyzed using energy-dispersive 

X-ray Fluorescence (EDXRF) spectrometer S2 PUMA (Bruker, Germany) equipped with 

HighSense LE SDD detector. 

4.4 Mechanical properties 

Hardness 

Hardness of the selected coatings was determined from the polished coating cross-sections 

according to ASTM C1327-08 standard using Vickers indenter. For the finely structured 

suspension-sprayed coatings, indentation load of 300 g was used. For the hybrid coatings, loads 

of 300 g and 1000 g were used, with dwell time of 10 s in all cases. Due to the brittle nature of 

the coatings, high hardness (i.e., small indents), and poor contrast of the indents in the light 

microscope of the hardness tester, the indents were photographed in SEM for the evaluation of 

their sizes and calculation of the hardness values. 

Wear Resistance 

Wear resistance of selected coatings was evaluated using a slurry abrasion resistance (SAR) 

method according to ASTM G-75 standard, and using a pin-on-disc (POD) method according 

to ASTM G99-05 standard. For the SAR test, samples were cut to match the footprint size of 

10 x 24.5 mm2 and the coatings’ free surface was left in as-sprayed condition. For the POD 

test, the coating free surface was ground and polished down to 1 μm diamond suspension. After 

the tests, the wear resistance was evaluated in terms of the wear coefficient k = mm3/Nm; the 

POD test provided also the coefficient of friction (COF) value. 
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Tensile Adhesion Strength 

The adhesion-cohesion strength of the developed coatings was evaluated according to a 

modified ASTM C633-13 standard using a universal mechanical testing machine Instron 1362 

(Instron, UK). For the test, coating samples were glued in between two steel cylinders using 

FM-1000 adhesive film (Cytec Industries Inc., USA, following a procedure [77]) and attached 

to the testing machine. The coating was then loaded by a constant-speed cross-head travel of 

0.5 mm/min until rupture. 
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5 Collection of Papers 

The following section presents the experimental work carried out within the scope of the thesis 

in the form of four core papers which were published in the impacted journals. Using the 

scheme in Fig. 17, one can overview the experimental roadmap to acquire the “big picture” 

before reading the individual papers. Each paper represents an individual step in the 

development of plasma sprayed alumina-based coatings; in Fig. 17, these are represented by 

the blue ovals. Within Fig. 17, the key goals of each paper are highlighted in red boxes, 

experimental content is highlighted in orange, and main outcomes are in green. 

 

Figure 17. Flowchart of case studies carried out within the thesis. 
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In the first study [I], the initial experiences with alumina coatings deposition from liquid 

feedstocks were gathered, including the formulation of suspensions and solutions prior to the 

deposition and subsequent coating evaluation. The following study [II] elaborated on the 

deposition mechanisms leading to the formation of different coating microstructure types 

depending on the starting feedstock suspensions. The third and fourth studies [III, IV] built on 

the knowledge collected in [I] and focused on the deposition of alumina intermixed with 

chromia using multitude of feedstock combinations, including intermixed suspensions, 

precursor solutions and hybrid deposition, in order to study their mutual interactions and the 

ability to increase the amount of the corundum phase in the as-sprayed coatings. 

5.1 Development of alumina coatings from liquid feedstocks 

Based on the long-term tradition of alumina deposition from coarse powders at IPP, it was 

decided to attempt preparation of alumina coatings using liquid feedstocks. For the task, the 

hybrid water-stabilized plasma torch WSP-H 500 was used as it is capable of high-throughput 

powder spraying and was expected to deliver the high-enthalpy plasma necessary for successful 

liquid-feedstock deposition. The first attempts are dated back to the author’s Research project 

[78], where nanometric alumina powder was used for formulation of ethanol-based suspension 

and sprayed. The resulting deposit was, however, very soft and brittle. The microscopic 

evaluation revealed that it mostly comprised of feathery-like structures which probably 

originated as redeposited condensate of feedstock material evaporated due to overheating of 

the fine particles. Based on this experiment, a more systematic approach was carried out for 

further development of alumina-based coatings from liquid feedstocks, presented in [I]. 

The fact that feedstock formulation may decisively influence the resulting coating 

microstructure has been reported in the literature. Therefore, it was decided to carry out a 

mapping of multiple feedstocks and deposit coatings therefrom. In order to do that, first 

feedstocks were developed in-house using multiple powder granulometries, solid load 

concentrations, solvent types, and stabilizing additive concentrations. Following the feedstock 

optimization study, suspensions of 300 nm nominal particle size powder dispersed in water and 

ethanol in 10 and 20 wt.% concentrations were used for deposition. For comparison, a 

commercial ready-to-spray water-based alumina suspension was used along with the 

custom-made ones. In order to evaluate the influence of the deposition parameters on the 

coating microstructure, feeding distance was varied for the ready-to-spray suspension. Also, a 

water-based aluminum nitrate solution was used to test the possibility of coating deposition 

from a solution of a precursor using the WSP-H 500 torch. 

Using the multitude of feedstocks, coating microstructures ranging from highly dense, over 

columnar cauliflower-like to extremely porous were fabricated, thereby confirming the 

influence of feedstock formulation on the coating microstructure. The densest microstructure 

(porosity < 10 %) was prepared using the in-house-made ethanol-based suspension while the 

water-based ready-to-spray suspension produced the porous columnar microstructure. The 

influence of the feeding distance variation on the coating microstructure was found rather 

insignificant, thus providing the process robustness favorable for potential industrial 

application. 

Regarding phase composition of the coatings, the metastable γ- and δ-phases were prevalent in 

the suspension sprayed coatings, as confirmed both by XRD and NMR. To the best of author’s 
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knowledge, this was the first time NMR was used for the analysis of thermally sprayed alumina 

coatings. The solution sprayed coating contained over 80 wt.% of the α-phase. 

Two coatings – the columnar one from water-based commercial suspension and the dense one 

from ethanol-based custom-made suspension – were selected for evaluation of mechanical 

properties: hardness, tensile adhesion strength, wet abrasive wear (slurry abrasion response 

test), and dry sliding wear resistance (pin-on-disc test). It was proved that the highly dense 

coating showed outstanding performance in all tests; especially the application-relevant values 

of dry sliding wear resistance and adhesion strength were among the best reported in the 

literature. This coating also significantly outperformed the conventional powder-sprayed 

counterparts, providing the evidence that liquid-feedstock plasma spraying with high-enthalpy 

torches may be the future of high-performance coatings for cutting-edge applications. 
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1. Introduction
Aluminiumoxide (Al2O3) coatings are commonly used in various ap-
plicationswhere good chemical and thermal stability, electric insulation
or wear resistance are required [1]. These coatings are usually prepared
by atmospheric plasma spraying (APS) technique using coarse powders
of typical particle size in tens of micrometers. However, suspension
plasma spraying (SPS) has lately gained immense attention since it pro-
vides the possibility to prepare finely structured (even nanostructured)
coatings with better functional properties than with conventional coat-
ing techniques. Themain benefit stems from the fact that very fine pow-
ders, typically with particle size in tens or hundreds of nanometers, are
introduced into the plasma jet in the form of a suspension. After the car-
rier liquid (solvent) is evaporated, the small melted particles form a
coating with structural units in the submicron range [2]. Another
added value for alumina spraying is the possible retention of the initial
α-phase of the powder and preparation of the desirable α-phase rich
coatings [3]. This stable phase is favored for its high hardness and corro-
sion resistance. Conventional plasma spraying of powders generally
to the rapid cooling of the deposited material [4].
The resulting coatingmicrostructure is, however, a function of many

variables, such as plasma characteristics (enthalpy, density, velocity,
etc.), feedstock properties, and process parameters (standoff distance,
feeding distance, feed rate, etc.) to name a few [5]. Itmay be challenging
to find the right set of parameters for a specific application but it also
provides desirable potential of variability of the deposition process for
the fine tuning of the coating microstructure through modification of
the input parameters. The relations between the operating parameters
and the coating properties need to be understood to be able to tailor
the microstructure for a desired application.

One of the key parameters governing the coating build-up are the
properties of selected feedstock, i.e. in the case of SPS it is the suspension
concentration (solid load), solvent type, additives, etc. which influence
fragmentation of the feedstock in the plasma jet. According to results
obtained for gas-stabilized plasma torches [6–8], it is generally assumed
that water-based suspensions lead to more compact microstructures
whereas alcohol-based ones lead to less dense, porous microstructures.
This is usually attributed to the fact thatwater formsbigger droplets due
to the higher surface tension and the resultingparticles impinge the sur-
facemore perpendicularly andwith highermomentum than the smaller
ones. However, the bigger droplets with lower degree of atomization
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may result in the presence of unmelted material embedded in the coat-
ing due to insufficient melting of the core of particle or agglomerates [6,

properties including hardness, adhesion/cohesion strength andwear re-
sistance in dry andwet conditionsweremeasured for one selected coat-
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9]. If presence of this feature (i.e. untreated feedstock) is not desirable, it
may be mitigated by modification of the suspension atomization to
yield smaller droplets (e.g. by lowering the liquid surface tension or
by pre-atomization of the feedstock before injection into the plasma
jet [10]), by choice of the injection point position or torch standoff dis-
tance from the workpiece to ensure optimal melting of the powder.

An alternative route of plasma spraying with liquid feedstocks is so-
lution precursor plasma spraying (SPPS), where the deposited material
is prepared in-situ from the solution injected into the plasma jet [11–
13]. A major benefit of this approach is that the feedstock does not con-
tain any solid particles, which for example eliminates the risk of sedi-
mentation and, in case of a solution of multiple chemicals, the
homogenization is significantly facilitated. On the other hand, both
SPS and SPPS share the same challenges as compared to the convention-
al spraying of powders in terms of additional energy consumption due
to the solvent evaporation or the relatively low deposition rate achiev-
able as compared to conventional spraying.

The use of a liquid carrier in SPS and SPPS raises the need for high en-
thalpy plasma source, as substantial amount of heat is required for the
processing of the feedstock, i.e. heating and evaporating of the liquid
followed by heating and melting of the powder. From this point of
view, torches based on water stabilization of plasma (WSP technology)
provide a high enthalpy plasma jet, whichmakes themparticularly suit-
able for preparation of coatings from liquid feedstocks [14,15]. Themost
recent “hybrid” WSP technology (WSP-H) combines the principles of
gas (GSP) and water vortex (WSP) arc stabilization producing plasma
jet of relatively low density (about 6.8 g·m−3) but high enthalpy (up
to 300 MJ·kg−1) and high velocity (up to 7000 m·s−1) [16,17]. Due to
these plasma characteristics, WSP-H torchwas proven to be convenient
for large-scale coating production due to a high achievable feedstock
throughput (more than 100 ml of suspension per minute) combined
with high deposition efficiency [15,18].

This paper examines the possibility of suspension plasma spraying of
aluminium oxidewithWSP-H plasma torch at high feed rate. The entire
process is described, including the optimization of suspensions, the de-
position of coatings, and the evaluation of mechanical properties of the
deposits. The aim of the studywas to find suspension formulations suit-
able for WSP-H spraying, to prepare durable dense coating microstruc-
ture with low porosity and possibly high α-phase content, and to
compare the coating properties with those of conventional powder-
sprayed coating deposited also with WSP-H. Possibility of using WSP-
H torch for solution plasma spraying of alumina will also be illustrated
on the deposition of coating with extreme porosity (up to 70%).

2. Experimental

Firstly, optimization of the deposition parameters was carried out
using a commercial ready-to-spray water-based suspension. Three
feeding (injection) distances were tested (19, 25, and 31 mm) in order
to evaluate how much this parameter influences the resulting coating
microstructure for WSP-H technology. Next, optimization of custom-
made suspensions (further denoted as IPP suspensions) was carried
out in order to attempt deposition from suspensions of different formu-
lation to possibly obtain various microstructures. Attention was paid to
the optimization of suspension formulation in terms of sedimentation
stability and viscosity. Two commercially available powderswith differ-
ent particle size distributions were used to formulate both water and
ethanol-based suspensions. In the next step, the optimized IPP suspen-
sions were also used for the deposition of coatings. At last, water-based
solution of aluminium nitrate nonahydrate was sprayed to test the fea-
sibility of solution precursor plasma spraying of alumina with WSP-H
technology.

Microstructure and phase composition of all suspension and solu-
tion-sprayed deposits were evaluated. In the last step, mechanical
ing from the commercial suspension and one from the custom-made
suspension. Coatings were compared with the coating deposited by
WSP-H torch using conventional plasma spraying of coarse dry powder.

2.1. Feedstocks

Commercial ready-to-spray water-based suspension of α-alumina
powder (d50 = 2.2 μm) with 40 wt% solid particle content supplied by
Treibacher Industrie AG (Austria) was used for the optimization of the
spraying parameters. To formulate the custom-made IPP suspensions,
commercialα-alumina submicron-sized powderswith nominal particle
sizes of 300 and 1000 nm (as designated by manufacturer - Allied High
Tech Products, INC, USA) were dispersed with 10 and 20 wt% solid con-
centrations in water or ethanol solvents. Micrographs of both powders
are compared in Fig. 1 revealing partial agglomeration and noticeably
bigger particles of the 1000 nmpowder. For preparation of the solution,
aluminium nitrate nonahydrate Al(NO3)3·9H2O (Lach-Ner, s.r.o., Czech
Republic) was dissolved in water with the concentration of 5 wt% of al-
uminium in the solution. For the deposition of the conventional coating,
SURPREX AW24 powder was used (Fujimi INC., Japan, granulometry
−75 + 38 μm).

For the stabilization of the IPP suspensions, BYK-LP C 22587 stabiliz-
er (BYK-GARDNER GmbH, Germany) was used in concentration of
0.5 wt%. Sedimentation resistance of the prepared suspensions with
20 wt% of solid phase was compared to that of the non-stabilized
ones. Sedimentation process was monitored using an automated time-
lapse camera taking photographs of the suspensions in test tubes regu-
larly over a time period of 4 h. The sedimentation progress was evaluat-
ed as the position from the distinguishable sediment-solvent interface
to the initial liquid column height.

Viscosity of suspensions selected after the sedimentation evaluation
wasmeasured using DV2TLV viscometer (Brookfield, USA) with coaxial
cylinder-cylinder geometry. An automated regime was used measuring
a sequence of speeds from 10 to 100 and back to 10 RPM with 10 RPM
increment (decrement) taking 5 measurements averaged over 2 s at
each speed.

2.2. Deposition process and design of experiment

The design of deposition experiments (see Table 1) is reflected also
in the experiment code in the form of XXsolventYY which comprises of
the feeding distance in mm (XX), solvent used (“W” for water-based
IPP suspensions, “E” for ethanol-based IPP suspension, “Tr” for the com-
mercial water-based Treibacher suspension, and “Sol” for the water-
based IPP solution) and solid phase concentration in wt% (YY). All
other parameters of the deposition were constant for all experiments.
The custom made suspensions were prepared by adding the 300 nm
nominal particle size powder (see Fig. 1a) and stabilizing agent to the
solvent while maintaining continuous mechanical stirring. The mixture
was then subjected to one hour longmechanical stirring in a cylindrical
mill with a set of ceramic balls to further homogenize the feedstock and
disintegrate agglomerates. The solution was prepared by mixing the re-
quired amount of Al(NO3)3·9H2O (5 wt% of Al in the solution) until
completely dissolved.

Conventional coating for benchmarking of mechanical properties
was prepared from alumina powder according to the deposition process
parameters listed in Table 2. The rather long spraying distance of
380 mm was chosen based on the long term experience with spraying
of alumina powders using WSP-H torch as the selected conditions pro-
vide a reasonable compromise between the coating porosity and depo-
sition efficiency.

Hybrid water-stabilized torch WSP®-H 500 (ProjectSoft HK a.s.,
Czech Republic) operated at 500 A (~150 kW) was used for deposition
with argon flow of 15 slpm [17]. For all deposition experiments, radial



injection with 100 mm standoff distance (SD) was used. Also, down- 2.3. Samples characterization

Fig. 1.Micrographs of 300 nm nominal particle size powder (a), and of 1000 nm nominal particle size powder (b).
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stream injection was used based on our previous optimization study
[18], in this case 65° (see Fig. 2a). In the first optimization stage, feeding
distances (FD) of 19, 25, and 31 mm were used with the commercial
suspension (see Table 1) in order to explore the sensitivity of the depo-
sition process to this variable. Feeding distance of 25 mmwas then se-
lected as a standard value for the spraying of custom-made
suspensions and solution.

Substrates for the deposition were manufactured from AISI 304
stainless steel and S235 structural steel in the form of rectangular cou-
pons (dimensions 20 × 30 × 2.5 mm). These were first grit-blasted
with alumina grit, then cleaned and degreased in acetone in ultrasound
bath andmounted to a rotating carousel (see Fig. 2b) whichwas cooled
by two air knives from the side to reduce the heat build-up on the sam-
ples. Prior to the deposition, substrates were preheatedwith the plasma
torch,whichmoved vertically in front of the carousel. At the preselected
substrate temperature of 200 °C, the feedstock injectionwas started and
the coating was deposited directly on the substrates. Each deposition
cycle consisted of three “up-and-down” strokes followed by cooling pe-
riod. The interpass cooling temperature was set to 250 °C. Such deposi-
tion cycle was repeated until the preselected number of deposition
passes was achieved. For more details on deposition setup please see
[15]. The liquids for spraying were fed from a custom-built pneumatic
feeder equiped with mechanic stirrer preventing sedimentation of the
solid phase. The liquid was injected into the plasma jet as a laminar
stream through a calibrated sapphire orifice with internal diameter of
0.35 mm. Feeding pressure adjustment was based on a direct observa-
tion of the liquid penetration into the plasma jet using the SprayCam
shadowgraphy system (Control Vision, INC, USA) to ensure optimal liq-
uid trajectory along the centerline of the plasma jet.

Table 1

List of deposition experiments denoted by the feedstock code with the most important process
stands for Institute of Plasma Physics.

Feedstock code 19Tr40 25Tr40 31Tr40 25

Manufacturer TI AG TI AG TI AG IP
Feeding distance (mm) 19 25 31 25
Solvent type Water Water Water W
Solid load (wt%) 40 40 40 10
Nominal⁎ median particle size (nm) 2200 2200 2200 30
Feeding pressure (bar) 4.0 4.0 3.2 3.5
Feed rate (ml/min) 94 94 86 10
Total number of deposition cycles 5 5 7 10
Microstructure Column Column Column De
Total thickness (μm) 228 ± 33 227 ± 22 300 ± 36 55
Growth rate (μm/cycle) 45.5 ± 6.7 45.5 ± 4.4 42.8 ± 5.1 5.5
Porosity (IA) (%) 20.9 ± 4.0 18.7 ± 2.9 19.4 ± 3.5 16

⁎ As provided by manufacturer.
Coated samples were cut by a high-precision metallographic saw
(Secotom-50, Struers, Denmark) using diamond blade, mounted in
EpoFix epoxy resin (Struers, Denmark) using vacuum impregnation
and polished down to 1 μm diamond suspension using automated
polishing system (Tegramin-25, Struers, Denmark) following a stan-
dardized metallographic procedure. The cross-sections were observed
by scanningelectronmicroscope EVOMA15 (Carl Zeiss SMT,Germany).
Micrographs of the cross-sections were used to evaluate the average
thickness of thedeposits from9 equidistant points. The average porosity
was evaluated by image analysis (IA) from 8micrographs at 500×mag-
nification and 8micrographs at 3000×magnification for each sample in
order to take into account bothmicrometric andnanometric-sized voids
(pores and cracks) using ImageJ 1.50e software [19]. From the known
coating thickness and variable number of deposition passes, growth
rate in terms of thickness per deposition cycle was evaluated. This
value may be used as a measure of the coating deposition efficiency.

Phase composition of the initial powders and deposits were deter-
mined by powder X-ray diffraction technique (XRD) using D8 Discover
diffractometer (Bruker AXS, Germany) with Bragg-Bretano geometry
and CuKα radiation. Rietveld analysis of the diffraction patterns was
used to quantify presence of identified crystalline phases. In addition
to XRD, 27Al nuclear magnetic resonance (NMR) with 14 kHz magic
angle spinning (MAS) using Bruker Avance III HD spectrometer with
27Al frequency 130 MHz was applied to alternatively evaluate the
phase composition and validate XRD results. Spectra were modeled as
linear combinations of the spectra of pure α and γ-phases. Corrections
for second-order quadrupolar effects [20] were found negligible. For
the NMR analysis, the coatings were removed from the substrates and
parameters and resultant coating properties. TI AG stands for Treibacher Industrie AG, IPP

W10 25W20 25E10 25E20 19Sol5 25Sol5

P IPP IPP IPP IPP IPP
25 25 25 19 25

ater Water Ethanol Ethanol Water Water
20 10 20 5 5

0 300 300 300 – –
3.5 4.0 4.0 4.0 4.0

0 87 120 114 98 98
5 25 5 10 10

nse Dense Dense Dense Foamy Foamy
± 6 101 ± 20 176 ± 12 91 ± 9 163 ± 3 158 ± 11
± 0.6 20.1 ± 4.0 7.0 ± 0.5 18.3 ± 1.7 16.3 ± 0.3 15.8 ± 1.1
.3 ± 0.5 22.1 ± 2.9 6.5 ± 1.1 8.6 ± 3.0 69.7 ± 1.5 70.3 ± 1.2



crushed into homogenized powder. Only the coatings of sufficient thick-
nesswere evaluated using thismethod (31Tr40, 25E10, 25Sol5, AW24).

inner walls of internal cavities or intercolumnar gaps, which indicates
melting and re-solidification of somedroplets before impact on the sub-

3.2. Custom suspensions optimization

Table 2
Deposition parameters of powder-sprayed coating.

Feedstock Fujimi AW24

Feeding distance (mm) 55
Spraying distance (mm) 380
Feed rate (kg/h) 8.8
Total number of deposition passes 24
Growth rate (μm/pass) 9.6 ± 0.5
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Hardness testing of the coatings was carried out on the polished
cross-sections by Nexus 4504 hardness tester (Innovatest, the Nether-
lands) with Vickers indenter at load of 0.3 kgf. Size of the indents for
the hardness evaluation was measured from SEM micrographs.

Tribological properties were measured by CSEM High Temperature
Tribometer (CSM Instruments, Switzerland) by dry sliding Pin-on-Disc
test according to the ASTM G99-05 standard. The tests were carried
out at room temperature, in air atmosphere (31% relative humidity)
without lubrication using alumina counterpart ball (6 mm diameter)
with 10 N normal load, 0.1 m·s−1 speed and measured distance of
1099.27 m in 50,000 cycles (track radius 3.5 mm). Prior to the testing,
surface of the samples was polished on metallographic polishing ma-
chinedown to 1 μmdiamond suspension. Forwear evaluationof coating
performance in the wet conditions, abrasion wear in a slurry of sharp
alumina particles was evaluated also by SAR test (Slurry Abrasion Re-
sponse) according to the ASTM G75 standard. Slurry mixture of 150 g
alumina (mesh F240) with 150 g of water were used as the abrasion
medium.

Tensile adhesion/cohesion strength measurement was carried out
using Instron 1362 (Instron, UK) mechanical testing machine following
the ASTM C633-13 standard. For the tests, the substrate coupons with
coatings were glued between two grit-blasted cylinders (18 mm in di-
ameter) using FM 1000 adhesive film (Cytec Industries Inc., USA) ac-
cording to [21]. Cured samples were mounted in the testing machine,
preloaded to 50 N and loaded by a constant rate of cross-head travel
of 0.5 mm·min−1 until rupture.

3. Results

3.1. Deposition optimization

In the first stage, optimization of the deposition process was carried
out using the commercial ready-to-spray suspensionwith three feeding
distances of 19, 25, and 31 mm (see Table 1). Resulting coating micro-
structures are shown in Fig. 3.

In all three cases, the coatings showed similar columnar-like micro-
structure with comparable porosity of about 19%. Boundaries between
flattened splats were barely distinguishable within the coating and the
splats were well connected, as visible in the detailed micrographs in
Fig. 3. Therewas found nounmeltedmaterial embedded in the coatings,
however, some loose spherical particles were locally attached to the
Fig. 2. Scheme of the spraying geometry (a) and photograph o
strate (see Fig. 3b, d, f). The fact that all three deposition experiments
led to similar coating microstructures with comparable deposition
rates (see Table 1) indicates that the variation of feeding (injection) dis-
tancewithin the selected range has limited influence on the coatingmi-
crostructure forWSP-H spraying. This also demonstrates a robustness of
the deposition process.
Firstly, sedimentation resistancewas evaluated for the stabilized and
non-stabilized suspensions formulatedwith 300 nmand 1000 nmpow-
ders. Second, based on the sedimentation test results, viscosity evalua-
tion was carried out to assess the difference in rheology of the
selected stabilized and non-stabilized suspensions.

The suspension sedimentation test results are illustrated for etha-
nol-based suspensions in photographs in Fig. 4. Each pair represents a
fresh suspension and the same sample after four hours. The arrow
marks the position of the distinguishable sediment-solvent interface.
Both non-stabilized and stabilized suspensions prepared from
1000 nm powder (Fig. 4a and b, respectively) sedimented rapidly and
the position of the sediment-solvent interface was clearly identifiable.
On the other hand, the sedimentation of the suspensions from 300 nm
powder was practically immeasurable even after four hours (Fig. 4c
and d, non-stabilized and stabilized, respectively). The results for the
water-based suspensions were analogous.

The timeevolution of the sedimentation of the 1000 nmpowder sus-
pensions is presented in chart in Fig. 5. From the comparison of the sed-
imentation rate of both water and ethanol-based suspensions it is
evident, that prepared suspensions sedimented rapidly, however, the
addition of the stabilizing component substantially increased the stabil-
ity of the suspensions for both water and ethanol solvents. The sedi-
ment-solvent interface in the stabilized water-based suspension
descended to 80% of the initial liquid column height after 4 h compared
to less than 50% in the case of the non-stabilized suspension. Similar ef-
fect of the BYK addition on the sedimentation rate of the ethanol-based
suspensions was observed as the interface in the stabilized suspension
descended down to approximately 60%, compared to less than 30% of
the non-stabilized one within 4 h.

Not only the higher final position of the sediment-solvent interface,
but also the sedimentation rate observed within the first hour proved
the favorable effect of the stabilizer. Non-stabilized 1000 nm suspen-
sions settled down very quickly right after being poured into the test
tubes. These suspensions reached the saturated state (practically no fur-
ther sedimentation takes place) within the first hour whereas the pow-
der in the stabilized suspensions kept floating up to 90% of the liquid
column height after the first hour. Similar results were observed by
Rampon et al. in [22] when evaluating the stabilization of an aqueous
suspension of YSZwith ammonium salt of polyacrylic acid. Such suspen-
sion stabilizationmay be sufficientwhen the suspension is prepared on-
site immediately before the spraying session and the whole volume of
f samples on the carousel after the coating deposition (b).



the suspension is depleted without the need for its long-term storage
[11].

However, due to much higher sedimentation resistance (Fig. 4), the
300 nm powder suspensions were selected for further experiments as

Fig. 3. Cross sections of the coatings prepared from the commercial suspension: a) FD 19 mm, c) FD 25 mm, e) FD 31 mm and details of the microstructures in b), d), f), respectively.
Spherical particles (SP) are marked by arrows.
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Moreover, it was observed that mechanical re-dispersion of the sta-
bilized suspensions by shaking and stirring wasmuch easier than in the
case of the non-stabilized ones. Based on that, continuous mechanical
stirring in the suspension container during the spraying time is expect-
ed to prevent the suspension sedimentation completely, ensuring un-
changing feedstock concentration during the whole spraying process.
Fig. 4.Comparison of a) non-stabilized 1000nmethanol suspension, b) stabilized 1000 nmetha
suspension. Fresh suspension (left), after 4 h (right).
themore promising. Viscosity of bothwater and ethanol-based suspen-
sions with 10 and 20 wt% concentrations was evaluated with and with-
out stabilization in order to observe the possible change in their
rheology due to the stabilizer addition.

Plot in Fig. 6 illustrates the relation between the viscosity and the ro-
tation speed of the viscometer probe for the 20 wt% suspensions. All
nol suspension, c) non-stabilized 300 nmethanol suspension, d) stabilized 300 nmethanol



suspensions showed negligible hysteresis. It is clear that the stabilizing
additive increased the viscosity of both water and ethanol-based sus-

despite a high solid load of 40wt%. Such a low value wasmost probably

Fig. 5. Sedimentation evolution of the 1000 nm powder 20 wt% suspensions.

Fig. 7. Relation between shear rate (in terms of probe RPM) and the viscosity of the
suspensions used for deposition. Scatter bounds are smaller than the data points.
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pensions, especially at low RPM. A non-Newtonian shear-thinning be-
havior was observed for all samples with the exception of the non-
stabilized ethanol-based suspension.

Since high shear rates can be expected in the injection nozzle with
typical internal diameter of several hundreds of micrometers, the
most relevant viscosity value is at the highest testing RPMs where the
highest shear rates occur. Viscosity at the highest shear rates was ap-
proximately doubled by addition of the stabilizer from around
38 mPa·s to 88 mPa·s for the non-stabilized and stabilized water-
based suspensions, respectively, and from 6 mPa·s to 10 mPa·s for the
non-stabilized and stabilized ethanol-based suspensions, respectively.
Even though these values are one or two orders of magnitude higher
than those of the pure solvents (ηH2O = 1.00 mPa·s and ηethanol =
1.14 mPa·s at 20 °C [23]), the suspensions were still able to be continu-
ously injected through the used nozzle and were suitable as feedstocks
for spraying.

Shear thinningwas negligible for 10wt% suspensionswhich showed
also significantly lower viscosity values, i.e. approximately 4 mPa·s for
the stabilized ethanol-based suspension and around 8mPa·s for the sta-
bilized water-based one. For the non-stabilized suspensions, viscosities
were even lower, i.e. 1 mPa·s and 1.7 mPa·s, respectively.

Based on the optimization experiments, stabilized water and etha-
nol-based suspensions formulated from 300 nm powder with 10 and
20 wt% concentration were selected for further spraying experiments
as more promising due to much better sedimentation resistance when
compared to 1000 nm powder suspensions.

Viscosity of all suspensions selected for the deposition experiments
related to the shear rate (in terms of probe RPM) are presented in
Fig. 7. Compared to the IPP suspensions, the viscosity of the commercial
water-based suspension supplied by Treibacher Industrie AGwas rather
low with values from 60 mPa·s at 10 RPM to 20 mPa·s at 100 RPM
Fig. 6. Relation between shear rate (in terms of probe RPM) and the viscosity of the
stabilized and non-stabilized 20 wt% 300 nm suspensions. Scatter bounds are smaller
than the data points.
connected to the higher particle size distribution median (d50 = 2.2
μm).

3.3. Deposition of custom-made suspensions and solution

Based on the results of the optimization stage of the deposition pro-
cess with commercial suspension (Section 3.1), it was decided to carry
out deposition of coatings from custom-made suspensionswith feeding
distance of 25mm. The solutionwas deposited using feeding distance of
25 mm and also 19 mm to further probe the influence of the feeding
distance.

Successful deposition of thick coatings homogeneously covering the
substrates (Fig. 2b) was achieved. However, dense character of micro-
structure of the 25E10 coating combined with its high thickness and a
high coefficient of thermal expansion (CTE) mismatch led to its partial
delamination from the stainless steel substrate. Results of this coating
are therefore presented for S235 steel substrate, where the coating ad-
herence was excellent.

Depending on the feedstock formulation, microstructure of the ac-
quired deposits varied from well-sintered dense for the ethanol-based
suspension over moderately porous for the water-based suspension to
extremely porous foamy microstructure deposited from the solution.
Representative examples of the coating microstructures are depicted
in Fig. 8.

Water-based and ethanol-based custom-made IPP suspensions
yielded relatively dense coatings when compared to coatings deposited
from the commercial suspension. Coatings also showed different nature
of porosity (Fig. 8a, c). The lowest porosity was found in the 25E10 coat-
ing (6.5 ± 1.1%) with only a negligible amount of unmelted material
(Fig. 8b), whereas the highest degree of porosity among the IPP suspen-
sion-sprayed coatings was found in the 25W20 coating (22.1± 2.9%). A
more detailed view in Fig. 8d shows that pores in this coatingwere filled
with unmelted powdery feedstock. Similar pores morphology was
found also in the 25W10 and 25E20 coatings and the density of pores
was proportionally related to the composition of the suspension, i.e.
the higher the solid content, the higher the porosity (see Table 1).

A completely different type of microstructure was observed for the
solution-sprayed coatings which showed a highly porous (around
70%) “foamy” microstructure where, in a more detailed view (Fig. 8f),
islands of well-melted splats of irregular shape (typical size from 1 to
20 μm) can be found surrounded by thin-walled hollow shells (Fig. 8e,
f). The microstructure was very similar for both coatings sprayed with
feeding distance of 19 and 25mm showing again theminimal influence
of this parameter in WSP-H spraying of this solution. Both coatings ad-
heredwell to the substrate but since the connection between splats was
provided by the foamymaterial, the coatings were prone tomechanical



damage and thus did not comply with the aim of the study to prepare
durable coatings. Microhardness of the coatings could not be reliably

relatively high α-phase content of about 25 wt% (Table 3). The remain-
ing part of the phase content was represented by amorphous material,

Fig. 8. Examples of depositsmicrostructures: a) 25E10 coating, c) 25W20 coating, e) 25Sol5 coating. SS– stainless steel, S235 – structural steel. Details ofmicrostructures: b) 25E10 coating,
d) 25W20 coating (PM – powdery material), f) 25Sol5 coating (S – splat, HS – hollow shells).

Fig. 9. Diffraction patterns of a) 25E10, b) 31Tr40, c) 25W20, and d) 25Sol5 coatings.
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evaluated on the embedded cross-sections due to the penetration of
the mounting epoxy into the pores and substantial reinforcement of
the microstructure.

Comparison of the growth rates listed in Table 1 shows that the con-
centration of the solid phase is the key parameter of the coating build-
up rate. The coating thickness increase per deposition cycle (DE in μm/
cycle) was more than doubled when doubling the concentration of
the feedstock powder in the suspension. However, the relatively high
growth rate of the solution sprayed coatings which was comparable to
the 20wt% suspensions (around 8 μm/pass) was caused by the extreme
porosity of the deposits (~70%), i.e. the thickness increase was achieved
with a low volume of solid material.

3.4. Phase composition

XRD analysis revealed substantial differences in the phase composi-
tion of the deposited coatings, as well as dependence of phase composi-
tion of the deposit on the feedstock formulation. The illustrative
diffraction patterns are shown in Fig. 9. All powders used for suspension
preparation were pure α-phase alumina, however, after the deposition
the volumeof this phase decreased significantly. The commercialwater-
based suspension (31Tr40 experiment) produced a coating with a
γ-phase, and δ-phase. Spraying themore diluted ethanol-based suspen-
sion (25E10) led to the coatingwith higher content ofmetastableγ- and
δ-phases andonly a small amount ofα-phase of about 10wt%. A notably
different phase composition was found for the solution-sprayed 25Sol5
coating which was mainly composed of the stable α-phase (83 wt%).



However, the XRD method evaluates the phase composition from
the sample surface with a limited penetration depth of several tens of

compact 25E10 coating which shows that the microstructure and
quality of mutual bonding between splats play a more important role

Table 3
Comparison of α-phase content in initial feedstock powders and resulting coatings mea-
sured by XRD and NMR.

Experiment Feedstock α-phase content (wt%) Coating α-phase content (wt%)

XRD/NMR XRD/NMR

25E10 100/97+ 9/10
31Tr40 100/100 25/26
25Sol5 −/− 83/91
AW24 100/100 10/16
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μm. To validate the phase composition for thewhole volume of coatings,
the NMRmethodwas used. Theα-phase contents obtained by XRD and
by NMR were in a good agreement (Table 3). It may be therefore con-
cluded that NMR may be a useful tool for evaluation of the phase com-
position of plasma sprayed coatings as the Rietveld refinement of XRD
diffraction patterns of nanostructured material is challenging.

3.5. Mechanical properties

From the IPP coatings, sample 25E10 was selected for mechanical
testing as it showed the densest microstructure which was most prom-
ising for a high mechanical endurance. On the other hand, all coatings
prepared from commercial suspension showed comparable columnar
microstructure typical for suspension plasma spraying and promising
some other potential benefits such as increased strain-tolerance. Coat-
ing 31Tr40 was selected from these coatings for mechanical testing
due to its highest thickness.

The hardness of the suspension-sprayed coatings reached quite re-
markable values of 1211 ± 11 HV0.3 for dense 25E10 and 919 ±
200 HV0.3 for more porous 31Tr40 coatings documenting a good bond-
ing of the depositedmaterial and high internal cohesion of the coatings.
The extremely narrow scatter of the hardness values of the 25E10 coat-
ing reflected a high structural homogeneity of the coating (see micro-
structure detail in Fig. 8a). On the contrary, the porous 31Tr40
(Fig. 3e) coating showed a bimodal distribution of hardness values
leading to a high scatter as the compact well-sintered columns also
reachedhardness values of 1100HV0.3whereas theporous areas reached
values of approximately 700HV0.3. Quite surprisingly, theα-phase richer
31Tr40 coating exhibited lower hardness even in the dense areas than the
Fig. 10. Comparison of hardness and tensile adhesion/cohesion strength of suspension- and pow
in the right hand side show the fracture surfaces after test.
for the mechanical durability than the phase composition. Compared
to the hardness of 911 ± 69 HV0.3 of the conventional coating AW24,
hardness values were encouraging for further mechanical tests as the
highhardness is often an indication of for example goodwear resistance
[24].

Tensile adhesion test results are shown in plot in Fig. 10. The highest
value of tensile adhesion strength of 51 ± 6 MPa was measured for the
densest 25E10 coating. The almost 100% adhesion failure proved the ex-
ceptional internal cohesion of the 25E10 coating (Fig. 10). The columnar
31Tr40 coating also showed a relatively high value of adhesion/cohe-
sion strength of 28 ± 3 MPa (failing due to loss of cohesion, see
Fig. 10). The conventional coating AW24 failed inmixed cohesion/adhe-
sion failure and showed a value of 19 ± 2 MPa being more than 60%
lower than that of the dense coating and about 30% lower than that of
the columnar coating.

After the tensile adhesion tests, cross sections were prepared from
the ruptured samples to observe whether any glue penetrated into the
coatings, since glue penetration may reinforce the coating and affect
the results [25]. The glue waswell recognizable in the SEMmicrographs
as it containedmicroscopic spherical particles unlike themetallographic
embedding resin (Fig. 11). The observation showed that the adhesive
film did not penetrate into the coating microstructure and copied the
free surface of the coatings. Even in the case of the columnar 31Tr40
coating, the glue ran only into the openings of thewidest intercolumnar
gaps not penetrating into the fine pores and did not reach the substrate.
It may be therefore concluded that the glue did not influence the adhe-
sion/cohesion strength of the coatings and themeasured values are rep-
resentative for the coatings.

The wear resistance of the coatings was found to be strongly depen-
dent on the coating microstructure (see Fig. 12). Please note that even
though bothmethods use the sameunits, themeasured values obtained
using pin-on-disc (POD) test are not comparable to those obtained
using slurry abrasion response (SAR) test due to significant qualitative
differences in the wear damage mechanisms and nature of the tests.
The best results were obtained for the dense suspension-sprayed
25E10 coating for both methods with the values of wear coefficients
KPOD = (1.94 ± 0.53)·10−5 mm3·N−1·m−1 and KSAR = (23.6 ±
5.8)·10−5 mm3·N−1·m−1 for pin-on-disc and SAR tests, respectively.
The value of the wear coefficient KPOD was approximately 10-times
lower than the respective values of 31Tr40 and AW24 coatings.
der-sprayed coatingswith percentage of adhesive (A) or cohesive (C) failure. Photographs



However, the mean value of coefficient of friction (COF) in pin-on-disc was incapable to resist the abrasion by the hard particles. In this case,

Fig. 11. Coating-glue interface of 25E10 coating (a) and coating-glue-resin interface of 31Tr40 coating (b). The dashed line indicates the interface between the adhesive film (AF) and the
metallographic embedding resin (R).
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test was comparable for all tested coatings in the range from 0.60 to
0.68.

The significantly better performance of the compact suspension-
sprayed coatingmay be attributed to thehigh density of this coating, ab-
sence of large-scale voids and strength of mutual interconnection be-
tween splats. Micrographs in Fig. 13 show the overview of the wear
tracks (Fig. 13a, c, e) and detailed damage in the center of the grooves
(Fig. 13b, d, f) from pin-on-disc test. For instance, in the case of 25E10
coating, the smallerwell-sintered splats led to noticeably finer wear de-
bris (Fig. 13b) which provided also a smoother sliding of the counter-
part ball, corresponding to lowest measured COF value. On the
contrary, the coarser fragments of the more loosely connected splats
in the case of the conventional AW24 coating further promoted the
damage of the material in the groove leading to a higher material re-
moval rate (KPOD = (20.3 ± 7.4)·10−5 mm3·N−1·m−1). In the case
of the columnar 31Tr40 coating, themechanismof thematerial removal
was the breaking and crushing of the column tips which filled the deep
intercolumnar gaps leading to the wear coefficient KPOD = (23.8 ±
10.6)·10−5 mm3·N−1·m−1.

In the case of slurry abrasion test, the local damage by sharp alumina
particleswasmore severe and therefore the differences between the test-
ed samples were less pronounced than in the Pin-on-Disc test (Fig. 12).
However, the 25E10 coating outperformed the other samples again hav-
ing the lowest KSAR value of (23.6 ± 5.8)·10−5 mm3·N−1·m−1. As for
the columnar coating, a still relatively low value of KSAR = (42.3 ±
19.0)·10−5 mm3·N−1·m−1 was measured. The highest KSAR of (68.8 ±
18.1)·10−5 mm3·N−1·m−1 was measured for the conventional AW24
coating showing that the prevalent mechanical interconnection of splats
Fig. 12. Comparison of wear resistance of suspension- and powder-sprayed coatings for
Pin-on-Disc test and SAR test.
the much larger splats were easily broken and removed from the coating
surface by the slurry, thus exposing the underlying coating and accelerat-
ing the damage.

4. Discussion

The alumina coatings prepared in this study and their properties
showed several remarkable aspects of suspension plasma spraying car-
ried out by hybrid water-stabilized plasma torch. The shadowgraphy
technique showed that the solvent type has a crucial role in the liquid
atomization as illustrated in the shadowgraphy images of the injection
area (Fig. 14). The ethanol-based suspensions undergo more intensive
droplet fragmentation than water-based ones (compare Fig. 14b to
the others). This could be beneficial for the formation of the compact
microstructure as the fine droplets gain higher speed and higher tem-
perature and impinge with a high flattening ratio. Moreover, spraying
with ethanol-based suspensions led to more intensive heating of the
substrate during the deposition due to the combustion of the ethanol
in the plasma jet (for details see [15]). This indicates that the enthalpy
available for thermal treatment of the dropletswas substantially higher.

On the contrary to the ethanol solvent, bigger droplets of the water-
based feedstocks were retained further downstream the plasma jet due
to the higher surface tension of water [26] potentially allowing reten-
tion of unmeltedmaterial in the core of bigger particles or agglomerates
when the droplets were deflected from the optimum trajectory in the
hottest section of the plasma jet.

However, the atomization and solvent evaporation takes place along
the whole trajectory of the particles downstream in the plasma jet af-
fecting the thermal history of individual droplets at the spraying dis-
tance, i.e. where the particles hit the substrate and form the deposit.
Please note that the length of the plasma jet of the WSP-H torch is
around 90 mm which is almost over the entire length of the spraying
distance (100 mm). Therefore, despite a rather long spraying distance,
the particles traveling along the optimum trajectory are accelerated
and heated over the entire distance without significant deceleration
and cooling before impact. Judging also from the absence of unmelted
material embedded in the coatings, the best atomization and feedstock
melting took place with the custom-made ethanol-based suspensions
(e.g. 25E10 experiment) and the commercial water-based suspension
(e.g. 31Tr40 experiment).

Please note that water-based suspensions produced porous and
even columnar microstructures whereas ethanol-based suspensions
led to more compact dense structures, which is the opposite of the gen-
eral experience with gas-stabilized torches [6–8]. According to [27],
lighter and slower particles tend to produce coatings with cauliflower-
like structure due to the fact that they easily follow the divergent gas
stream parallel to the surface and deposit on the sides of asperities of
roughened surface. However, both the high velocity and the low



Fig. 13. SEM micrographs of wear tracks (grooves) after pin-on-disc test. Overview – left, detail – right.

Fig. 14. Shadowgraphy images of feedstock atomization, a) 31Tr40 suspension, b) 25E10 suspension, c) 25W20 suspension, d) 25Sol5 suspension. Bright area is plasma jet.
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viscosity of the WSP-H plasma jet possibly provided the particles with
high momentum and produced only a thin deflective boundary layer

(see micrograph in Fig. 8f). Nevertheless, even though the solution-
sprayed coatings were not mechanically durable, the highly porous mi-
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of gasses above the surface [28]. Under such conditions, even the
small particles probably gained a high velocity and impacted mostly
perpendicularly onto the surface, which promoted formation of the
dense microstructure. This result shows that the choice of plasma
torch as well as the feedstock formulation has a strong influence on
the coatingmicrostructure, as the plasma properties influence its inter-
action with the liquid feedstock i.e. the atomization, heating and accel-
eration leading to substantial differences in the build-up mechanisms.

Apart from the liquid atomization and resulting coating microstruc-
ture, the phase composition also helps to understand the thermal histo-
ry of the feedstock and coating build-up. The smaller droplets of
ethanol-based suspension absorb more heat but also undergo a more
rapid cooling after flattening on the substrate or on the previous coating
layer. This leads to the preferential formation of the metastable γ and δ
phases at the expense of theα-phase. On the contrary, the coating from
the water-based commercial suspension retained a higher content of
the initial alpha phase. This should probably be attributed to the lower
intensity of atomization (Fig. 14a) and to the coarser powder dispersed
in the suspension (d50 = 2.2 μm for the commercial suspension com-
pared to d50 = 410 nm for the IPP suspension). Thus, the retention of
the original phase is promoted either in the core of the bigger particles
or in agglomerates sintered along the travel of the particle in the plasma
jet [11]. Another source of the α-phase could be the re-solidified parti-
cles which had enough time to crystalize in the stable phase during the
in-flight-stage [4].

Concerning the mechanical properties of the suspension-sprayed
coatings, the 25E10 and 31Tr40 coatings promised the best perfor-
mance based on their microstructure consisting dominantly of well-
sintered splats. This was proved by the remarkable values of hardness
and tensile adhesion strength of the SPS coatings due to effective bond-
ing between splats (as visible in Figs. 3f, 8b)when compared to the con-
ventional powder-sprayed coatings with much higher density of
internal voids (both intersplat and intrasplat cracks and pores) which
compromise themutual bonding of the splats by reduction of themutu-
al contact area and effectivity of mechanical interlocking of the splats
[29]. Additionally, based on the results of the wear tests, it was found
that improvedmutual interconnection ofminiature splats and homoge-
neity of the coating also leads to enhanced wear resistance of the coat-
ings sprayed from suspension. From the microscopic point of view, the
wear damage was less pronounced and localized in the compact
25E10 coating whereas in the 31Tr40 and AW24 coatings, the crum-
bling of the column tips or breaking and delamination of splats were re-
sponsible for the higher material removal rate (compare Fig. 13b with d
and f). However, the coefficient of friction (COF) in pin-on-disc test was
similar for all tested coatings ranging from 0.60 to 0.68. This result may
be attributed to the fact that after the running-in period, the COF value is
dependent mainly on the materials of friction pairs, in this case the
matching Al2O3 pairs and finely crushed alumina coating between
them. The slight differences between the measured COF values can be
assigned to the different wear mechanisms. Similar COF values were
measured for instance for CVD Al2O3 hard coatings tested against
Al2O3 counterpart in [30].

The extremely porous (around 70%) coatings deposited from the so-
lution also shows the applicability of WSP-H plasma spraying for the
manufacturing of coatings with a high porosity and large specific sur-
face areas. Based on the “foamy” character of the coatingmicrostructure
with embedded compact splats and the high fraction of theα-phase, the
following deposition mechanism may be suggested. Majority of the
droplets did not have enough time to evaporate, crystallize andmelt. In-
stead, the solution droplets impinged the hot surface where calcination
of solid phase accompaniedwith intensive generation of the gasses took
place [31] and the hollow shells solidified into the stableα-phase. How-
ever, some fraction of droplets calcined already during the in-flight
phase resulting in the compact Al2O3 splats embedded in the coating
crostructure composedmainly of the stableα-phasemay be interesting
for example for catalytic applications as a carrier of the catalytic
component.

5. Conclusions

A complex study of suspension and solution plasma spraying of alu-
minium oxide was carried out. The samples were prepared using a high
enthalpy hybrid water-stabilized plasma torch WSP®-H 500 with con-
siderable feed rate of more than 100 ml/min demonstrating the conve-
nience of the WSP-H technology for large scale alumina suspension
plasma spraying.

Deposition parameters were optimized using a commercial ready-
to-spray suspension and coatings of typical columnar microstructure
were prepared. The microstructure was found to be not so dependent
on the feeding distance.

In order to deposit custom-made suspensions, numerous formula-
tions were evaluated in terms of sedimentation stability and viscosity.
The best results were obtained with 0.5 wt% addition of stabilizing
agent which resulted in a significantly delayed sedimentation and im-
provedmechanical dispersibility of the powder. Despite the fact the addi-
tivemeasurably increased the viscosity of the suspensions, it represented
no major problem in suspension injection and therefore, the stabilized
suspensions were selected for the deposition experiments.

In the next step, custom-made stabilized suspensions of powder
concentrations of 10 and 20 wt% with water and ethanol solvents
were used to produce coating samples. Preparation of homogeneous
coatings covering the entire surface of the substrates was accomplished.
The densest coatingwas obtainedwith the custom-made ethanol-based
10wt% suspensionwhich produced a compact, well-sintered, and high-
ly durable coatingwith only a small amount of inhomogeneities such as
pores, cracks, etc. Quite surprisingly, this result goes against the widely
accepted rule of thumb for conventional gas-stabilized plasma torches
that compact coatings are more likely to be produced from water-
based feedstocks as indicated in [32,33]. This coating consisted mainly
of the metastable γ-phase (about 90 wt% according to XRD and NMR
method) which shows intensive quenching of the impinging melted
particles. The other suspensions and solution produced coatings with
a higher content of stable α-phase but also higher porosity and regions
of unmelted material embedded in the microstructure which deterio-
rated the mechanical properties.

Spraying of the solution feedstock of aluminiumnitrate nonahydrate
resulted in highly porous soft coatings composed dominantly (~90%) of
α-phase. Their microstructure was predominantly formed by thin-
walled hollow shells surrounding individual splats which could poten-
tially by interesting for example for catalytic applications as the carrier
of the active component.

The variety of microstructures prepared in this study proved the
high variability of the WSP-H deposition process. Achievable micro-
structures include a) durable well-sintered dense coatings, b) columnar
coatings with intermediate porosity and still preserving favorable me-
chanical properties, and c) “foamy” soft coatings with extreme porosity
prepared from solutions.

Mechanical testing of the selected suspension sprayed coatings showed
a significantly improved performance of these coatings when compared to
conventional coating deposited from dry coarse powder. High achievable
hardness (up to ~1200 HV0.3), adhesion/cohesion strength (up to
~50 MPa) and wear resistance (up to ~1.94·10−5 mm3·N−1·m−1 in
Pin-on-Disc test and ~24·10−5 mm3·N−1·m−1 in SAR test) show the
promising potential of the Al2O3 suspension plasma spraying with
WSP-H torch. Moreover, the fact that the coating microstructures were
quite insensitive of the injection point setting (feeding distance) showed
the robustness of the deposition process with the WSP-H technology
which may be valuable for industrial spraying.
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5.2 Study of coating buildup for high-enthalpy WSP-H torch 

The previous study provided rather unexpected result that the dense microstructure was 

prepared using an ethanol-based suspension while columnar coating was sprayed using 

water-based one. This finding was contradictory to the commonly accepted rule-of-thumb of 

suspension plasma spraying using GSP torches where the practice is usually the other way 

round. Therefore, in order to elaborate on the coating buildup mechanisms using the WSP-H 

torch, three suspensions already known to produce distinctive microstructure types (dense, 

semi-developed columnar, and fully-developed columnar) were used in deposition experiments 

designed to visualize the formation of the first splats on the substrate, the growth of the 

columnar microstructure, and the shape of the spray trace. 

It was demonstrated that the suspension producing large splats on the substrate (originating 

from large atomized droplets) provides the dense lamellar microstructure similar to 

conventional coatings. On contrary, the suspension producing a mixture of fine and coarse 

splats results in the columnar microstructure, the development of which depends on the ratio 

of large to fine spats. Therefore, it was shown that there is a smooth transition between these 

microstructure types depending on the atomization of the feedstock which, in turn, depends on 

the its overall characteristics and not solely on the solvent type or the size of primary powder 

particles. 

The study of columnar microstructure growth showed that the onset of column formation can 

be identified as early as after the first 3 deposition cycles which correspond to approximately 

20 – 30 μm of deposit thickness. Afterwards, a competitive growth between neighboring 

columns was recognized which results in the formation of the structure of alternating widening 

and receding columns. This competitive lateral growth was shown to reach a saturated state, 

i.e., that the in-plane width of the columns reaches a maximum when certain coating thickness 

is reached. 

The study of the spray trace profile as a function of the stand-off distance revealed that with 

increasing SD, the spray trace becomes wider and flatter, apparently due to the wider spread of 

material and decreasing deposition efficiency along the centerline. It was also shown that a soft 

and loose overspray material is deposited on the fringes of the spray trace under the specific 

deposition configuration used for this experiment regardless of the feedstock type. However, 

this overspray and resulting interpass porosity was not observed in coating samples sprayed 

using the standard carousel configuration (Fig. 14 in section 4.1). Therefore, the overspray 

material is expected to be entirely removed by the intensive plasma gas flow during successive 

torch passes and by the air knives used for deposit cooling. 

In conclusion, the coating formation mechanisms when spraying with the WSP-H torch were 

shown comparable to those observed when using the more conventional GSP torches. The key 

factor is the atomization of the liquid which is a result of its properties and a complex 

interaction with the plasma jet. 

The following paper [II] was based on a poster presentation given at international conference 

Rencontres Internationales sur la Projection Thermique 2017, which was held in Limoges, 

France. The poster was awarded the Best poster award. 
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A B S T R A C T

Introduction of suspension plasma spraying (SPS) brought novel coating microstructures unachievable by other
thermal spraying techniques. Both columnar and dense layers are of particular interest for various applications.
Deeper understanding of the coating buildup mechanisms is essential for tailoring of the coatings microstructure
and properties. This paper contributes to elucidation of the buildup mechanisms with focus on high enthalpy
plasma torches, in particular the hybrid water/argon-stabilized plasma torch WSP-H 500. The main differences
between the formation of finely structured dense coatings and columnar coatings were studied for alumina and
yttria-stabilized zirconia (YSZ) by comprehensive evaluation of individual splat formation, gradual coating
growth, and geometrical characteristics of the deposits.
It was clearly demonstrated that the coating microstructure is generally controlled by morphology of in-

dividual deposited splats which is influenced namely by formulation of the suspension and mean trajectory of
the fragmented suspension droplets in the plasma jet, both influencing size, flattening ratio and thermal history
of deposited splats.
Larger droplets having proper thermal treatment provided miniature lamellae similar to conventional plasma

spraying, eventually leading to the development of low porosity (dense) structures. With decreasing splat size
and increasing distance from the plasma jet axis, coatings tended to develop more porous columnar structures.
After characteristic number of deposition cycles, lateral growth of the columnar structures became saturated, i.e.
the equivalent diameter of the columnar structures became stabilized at about 75 μm, when observed from the
free-surface. Material deposited from the plasma fringes was only loosely bonded and could be easily blown
away from the surface which explains absence of interpass porosity in the deposited coatings.

1. Introduction

The use of liquid feedstocks (suspensions and solutions) gained a lot
of interest in the world of plasma spraying and finally became an in-
dustrially recognized technique. The main reason of interest in the
emerging technology of suspension plasma spraying (SPS) and solution
precursor plasma spraying (SPPS) is the ability to produce a broad
range of coatings of unique characteristics [1,2]. Aside from forming
the relatively dense lamellar structure resembling that of the conven-
tional coarse powders, only with splats size lower by two orders of
magnitude [3], the liquid-sprayed coatings can also produce extremely
porous structures [4] or even columnar branched structures that mimic
the morphology of the electron beam physical vapor-deposited (EB-
PVD) coatings [5]. All the above mentioned microstructures originate
from the small size of the impinging particles and hence the formed

structural units (splats) as well as from the small size of the voids en-
capsulated within the coating. SPS/SPPS coatings are able to outper-
form the conventional ones in terms of mechanical properties [6],
thermal properties [7,8], electronic properties [9,10], biocompatibility
[11], and others.
In the field of aerospace industry or power generation, the seg-

mented columnar morphology is one of the most intensively studied
types due to its promising properties potentially enabling further in-
crease in efficiency of the engines through the use of advanced thermal
barrier coatings (TBC) [12]. The driving force for the development of
SPS/SPPS TBCs is their ability to combine high service lifetime com-
parable to that of the competitive EB-PVD deposits, with a low thermal
conductivity, as well as cost-efficient deposition achievable by plasma
spraying [13,14].
The superior properties of SPS/SPPS TBCs stem from the so-called
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columnar “cauliflower-like” structure, which received its name for the
visual resemblance of the coating free-surface with the rather un-
popular Brassica oleracea var. botrytis vegetable species [15]. One of the
main advantages of the cauliflower-like structure is presence of the
vertical intercolumnar gaps which enable increased strain tolerance
compared to conventional powder-sprayed coatings. Such coating is
potentially able to more effectively accommodate to the deformation of
the substrate without detrimental cracking and spallation. Furthermore,
the fine micron and submicron porosity improves phonon-scattering,
thus effectively reducing the coating thermal conductivity [16].
A phenomenological description of the development of the co-

lumnar structure was proposed in [17], where the authors suggested
that the coating grows both in vertical and lateral directions, i.e. that
the particles build up on the surface not only perpendicularly as in
conventional spraying, but also side-ways. The perpendicular compo-
nent of particle velocity is acquired from its acceleration in the plasma
jet, whereas the lateral velocity component parallel with the coated
surface is received from the flow of plasma gases that are deflected by
the coated part which exhibits an obstacle to the gas flow. This flow is
strong enough to deflect only the light particles as the larger and hea-
vier ones possess enough momentum to retain their original vector of
velocity perpendicular to the substrate [18]. Consequently, the particles
with the lateral velocity component may impact onto the sides of sur-
face asperities formed e.g. by substrate grit-blasting or previously de-
posited large particles. The stochastic nature of emergence of the
column-nucleation centers on the surface asperities and competitive
growth of the branching columns leads to the formation of the char-
acteristic cauliflower-like structure.
The formation of the columnar structure is influenced by many

factors such as plasma properties or feedstock formulation which are
responsible for the atomization, acceleration, and heat treatment of the
liquid droplets [19,20], torch transverse velocity over the surface which
affects the growth rate, surface preparation which controls the initial
stage of microstructure development [21], etc. These factors have to be
considered when real industrial components with complex shape such
as turbine blades or vanes have to be coated.
Conversely, the dense microstructure is formed when the particles

are large enough (i.e. have higher momentum) to retain their trajectory
acquired in the plasma jet and impact perpendicularly on the coated
surface. These particles form disc-shaped splats similar to those origi-
nating from coarse powders and by splat stacking, a lamellar micro-
structure is formed.
This study focused on the comparison of the coating buildup of both

columnar and dense microstructures using the hybrid water/argon-
stabilized plasma torch (WSP-H 500) which were presented elsewhere
[6,22]. This torch has unique plasma parameters unparalleled by the
standard gas-stabilized torches (GSP), namely the high plasma velocity
and enthalpy, long jet, and lower plasma density [23]. In order to un-
derstand the coating buildup for high-enthalpy torches, three different
suspension feedstocks optimized to yield distinct microstructures were
used to study the phenomena leading to the different coating formation
independently on the material being deposited (see Table 1). To iden-
tify the difference between the dense and columnar coating buildup, the
first splats formed on the substrate were prepared in the frame of a

“single pass” experiment for two alumina suspensions yielding dense
and columnar porous microstructures. Subsequently, the incremental
growth of the cauliflower-like microstructure was studied in a “co-
lumnar growth” experiment using YSZ suspension as it is the primary
material of choice for thermal barrier coatings and, therefore, the
coating buildup mechanism is essential for tailoring of the coating
properties. Lastly, the “spray beads” experiment was carried out using
the dense-coating-forming alumina suspension and the columnar-
coating-forming YSZ suspension in order to evaluate deposition me-
chanisms for both the plasma jet centerline and jet fringes.

2. Experimental

All deposits were prepared using the hybrid argon/water-stabilized
plasma torch WSP-H 500 (ProjectSoft HK, a.s., Czech Republic). The
torch was operated at 500 A generating a total jet power of ~150 kW
with consumption of plasma forming gasses of only 15 slpm of Ar and
approximately 3 l/h of water. Details on the torch parameters as well as
the plasma conditions can be found elsewhere [24,25]. The torch was
mounted on a programmable robotic arm.
For the deposition experiments, 3 suspensions were used (Table 2):

(1) a custom-made ethanol-based suspension of Al2O3 powder with
10wt% solid load (Dv50= 0.3 μm, Allied High Tech Products, Inc.,
USA) and 0.5 wt% stabilizer content (BYK-LP C 22587, BYK-GARDNER,
GmbH, Germany), (2) a commercial ready-to-spray water-based Al2O3
suspension with 40wt% solid load (Dv50= 2.2 μm, Treibacher In-
dustrie AG, Austria), and (3) a commercial ready-to-spray ethanol-
based suspension of YSZ with 25wt% solid load (Dv50= 0.58 μm,
Treibacher Industrie AG, Austria).

2.1. Single pass (SP) experiment

The single pass experiment was carried out to study the size and
morphology of the initial splats deposited onto the substrate. This was
done in order to identify the conditions leading to the onset of forma-
tion of dense and columnar coatings. In order to deposit the individual
splats, a single quick stroke of the torch in front of stationary substrates
was made. The torch transverse velocity was set to 600mm·s−1 to
match the mutual transverse velocity of the substrate surfaces and the
torch during standard SPS/SPPS spraying performed with WSP-H torch
[6,7]. Mirror polished AISI 304 stainless steel coupons of dimensions of
30× 20×2.5mm were used as substrates in order to allow formation
of splats unaffected by the substrate surface morphology. For single
pass experiment, suspensions A and B were used.

2.2. Columnar growth (CG) experiment

The experiment visualizing the growth of the cauliflower-like mi-
crostructure was based on the previous experience gained with spraying
of YSZ coatings using WSP-H torch [7,22]. Samples with different
numbers of deposition cycles (i.e., having different thicknesses) were
prepared in order to study both the initial and final stadia of the coating
growth. Substrates from grit-blasted AISI 304 stainless steel of dimen-
sions of 30× 20×2.5mm and surface roughness Ra~7 μm were used.
A total of 20 coupons were mounted on a revolving carousel. Each time,
four samples were taken away after a preselected number of deposition
cycles, and the deposition was resumed. The samples were collected
after exposition to 1, 3, 6, 12, and 24 deposition cycles, each including
3 up and down torch strokes over the rotating carousel. Due to the high
enthalpy provided by the torch, each deposition cycle was followed by a
cooling period. At the same time, the samples were continually cooled
by a flow of compressed air and water mist to avoid overheating during
the spraying. The temperature was measured at the back side of the
samples by a remote K-type thermocouple. Formation of the columnar
microstructure was examined for suspension C.

Table 1
Overview of the experiments carried out in the study.

Experiment Material Microstructure Goal

Single pass Alumina Dense Observe individual splats for
microstructure formation.Alumina Columnar

Columnar growth YSZ Columnar Observe the evolution of
cauliflower-like structure.

Spray bead Alumina Dense Observe deposit formation on
large-scale substrate for the whole
spray trace.

YSZ Columnar
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2.3. Spray bead (SB) experiment

For the spray bead experiments, S235 low carbon steel substrates
having dimensions of 125× 20×2.5mm were mounted vertically on a
revolving carousel and the plasma jet axis was positioned to the center
of the samples in order to acquire deposit both from the plasma center
line and from the top and bottom plasma jet fringes (commonly referred
as “overspray”). This configuration enabled formation of the spray bead
along the vertical cross-section of the spray trace, i.e. along its axis of
symmetry (the suspension injector was positioned above the plasma
jet).
In order to deposit representative spray beads, 9 deposition cycles

were made during which the torch was stationary for 5 s in front of the
revolving carousel with samples. Schematic drawing of the deposition
setup is displayed in Fig. 1.
For suspension A, the deposition of spray beads was carried out at

the standard stand-off distance (SD) of 100mm (Fig. 1a). Additionally,
the influence of stand-off distance on the spray bead formation was
evaluated for suspension C using a modified sample holder (Fig. 1b)
which allowed setting 4 different stand-off distances (100, 110, 120,
and 130mm) during one deposition experiment. To prevent over-
heating of the substrates, the deposition cycles were alternated with
cooling periods where the torch was moved horizontally away from the
samples. The air cooling from outside of the samples was used during
the deposition.

2.4. Deposits evaluation

Metallographic samples from the cauliflower growth and from the
spray bead experiments were prepared following a standard metallo-
graphic procedure consisting of precision cutting (Secotom-50, Struers,
Denmark), vacuum EpoFix epoxy mounting (Struers, Denmark), and
semiautomatic polishing (Tegramin 25, Struers, Denmark). Prior to
cutting, the samples from the spray bead experiment were mounted in
EpoFix epoxy resin in order to support the fragile overspray deposits on
the edges of the samples and to prevent their damage during the me-
tallographic preparation. All the observations of the SB samples were
done along the long side of the samples in order to follow the symmetry
of the deposition setup The free surfaces of SP, CG and SB experiments
deposits and cross-sections of CG and SB deposits were observed by a
scanning electron microscope (SEM) EVO MA-15 (Carl Zeiss, Germany)
using back-scattered electrons mode (BSE).
The SEM micrographs were used to evaluate thickness and porosity

of the deposits prepared in the spray bead and cauliflower growth

experiments by image analysis (IA); 20 readings for thickness and 5
readings for porosity (at 1000× nominal magnification) were used to
calculate the mean values. In the columnar growth experiment, the
distribution of cauliflowers diameters was evaluated from the free-
surface SEM micrographs using ImageJ v1.52h software. Manual
thresholding of the cauliflowers and the intercolumnar grooves with
subsequent watershed procedure were applied in order to measure the
area and, in turn, equivalent diameters of the columns. In the spray
bead experiment, the thickness profiles measured from 11 equidistant
points were fitted by a Gaussian function using the least-square method
in order to provide descriptive characteristics of the spray trace along
the vertical axis. Deposit center and spray trace diameter were de-
scribed from the fits in terms of position of maximum of the fit and
FWHM (full width half maximum), respectively.
The inclination angles of the columns in the spray beads from sus-

pension C were measured manually from the micrographs using
AxioVision software (Carl Zeiss, Germany) in order to estimate the
position of the virtual point where the deposited particles seemingly
originate from, i.e. the point on the intersection of the straight lines
following the inclination of the columns (Fig. 2). This point will further
be referred as the dispersion point (DP). The inclination was evaluated
at 2 spots spaced 20mm (distance w / 2) from the coating center from
10 measurements. The dispersion cone projection was then defined as
the triangle defined by the dispersion point and the full width at half
maximum (FWHM) of deposit thickness. The vertex angle α of the
dispersion cone is the dispersion angle (see Fig. 2). The resulting height
h of the dispersion cone is the position of the dispersion point (DP)
above the surface.

3. Results

3.1. Single pass experiment

Splats deposited from the alumina suspensions A and B in the single
pass experiments are depicted in Fig. 3. The ethanol-based suspension A
yielding dense microstructure provided distinguishable individual cir-
cular splats of up to 20 μm in diameter scattered on the polished me-
tallic substrate (Fig. 3a). Several submicron circular pores were ob-
served within the large splats showing the release of gasses entrained
inside the agglomerated and melted primary particles of the feedstock.
Cracking observed in the largest splats (Fig. 3a) documented the rapid
quenching of the melt. On the contrary, the deposit from the water-
based suspension B yielding columnar coating consisted of a mixture of
very fine spherical particles and evenly distributed larger splats (several

Table 2
Parameters of the suspensions.

Suspension Microstructure Solvent Material Solid load (wt%) Viscosity at 122 s−1 (mPa·s) Density (g·cm−3) Feed rate (g·min−1)

A Dense Ethanol Al2O3 10 5.0 ± 0.2 0.86 103
B Columnar Water Al2O3 40 23.0 ± 0.2 1.43 134
C Columnar Ethanol YSZ 25 1.7 ± 0.3 1.01 100

Fig. 1. Scheme of the deposition setup of the spray bead experiment. a) Side view, b) top view on the carousel allowing spraying with variable SD. Feeding angle
(FA), Feeding distance (FD), stand-off distance (SD).
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μm in diameter). However, the deposit practically entirely covered the
sample even after single quick scan of the torch over the substrate
(Fig. 3b). The lower coverage of the substrate by the deposit from
suspension A is to be attributed to its low concentration of 10 wt%,
whereas the highly concentrated suspension B (40wt%) resulted in
almost entire overlay of the surface by continuous thin layer of deposit.
In both cases, the size of the majority of splats and resolidified

spherical particles was much higher than the size of the primary par-
ticles introduced into the suspensions. This can be explained by the fact
that each droplet of fragmented suspension contains numerous primary
powder particles which readily fuse and melt together resulting in the
observed splat sizes up to several tens of micrometers.

3.2. Columnar growth experiment

The overview of the free surfaces exposed to multiple depositions of
suspension C is shown in Fig. 4. The substrate was thoroughly covered
by the coating even after one deposition cycle (Fig. 4a) copying original
substrate roughness introduced by grit blasting (original substrate
roughness Ra=6.5 ± 0.7 μm, deposit Ra= 6.6 ± 1.3 μm). After 3
deposition cycles (Fig. 4b), the first miniature cauliflowers started to
form on the roughness asperities, but some of the grit-blasting traces
were still observable on the surface (deposit Ra=8.7 ± 0.7 μm). After
6 deposition cycles, fine cauliflowers can be seen on the free surface
intermingled with few larger columns (LC) overgrowing the sur-
rounding surface (deposit Ra=8.3 ± 0.4 μm). Free surfaces after 12
and 24 deposition cycles showed fully developed cauliflower-like
structure (deposits Ra= 11 ± 1 μm and 17 ± 3 μm, respectively). The
increasing roughness of the deposits indicates increasing occurrence of
individual taller columns protruding from the deposit surface.
The distributions of the column diameters after the varying number

of deposition cycles as measured by IA are shown in Fig. 5. Example of
the original, thresholded, and watersheded image is shown in Fig. 5b.
High number of fine cauliflowers was observed after 3 deposition cycles
as the first columns emerged. With increasing number of deposition
cycles, the distribution broadened towards smaller quantity of larger
columns. However, the distributions of cauliflowers after 12 and
24 cycles were practically identical showing a saturated state where
new cauliflowers emerge on top of previously developed columns,
hindering their further lateral growth, which is obvious also from cross-
sections in Fig. 7.
The observation of the free surfaces at higher magnification (Fig. 6)

revealed that the surfaces were visually practically undistinguishable
even after different number of deposition cycles. All deposits showed a
combination of larger flattened splats (FS) surrounded by fine spherical
particles (SP) having diameters typically below 1 μm.
Cross-sections of the evolving columnar microstructure are dis-

played in Fig. 7. After 1 deposition cycle, a very thin deposit was
formed closely following the original roughness of the substrate.
Nevertheless, the mixture of large flattened splats and fine spherical
particles was observed, in accordance with the free surface observa-
tions. After 3 deposition cycles, the coating covered the substrate
homogeneously and its surface was already sectioned by shallow
grooves indicating the onset of the column formation (Fig. 7b). Ap-
parently, the emerging columns preferentially grew from the asperities
on the grit-blasted substrate surface. After 6 deposition cycles, the
columns were already well distinguishable and also the combination of
growing (shadowing) and receding (shadowed) columns was detected
(Fig. 7c). In the deposit formed after 12 cycles, the neighboring diver-
ging columns merged which led to the full development of the co-
lumnar cauliflower-like features. After a total of 24 cycles, columns
further grew mostly parallel to each other, leaving vertical inter-
columnar gaps between them. Furthermore, narrow vertical segmen-
tation cracks were also found between columns showing their mutual
interconnection.

3.3. Spray bead experiment

The samples deposited in one spray session with different stand-off
distances using suspension C yielding columnar structure are shown in
Fig. 8. It is evident that central parts of the samples were coated uni-
formly by the deposit, the thickness of which was diminishing towards
the top and bottom edges of the substrates. This is not surprising as it
may be anticipated that the deposition rate should be the highest along
the plasma jet axis, where the thermal treatment and acceleration of the
fragmented droplets is most efficient. Fig. 8b shows an in-scale scheme

Fig. 2. Schematic evaluation of the dispersion point (DP) position h above the
substrate. The span w of the measurement spots was 40mm. Dispersion cone
with dispersion angle α is delineated by FWHM of thickness and h.

Fig. 3. Deposit from the single pass experiment: a) suspension A yielding dense microstructure, b) suspension B yielding columnar microstructure. Large splats (LS),
cracks (C), pores (P), underlying steel substrate (S), fine splats (FS), spherical particles (SP).
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of the deposition setup.
Thickness profiles of the deposits, respective Gaussian fits, and an

example of entire spray bead cross-section (at SD of 100mm) are dis-
played in Fig. 9. The spray beads centers were positioned from 3mm to
6mm above the plasma jet centerline, indicating a slight upwards

deflection of the injected liquid within the plasma jet. The width of the
spray trace slightly increased with increasing SD due to the droplets
dispersion broadening which was documented by the increase in the
full width at half maximum of the Gaussian (Table 3).
Micrographs of representative areas of the deposits cross-sections

Fig. 4. Free surfaces of deposits after a) 1 cycle, b) 3 cycles, c) 6 cycles, d) 12 cycles, and e) 24 cycles. Large columns (LC).

Fig. 5. a) Distribution of the diameters of the cauliflower-like features measured from the free surface by IA, b) example of the evaluation procedure for sample after
24 deposition cycles: b1) original SEM micrograph, b2) thresholded image, b3) inverted and watersheded image.

Fig. 6. Detailed views of the free surfaces of the deposits after a) 1, b) 6, and c) 24 deposition cycles. Large flattened splats (FS) and spherical particles (SP).
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sprayed at different stand-off distances are displayed in Fig. 10. The
micrographs in the middle column show coating microstructure in the
central part of the deposit. It is clearly visible that the columnar fea-
tures in the central part of the deposit prepared at SD of 100mm were
rather dense and were separated by narrow intercolumnar gaps or
segmentation cracks. With increasing stand-off distance, the coating
porosity increased gradually from ~17% at SD=100mm to ~36% at
SD=130mm. Rather interestingly, the total thickness did not vary
significantly with the stand-off distance (Fig. 9) as the deposits formed
at longer stand-off distances grew at the expense of their density.
Taking into account both the porosity and the thickness of the deposits
in the central part of the substrates, relative deposition efficiency in
terms of “mass per pass” (DEr) could be estimated with respect to the
SD100 coating. The result is displayed in chart in Fig. 11. DEr decreased
monotonically with the increasing stand-off distance. Apparently, fewer
particles impinged the substrate or more poorly adhering particles were
blown away from its surface. Moreover, lower particle impingement
velocity led to a lower degree of flattening and thus a more porous
deposit.
The left and right columns in Fig. 10 show the off-axis deposits

distanced 20mm above and below the center of the sample, respec-
tively. Evidently, porosity substantially increased with vertical distance
from the plasma jet axis and the deposition rate decreased. Also, formed
columns inclined towards the center of the deposits and the angle be-
tween the columns and substrate plane slightly decreased with the in-
creasing SD. This can be attributed to the increasing influence of the
lateral component of impingement velocity resulting in a shallower
incident angle. Therefore, dispersion point position above the substrate
decreased from ~34mm to ~30mm over the range of different SD
(Fig. 11). Dispersion point position and the full width at half maximum
were used to estimate the dispersion angle which increased from ~63°
to ~83° with increasing SD.
Only one stand-off distance of 100mm was used for the deposition

of spray bead using the in-house-made alumina suspension (A) since no
column formation was observed for this suspension. The representative
cross-sections micrographs are displayed in Fig. 12. In the central part
of the deposit, relatively dense microstructure (porosity 9.5 ± 0.9%)
was formed, while rather uneven deposit with increased porosity was
formed towards the edges. Contrary to the YSZ spray beads, the Al2O3
deposit was centered 10 ± 1mm below the sample center which was

Fig. 7. Cross-sections of columnar deposits after a) 1 cycle, b) 3 cycles, c) 6 cycles, d) 12 cycles, e) 24 cycles. Suspension C.

Fig. 8. The spray bead experiment: a) overall photograph of the spray bead samples after deposition, b) in-scale scheme of the deposition on the sample at SD of
100mm: injection point (IP), dispersion point (DP), dispersion angle (α), deposit center (DC), full width at half maximum (FWHM) of coating thickness.
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probably caused by the higher injection pressure (4 bar compared to
3 bar) and partial overshooting of the suspension through the plasma
jet. The mismatch between the deposit center position and the substrate
center can also explain the difference in the microstructure above and
below the deposit center (compare Fig. 12a and c). Fig. 12a displays the
deposit formed 10mm above the torch centerline where the melt par-
ticles impinged more perpendicularly with a greater velocity thus
forming rather dense microstructure. Contrary, the particles that
formed the deposit 30mm below the torch centerline (Fig. 12c) im-
pinged at a shallower angle possibly having a lower velocity resulting in
a more porous deposit. The FWHM of the dense spray bead of
40 ± 1mm was comparable to that of the YSZ one deposited at SD of
100mm.
The micrographs of free surfaces of both columnar and dense spray

beads obtained with SD of 100mm are compared in Fig. 13. In the
central part of the spray bead, the columnar structure formed from
suspension C (Fig. 13a) consisted of mixture of fine spherical particles
and coarse flattened splats. On the contrary, the central part of the
dense coating deposited from suspension A (Fig. 13c) consisted pre-
dominantly of significantly larger well-flattened splats and only a lim-
ited number of finer spherical particles. However, in the outer parts of
the spray beads, both deposits (Fig. 13b, d) consisted mostly of re-
solidified, poorly adhering spherical particles rendering the deposits
very soft and easy to remove mechanically. The resolidified particles
were again significantly smaller for YSZ deposit.

4. Discussion

Multiple deposition approaches were used in order to visualize the
growth of suspension plasma-sprayed deposits and to provide deeper
understanding of the buildup mechanisms triggering either a columnar-
like microstructure or a dense microstructure. The cauliflower growth
and the single pass experiments confirmed that the columnar micro-
structure is developed when the feedstock yields a mixture of fine
particles which are easily deflected by the stream of gasses parallel to
the substrate surface and impact on the sides of surface asperities, and

coarse particles that impact perpendicularly in a molten or semimolten
state, forming the nuclei of the columns. This observation is in ac-
cordance with [26], suggesting that the deposition mechanism is
comparable both for the conventional GSP torches and for the high
enthalpy WSP-H torch.
Comparison of the first layer of splats and corresponding fully-de-

veloped coatings deposited under identical deposition parameters is
provided in Fig. 14. The comparison between the two columnar-
forming feedstocks (Fig. 14e and f for suspension B and C, respectively)
showed that the finer impinging melt particles from suspension C
yielded more pronounced columnar structure with narrower inter-
columnar gaps reaching through the whole thickness down to the
coating-substrate interface. On the contrary, the coarser melt droplets
of suspension B created rather improperly developed interconnected
columns showing the greater influence of the coarser particles gov-
erning the vertical growth over the lateral development of the columns.
Conversely, the dense microstructure (Fig. 14d) is formed when the

feedstock suspension yields rather large melt particles with high per-
pendicular velocity that form highly flattened splats with diameters of
up to several tens of micrometers (Fig. 14a). Momentum of these par-
ticles is large enough to retain their trajectory perpendicular to the
coated surface, thus avoiding the lateral deposit growth.
Considering the microstructure obtained using suspension B, it ap-

pears that there is no specific threshold value of impinging melt particle
size dividing the coating buildup between either purely columnar-like
or purely dense microstructures. Instead, the transition is rather gradual
depending on the prevalence of either fine droplets for columnar-like
coatings or coarse droplets for dense coatings.
Regarding the obtained results, it has to be pointed out that the splat

size and, in turn, final coating microstructure, was not directly corre-
lated neither with the size of the primary particles dispersed in the
suspensions nor with the solid loading (see Table 2). The governing
factor was the degree of atomization of each suspension which de-
termined the final size of the impinging melt particles. In other words,
regardless to the solid load chemistry, suspension of fine powder may
result in large melt droplets when undergoing poor atomization in the
plasma jet and vice versa. However, suspension atomization in the
plasma jet depends also on many other variables, e.g. suspension
viscosity, solid loading, surface tension, solvent specific and latent
heats, etc., the study of which was not the aim of this work.
The study of the columnar structure development with increasing

number of deposition cycles showed that the first columns formation
can be identified as early as after 3 deposition cycles. As the coating is
formed, faster growing columns overlap the slower ones which forms
the pattern of alternating widening and receding columns. The

Fig. 9. Gaussian fit of the thickness profiles and cross-section SEM micrographs of the spray bead deposited at SD of 100mm (numbers denote the vertical position on
the substrate in centimeters, width of each SEM micrograph segment is 200 μm).

Table 3
Geometrical parameters of Gaussian fits of the thickness profiles.

Stand-off distance (mm) Center offset (mm) FWHM (mm)

100 5 ± 2 42 ± 4
110 3 ± 1 49 ± 3
120 6 ± 2 49 ± 5
130 5 ± 2 54 ± 4
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roughness of the free surface was increasing with increasing coating
thickness, however, as measured from the cauliflowers diameters, the
lateral growth of the diverging columns fully stabilized after 12 cycles
as the peaks of the largest columns become new nucleation sites for
further column vertical growth.
The spray beads of the columnar YSZ deposit showed the im-

portance of the stand-off distance. Presumably, the particles arriving at
the substrate from a greater distance impact at lower velocities having
lower temperature [18]. Both facts contribute to the inferior flattening
of such particles, leading to an increased deposit porosity which is in
agreement with [27]. Moreover, the increased stand-off distance allows
broadening of the area covered by the deposited material resulting in a
wider spray trace, as documented by the increased FWHM of the de-
posits. The overspray formed at the substrates' peripheries is usually
considered to be responsible for the interpass porosity found in SPS
coatings [28]. The interpass porosity may be regarded undesirable since
it deteriorates the internal coating cohesion [29], but it may be also
useful in e.g. hindering the heat transfer through the coating [30] or
tailoring the coating stiffness for abradable coatings. However, the
deposit peripheries were very soft and could be easily damaged me-
chanically and even blown away from the surface. This explains the fact
that this faulty deposit observed for spray bead experiment did not
cause development of interpass porosity in the coatings deposited with
WSP-H torch using standard deposition procedure as described e.g. in
[22]. Under such conditions and unlike in the spray bead experiment
with static torch, the sample surface is repeatedly exposed to successive
torch passes and cooling air knives imposing intensive plasma/gas flow

which blows away the loose deposit, thereby actively hindering the
formation of interpass porosity.

5. Conclusions

The deposition experiments carried out in this study showed that
the deposit formation mechanisms for the high enthalpy torch with
radial suspension injection correspond to those reported for conven-
tional GSP torches. It was observed that the suspension C (YSZ) yielded
well-developed columnar structure as it produced fine melt droplets
which were highly susceptible to be deflected by the lateral flow of
plasma following the substrate surface. In the case of suspension B
(Al2O3), the feedstock formed coarser droplets resulting in a columnar
structure with mediocrely defined columnar “cauliflower-like” features
separated by shallower intercolumnar gaps. In both cases, the columnar
microstructure grew as a mixture of large flattening particles that en-
sure the vertical coating growth, and fine spherical particles that enable
the lateral development of cauliflowers and porosity desirable for low
thermal conductivity. Finally, when the feedstock produced rather large
melt particles of several micrometers in diameter (suspension A), dense
(i.e. low porosity) coating was formed by a mechanism similar to the
those taking place during the conventional deposition from dry coarse
powders. It therefore appears that there is a gradual transition from the
well-developed columnar structure to the uniform dense coating de-
pending on the size distribution of the impinging particles rather than a
threshold value of impacting particle size that divides the coating
buildup into purely columnar or purely dense. Moreover, the

Fig. 10. Cross-sections of the deposits. Rows represent stand-off distances of 100, 110, 120, and 130mm, respectively. Columns represent spots above (20mm), at the
middle (0mm), and below (−20mm) the sample center.

Fig. 11. Comparison of dispersion angle, dispersion point position above the substrate, and relative deposition efficiency for the spray beads deposited at different
stand-off distances.

Fig. 12. Cross-section detail of the Al2O3 spray bead at SD 100mm. Numbers denote the distance from the substrate center in mm.
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suspension atomization seems to be more important than the primary
suspension particle size or solid load alone, as when properly molten,
larger atomized droplets result in larger melt particles and vice versa,

regardless to the size of primary powder.
The development of the cauliflowers showed that the distinguish-

able columns were developed after the deposition of about 25 μm thick

Fig. 13. Free surface of a) central part, b) periphery of YSZ deposit, and c) central part, d) periphery of dense Al2O3 deposit, both sprayed at SD=100mm.

Fig. 14. First splats a), b), c) and the respective coatings d), e), f) from suspension A, suspension B, suspension C, respectively.
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coating. However, the lateral growth of the columns practically stopped
after 12 deposition cycles. Then, the columns generally grew either
parallel to each other.
The spray beads experiments showed that the spray trace of the

WSP-H torch when spraying liquid feedstocks has an effective diameter
of about 40mm or greater (from FWHM evaluation) making it suitable
for spraying of large-area components. For both columnar and dense
coatings, formation of the porous and loose overspray deposited on the
edges of large substrates was observed. This overspray deposit is,
however, blown away from the surface during the standard spraying
procedure due to the successive passes of plasma torch and cooling air
knives imposing intensive flow of plasma/gas on the coated surface,
which effectively removes this poorly adhering deposit and thereby
reduces risk of formation of interpass porosity.
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5.3 Deposition of chromia-stabilized alumina using hybrid and intermixed feedstocks 

The results in study [I] showed that the metastable alumina phases are prevalent in the coatings 

sprayed from liquid feedstocks similarly as in the conventional powder-sprayed coatings. 

Therefore, the third study [III] aimed at maximization of the α-phase content in the alumina 

coatings by virtue of alloying the aluminum oxide with the α-phase stabilizing chromium oxide 

using the spraying of intermixed suspensions and solutions and by the hybrid plasma spraying 

concept. Contrary to the case of a mechanical mixture of alumina and chromia powders, the 

finer microstructure of the liquid-sprayed coatings could provide more intensive intermixing 

of the materials and thus more effective phase stabilization. Hybrid deposition attempts carried 

out within this study were one of the first ones carried out at IPP, providing thus the 

proof-of-concept for hybrid deposition route using the hybrid water-stabilized plasma torch 

WSP-H 500. 

As for the liquid feedstocks, an intermixed suspension of fine Al2O3 and Cr2O3 powders and 

an alumina suspension doped with dissolved chromium nitrate nonahydrate (CNN) as the 

chromia precursor were used. The ratio of alumina to chromia (or chromia equivalent) was 

identical in both liquids. The microstructures of liquid-sprayed coatings exhibited highly 

homogeneous dispersions of the two oxides, evidencing the thorough intermixing of both 

materials during the in-flight stage. The α-phase contents in the intermixed coatings were 

approximately two times greater compared to that of a reference alumina coating sprayed from 

a suspension using the same deposition conditions (~20 wt.% in intermixed coatings vs 

~10 wt.% in pure coating). 

The hybrid coatings were sprayed using a conventional dry coarse alumina powder and two 

chromia suspensions of different solid phase concentrations (25 wt.% and 40 wt.%) in order to 

assess the influence of chromia content on the α-phase amount formed in the coatings. The 

hybrid coatings were successfully deposited, exhibiting the anticipated microstructure of large 

alumina splats intermingled with fine chromia splats. As expected, the denser suspension 

resulted in higher chromia content in the coating in the form of larger splats while the more 

diluted suspension produced a finer dispersion of smaller chromia splats in the alumina matrix. 

The α-phase content was greater in the latter coating containing lower amount of more finely 

dispersed chromia, probably as a result of the greater amount of α-phase nucleation sites 

(α-phase contents of 87 wt.% and 81 wt.% were measured for the hybrid coatings sprayed using 

the diluted and dense chromia suspensions, respectively). Most importantly, the α-phase 

content in the hybrids was approximately two-fold greater than that in a pure Al2O3 coating 

sprayed under identical deposition conditions, thus proving the α-phase stabilizing function of 

liquid-deposited chromia on the powder-deposited alumina. 

In this study, the deposition of hybrid and intermixed multimaterial coatings was demonstrated. 

Furthermore, the stabilizing effect of chromia on the alumina α-phase was successfully 

achieved for both hybrid and intermixed-liquid-feedstock coatings with respect to their pure 

alumina counterparts. Furthermore, the comparison between the α-phase contents in the hybrid 

(i.e., predominantly coarse-powder-based) coatings and intermixed liquid-based coatings 

showed that the coarser splats more willingly form the α-phase despite the inferior degree of 

intermixing with the stabilizing chromia; supposedly due to the overall lower cooling rates. 

Partial formation of an intermixed (Al,Cr)2O3 oxide was confirmed in the Cr-containing 

coatings by both XRD via the elongation of the corundum phase lattice parameters, and by 
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NMR via substantial shortening of 27Al longitudinal relaxation times as compared to pure 

alumina. 

The following paper was published in a special issue of Surface and Coatings Technology 

journal based on an invited talk given by author’s supervisor Dr. Musalek at the conference 

Rencontres Internationales sur la Projection Thermique 2017, which was held in Limoges, 

France. 
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A B S T R A C T

The novel method of hybrid suspension plasma spraying of dry coarse aluminum oxide powder with chromium
oxide suspension using hybrid water/argon-stabilized (WSP-H 500) plasma torch was utilized for the deposition
of coatings with very high α-phase content reaching up to 90%. The deposition mechanism and phase com-
position were compared with those of coatings deposited from i) intermixed alumina-chromia suspension and ii)
alumina suspension doped with chromium nitrate nonahydrate solution. All deposition routes showed alter-
native ways of preparation of novel multimaterial coatings. It was demonstrated that the chromia addition and
the deposition route play the crucial role in the pronounced formation of the thermodynamically stable α-phase.

1. Introduction

Surface engineering has an irreplaceable role in enhancing the
service properties of functional and structural industrial parts. The
modification of material's surface enables the utilization of parts in
harsher conditions while prolonging their service lifetime. One of the
modification techniques usable for large scale applications is thermal
spraying which applies coatings through melting and propelling parti-
cles of added material towards a surface to which they adhere [1]. By
layering the flattened impinged particles (splats), a coating is formed.
Plasma spraying is a particular member of the thermal spraying tech-
niques family which utilizes plasma stream as the heating and accel-
erating medium. Despite being an industrially established method,
rapid development of this technique takes place both in the industrial
and academic community [2,3].

Due to the number of process variables, plasma spraying is a ver-
satile tool capable of processing numerous materials and their combi-
nations for countless applications such as biomedical [4,5], wear-re-
sistant [6,7], thermal and corrosion protection [8–10], and many
others. One of the most recent advancements in plasma spraying is the
introduction of so-called hybrid spraying concept [11–14], which
combines the traditional spraying of coarse cut powders (typical par-
ticle size in tens of micrometers) with the more recent spraying of

liquids, i.e. suspension plasma spraying (SPS; typical particle size from
submicron to several micrometers) or solution precursor plasma
spraying (SPPS; chemical precursor dissolved in the liquid). As a result,
both liquid feedstock methods provide up to two orders of magnitude
smaller splats when compared to the spraying of coarse dry powders.
Combining powder and liquid feedstock spraying is motivated by
bringing together the high material throughput achievable with powder
spraying and the benefits of fine microstructural features achievable
through the use of liquid feedstocks. The combination of coarse and fine
splats has a potential in enhancing the functional properties of the
coatings, such as e.g. improved coating cohesion by improved splat
bonding or interconnecting the coarse splats by filling the intersplat
voids with fine SPS/SPPS splats, thus aiming for higher hardness, wear
resistance, or low porosity required e.g. for gas-tight coatings [11].
Another benefit of more effective intermixing of the fine SPS splats with
the powder sprayed matrix is a potential of improved phase control of
the final coating via stabilization of desirable crystallographic-phases
by alloying the coating material with an additional stabilizer (typically
second material with lattice similar to the desirable phase [15]). Hybrid
processing potentially opens a more efficient, one-step route to prepare
a desirable fine mixture of dissimilar compounds (i.e. matrix and sta-
bilizing agent) which interact during the in-flight, splat formation, and
cooling stages of the deposition. In other words, the hybrid coatings are
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expected to bring the properties matching or exceeding those of the
suspension/solution-sprayed coatings while being cheaper in terms of
lowering the consumption of costly liquid feedstocks and significantly
increasing the deposition rate leading to shorter spraying time, thereby
greatly improving the cost-efficiency of the whole coating preparation
process. Also, in this process, not only the ratio of the feedstocks
composition may be easily adjusted, but several technological steps
needed for preparation of conventional pre-alloyed or intermixed
coarse powders may be simply omitted. However, as liquid feedstocks
generally require shorter stand-off distances than dry coarse powders,
deposition parameters have to be optimized in order to ensure proper
thermal treatment of both feedstocks to provide their desired interac-
tion.

Phase composition control of the deposits is one of the key chal-
lenges in plasma-spraying, mainly due to the rapid solidification of the
deposited material (cooling rates about 106 K.s−1) accompanied by
non-equilibrium transformations, frequently leading to complex phase
structure of the deposits [16,17]. For example, tetragonal crystal-
lographic configuration of zirconia (t-ZrO2) is often stabilized by the
addition of yttria (Y2O3) in order to prevent the detrimental transfor-
mation to monoclinic phase during in-service conditions [18].

Regarding alumina (Al2O3), an extensive research has also been
conducted in the field of phase control [15,16,19–21], in particular the
stabilization of the of α-phase (α-alumina, corundum), a desirable
phase with better thermal, chemical, and electric properties. Un-
fortunately, the plasma-sprayed Al2O3 coatings constitute a limited
content of the α-phase due to the preferred formation of metastable γ-
and δ-phases during the rapid solidification of the melt upon its impact
on the substrate [16,22]. In fact, the α-phase in the coatings is often
attributed to the unmelted particles of the feedstock or their cores
which retained the original phase structure [22]. These particles are
further believed to serve as potential nucleation sites for the α-phase
upon the impact of the melt onto the surface [23]. However, due to the
natural stochastic character of the deposition and scatter in the particle
size distribution of the feedstock, a controlled amount of unmelts is
difficult to be guaranteed. Also, high amount of unmelts in the coating
deteriorates its mechanical properties due to poorer intersplat connec-
tion and increased heterogeneity of the microstructure. The amount of
the α-phase in the coating can also be enhanced by increasing the
temperature of the substrate in the spray process or post-deposition
annealing of the deposit. However, both ways require temperatures
exceeding 1150 °C (the transformation temperature of corundum),
which may be unfeasible if not impossible due to either the substrate
material limitations or the size of the coated components. Moreover, the
transformation of γ- to α-phase is accompanied by a density change
from 3.65 g·cm−3 to 3.97 g·cm−3 which leads to material shrinkage and
consecutively to the increase in porosity or even cracking of the deposit
[19,24]. Long-term exposure to high temperatures may also lead to
undesirable deformation of the whole coated component or even sin-
tering of the coating microstructure compromising original benefits of
the lamellar microstructure.

For the stabilization of corundum during spraying, addition of
Cr2O3 (eskolaite) is often used, taking advantage of its higher thermal
stability and lattice compatibility with α-alumina (both crystalize in
rhombohedral lattice), thus serving as the nucleation sites for the α-
alumina phase [16,20]. Also, Cr2O3 is able to form a (Al,Cr)2O3 solid
solution with Al2O3, which also crystalizes in the rhombohedral con-
figuration [25]. Mechanical mixture of coarse alumina and chromia
powders as well as pre-alloyed powders were used for stabilization of α-
alumina by chromia addition previously [15,16,21]. The former ap-
proach brings potentially greater variability in terms of easy composi-
tion tailoring while the latter generally provides higher homogeneity of
the resulting coating due to spraying of relatively homogenized feed-
stock. In this regard, hybrid suspension/solution plasma spraying is a
promising route combining the benefits of both concepts thanks to the
easily adjustable composition and the fine dispersion of the additive

within the matrix.
Considering the hybrid SPS method as an economical variant for

preparation of advanced intermixed coatings, the characteristics of
plasma source in terms of operating cost and power has to be taken into
account. Concurrent feeding of both liquid and powder feedstocks at
high feed rates requires enthalpy higher than SPS or high-throughput
powder spraying alone. Due to its unique properties, the hybrid water-
stabilized plasma torch WSP-H 500 appears particularly suitable for this
task: its high-enthalpy jet [26] provides enough thermal energy avail-
able for the heat treatment of both feedstocks, while its high plasma
velocity and jet length of ~10 cm ensure efficient fragmentation of the
injected liquid and acceleration of the particles along the majority of
the stand-off distance. As opposed to conventional gas-stabilized
plasma (GSP) torches, its lower plasma density further allows easier
penetration of the feedstocks into the plasma jet core [27]. Also, the
relatively big diameter of the WSP-H plasma jet (given by the diameter
of the plasma torch nozzle) eases targeting of the feedstocks into the
plasma core which is essential for proper heat treatment of the injected
particles. Lastly, the torch can be operated using very low amounts of
plasma forming gases, in particular argon consumption as low as 12
slpm and water consumption as low as 20ml/min (cf. hundreds of slpm
of plasma-forming gases needed for high-enthalpy gas-stabilized plasma
torches). Therefore, significantly lower operating cost can be achieved
along with short production times.

In this study, two spray routes for stabilization of the α-Al2O3 by
Cr2O3 were attempted:

• Hybrid – co-spraying of coarse alumina powder together with
chromia suspension. Both materials were injected into plasma via
separate feeding lines.
• Intermixed – spraying of mixture of alumina suspension with i)
chromia suspension, or ii) solution of chromium nitrate nonahydrate
(Cr(NO3)3∙9H2O, further abbreviated as CNN) precursor. Mixtures
were injected into plasma by one injector

The main difference between the two approaches is the way in
which the constituents interact. In the hybrid route, both constituents
travel in the plasma jet independently and their mutual interaction
generally takes place after the deposition. On the contrary, the inter-
mixed suspension or solution brings the deposited compounds together
already in the in-flight stage inside the liquid droplets injected into the
plasma jet. Therefore, they may be readily melted together (Fig. 1). In
both concepts, interaction between the compounds can be expected
thanks to the elevated temperature. In the hybrid coatings, the larger
splats undergo significantly slower solidification which enables longer
time available for mutual diffusion of the components. On the other
hand, the intermixed coatings may be favored compared to the hybrid
ones due to the small size of all splats, yielding a higher density of
dissimilar splat boundaries in the coatings, which promises more in-
timate intermixing of fine Cr2O3 with the Al2O3 matrix. As a result, a
higher contact area between the phases is available for the desired in-
teraction, potentially resulting in the superior homogeneity of the
coating.

Comparison of microstructures and phase composition of the alu-
mina-chromia coatings deposited using both hybrid and intermixed
spraying concepts was carried out in order to explore the possibility of
stabilization of the α-phase by the introduction of finely dispersed
chromia in the alumina matrix. As benchmark materials, pure alumina
powder and alumina suspension were also deposited under identical
spray conditions in order to evaluate the stabilization effect of the
added chromia.

2. Materials and methods

Two powder-based hybrid coatings denoted as H-AC-1 and H-AC-2
(both coarse alumina powder + chromia suspension) as well as two
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suspension-based intermixed coatings denoted as S-AC (alumina sus-
pension + chromia suspension) and SS-AC (alumina suspension +
chromia solution) were prepared. For comparison, sample P-A was
deposited by conventional spraying of coarse alumina powder and
sample S-A was deposited from alumina suspension without any alpha-
stabilizing compound. See Table 1 for details.

2.1. Feedstock materials

The powder-based coatings were deposited using a spray-grade
commercial fused and crushed Al2O3 powder SURPREX AW 24 (Fujimi
INC, Japan) with d50=73 μm. The P-A coating was deposited using this
coarse powder only, while, in the case of H-AC-1 and H-AC-2 coatings,
simultaneous injection of the powder and ready-to-spray Cr2O3 sus-
pension in 1:1 water-ethanol solvent (d50=0.4 μm, Millidyne C101A,
Millidyne Oy, Finland) was used. The concentrations of solid chromia in
the suspensions were 25wt% for H-AC-1 coating and 40wt% for H-AC-
2 coating. The lower solid load of the suspension used in H-AC-1

experiment aimed at easier fragmentation of the suspension by the
plasma jet and thus for finer dispersion of chromia within the sur-
rounding alumina. The injection pressure (and, in turn, feed rates) of
both the powder and the suspensions were adjusted in order to ensure
the optimal feedstock trajectory inside the core of the plasma jet
(Fig. 2c) as monitored via direct observation of the feedstock penetra-
tion by a shadowgraphy technique (SprayCam, Control Vision INC,
USA). Due to the different solid load content in the suspensions, the
resulting alumina-to-chromia (A:C) solid-content weight ratio from the
respective feed rates yielded lower amount of chromia for H-AC-1 ex-
periment (~9:2) and higher amount of chromia for H-AC-2 experiment
(~8:3) (Table 1).

The suspension-based coatings were sprayed using a water-based
spray-grade SURPREX SA37 W30 Al2O3 suspension (Fujimi INC, Japan)
with median particle size of d50=6 μm. Coating S-A was prepared
using the suspension only, for the S-AC coating, the alumina suspension
was mixed with a chromia suspension (same as used in H-AC-1 ex-
periment) and pure ethanol (to maintain 1:1 water-ethanol ratio) with

Fig. 1. Schematics of a) hybrid powder + suspension spraying, and b) intermixed suspension spraying.

Table 1
Feedstock compositions and deposition parameters. Stand-off distance (SD), feeding distances (FD) and feed rates (FR) are specified for powder and suspension
(subscripts p and s), respectively. *dissolved precursor.

Coating Coarse powder material Suspension SD (mm) FDp/FDs

(mm)
FRp/FRs

(g/min)
Deposition cycles

Material Solid load
(wt.%)

Solvent

Powder-based P-A Al2O3 – – – 130 35/− 116/− 5
H-AC-1 Al2O3 Cr2O3 25 H2O:C2H5OH

1:1
130 35/20 117/105 5

H-AC-2 Al2O3 Cr2O3 40 H2O:C2H5OH
1:1

130 35/20 116/107 5

Suspension-based S-A – Al2O3 30 H2O 100 −/25 −/126 7
S-AC – Al2O3, Cr2O3 20 H2O:C2H5OH

1:1
100 −/25 −/98 20

SS-AC – Al2O3, Cr(NO3)3* 30 H2O 100 −/25 −/120 7
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the A:C ratio of 9:2 (comparable to H-AC-1 coating). For the SS-AC
coating, chromium nitrate nonahydrate (Cr(NO3)3·9H2O) was dissolved
in the alumina suspension with such concentration that the theoretical
amount of in-situ created Cr2O3 upon thermal decomposition of CNN in
the plasma jet resulted to the ratio of A:C= 9:2, too.

Viscosity of all sprayed liquids was measured by a rotational visc-
ometer DV2TLV (Brookfield, USA) with coaxial cylindrical geometry in
the shear rate range from 12.2 to 122.3 s−1 following an increasing-
decreasing ramp of rotational speeds of the viscometer spindle.

2.2. Coatings deposition

The coatings were deposited using the hybrid argon/water-stabi-
lized plasma torch WSP-H 500 (Projectsoft HK, a.s., Czech Republic)
with arc current of 500 A (~150 kW net power), 3 l/h of water and 15
slpm of Ar consumption. The torch was mounted on a programmable
robotic arm and the spraying procedure consisted of several spraying
cycles, each followed by a cooling cycle. The spraying cycles comprised
of 3 up & down vertical torch strokes over the substrates attached to a
revolving carousel cooled by a set of air blades. Please note, that only
about 1/3 of the samples is exposed to the torch during a single de-
position pass (up&down stroke) due to the combination of relatively
high torch transverse velocity and the rotation of the carousel.
Therefore, the deposition process and consequently the deposition rate
are described by the number of deposition cycles (see Tables 1 and 2)
instead of the number of deposition passes. The deposition rate in terms
thickness per pass (as usually presented) would be misleading as the
“true” deposition rate would be 3 times higher (due to the duty factor of
1/3). Please see [8] for details. The torch stand-off distance (SD) was
130mm for the powder-based coatings and 100mm for the suspension-
based coatings. The standard stand-off distance for spraying of alumina
powders with water-stabilized torches generally ranges from 250 to
450mm [16] and therefore, a compromise between the long SD for
powder and short SD for suspensions was selected. For the cooling
cycle, the torch was moved away from the samples while the samples
were continually cooled by an air-blades flow of compressed air. After
the temperature of the samples decreased to a preselected value of
250 °C, another deposition cycle was started.

Substrates for the coating deposition were AISI 304 stainless steel
and S235 low carbon construction steel coupons sized
20×30×2.5mm3. They were sand blasted with alumina grit (GB
series) to increase the surface roughness (Ra ~ 8 μm). For each run, 2
additional coupons from both materials were used with smooth, as-re-
ceived surface (noGB series, Ra ~ 1 μm). Both GB and noGB substrates
were cleaned in acetone in an ultrasound bath prior to the deposition to
remove grease or contamination of the surface. The temperature of the
substrates was monitored in-situ by a thermocouple connected to the
rear side of one of the coupons and by an IR camera surveying the
samples from the frontal side.

The dry powder feedstock was injected into the plasma jet through
two independent injectors at the feeding distance (FDp) of 35mm from
the torch nozzle exit (See Fig. 2) under a calibrated feed rate. The
suspensions were fed radially into the plasma jet from a pneumatic li-
quid feeder equipped with mechanical agitation and online feed rate
measurement through a single injector with calibrated orifice diameter
of 0.35mm at the feeding distance (FDs) as specified in Table 1.

2.3. Coatings characterization

In order to investigate the cross-sections of the prepared coatings,
standard metallographic procedure was carried out including precision
cutting using Secotom-50 saw with diamond blade (Struers, Denmark),
vacuum low-viscosity resin mounting (EpoFix, Struers, Denmark), and
semiautomatic polishing using Tegramin-25 polishing system (Struers,
Denmark). Scanning electron microscope (SEM) EVO MA15 (Carl Zeiss
SMT, Germany) equipped with energy-dispersive spectroscopy (EDS)
unit (Quantax XFlash® 5010, Bruker, Germany) was used in back-
scattered electrons (BSE) mode to observe the coatings cross-sections
and free surfaces (i.e. coatings surface). SEM micrographs of cross-
sections were used for image analysis evaluation of thickness (20
readings for mean value) and porosity (5 images for mean value) of the
coatings. Also, image analysis of the cross-sections was used to evaluate
the amount of residual chromia recognizable in BSE SEM micrographs
due to their higher mean atomic number as brightest splats, which was
also confirmed by EDS.

Phase composition of the feedstocks (coarse powder and dried sus-
pensions) was analyzed by X-ray diffraction (XRD) using Discover D8
diffractometer (Bruker, Germany) with Cu Kα radiation in Θ-Θ config-
uration. The XRD patterns were evaluated by Rietveld refinement
method, the preferred orientation correction was calculated via March-
Dollase approach [28]. Phase identification was done using X'Pert
HighScore software (Malvern Panalytical, Ltd., UK), which accessed
PDF-2 database of crystalline phases (pattern codes 01-080-0786, 00-
056-0457, 00-046-1215, and 01-072-3533 for α-Al2O3, γ-Al2O3, δ*-
Al2O3, and Cr2O3, respectively). Elemental composition of the feed-
stocks was analyzed by energy-dispersive X-ray fluorescence (EDXRF)
using S2 PUMA spectrometer (Bruker, Germany). XRD measurements
were carried out also for the deposits in order to evaluate the change in
the phase composition after the deposition. A high thickness of the
powder-based coatings enabled supplemental XRD measurement below
the original free surface (~250 μm of the coating thickness was re-
moved by grinding). The aim of this experiment was to confirm whether
the coating phase composition is the same at the free-surface and
deeper in the coating, where the material was exposed to additional
thermal input due to the subsequent deposition cycles.

Since a reliable identification of the metastable phases by XRD was
challenging due to a partial overlap of their diffraction patterns and a
rather irregular nature of metastable phases originating in the ordered

Fig. 2. a) front view of the feeding lines configuration, b) side view of the feeding lines configuration. SD, FDp, and FDs denote the stand-off distance, feeding distance
of powder, and feeding distance of suspension, respectively, c) shadowgraphy image of concurrent powder and suspension injection (experiment H-AC-1).
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defects in the spinel structure, the phase composition was further in-
dependently evaluated by 27Al nuclear magnetic resonance (NMR)
which does not require any assumptions on the crystallographic struc-
ture. The measurements were carried out under 20 kHz magic-angle
spinning (MAS) on a Bruker Avance III HD spectrometer (11.7 T with
the 27Al frequency 130.4MHz) using 200 scans with a single 0.27 μs
long π/15 pulse and a relaxation delay 30 s that led to a quantitative
excitation with negligible effects of the satellite transitions on the re-
sults [29]. Longitudinal relaxations of 27Al were measured by saturation
recovery. Evaluation by a linear combination of reference spectra of
alpha and gamma phases as carried out in [30] was not possible due to
significant presence of other phases, precise spectra of which remain
unknown. Instead, in order to determine the fraction of aluminum
atoms in octahedral positions, the peak belonging to octahedral sites
(centered at 14 ppm) was fitted by a Lorentzian/Gaussian curve and its
area was related to the integral of the whole central part of the spec-
trum. The content of α-alumina was then calculated assuming only α
and γ phases are present considering the fact that γ-Al2O3 has 75% of all
Al atoms in octahedrons [31]; this approach gave the molar fraction of
α-Al2O3 relative to the total Al2O3 content with an absolute error of
about 0.1.

Hardness of the deposits was measured on the polished cross-sec-
tions using automated hardness tester Qness Q10A+ (Qness, Austria)
with Vickers indenter using HV0.3 and HV1 loads from 10 indents at
each load.

3. Results

3.1. Feedstocks properties

Viscosity measurements of all sprayed suspensions were carried out
in order to examine how the modification of the ready-to-spray sus-
pensions (dilution of chromia suspension and addition of chromia
suspension or Cr(NO3)3 into the alumina suspension) changed their
rheology. It is evident from Fig. 3a that dilution of the original chromia
suspension from 40 to 25wt% decreased viscosity dramatically from
about 4200mPa.s to less than 1000mPa.s at 12 s−1 shear rate and from
about 700mPa.s to less than 140mPa.s at 122 s−1. Lower suspension
viscosity is generally desirable as it facilitates its transport through the
feeding lines and through the injection nozzle.

The viscosity of alumina-based suspensions (Fig. 3b) was re-
markably lower than that of chromia suspensions. The original sus-
pension from experiment S-A showed the lowest mean viscosity of
1.3 ± 0.2mPa.s at 122 s−1 shear rate which is close to that of water.
Addition of the chromia suspension for the S-AC experiment increased
the viscosity, triggering a characteristic shear thinning shape of the
viscosity-shear rate curve. The viscosity increase is to be attributed to
the change in solvent from water to 1:1 water:ethanol mixture which
exhibits viscosity higher than each of the constituents alone. With the
addition of CNN for the SS-AC experiment, only a negligible increase in
the viscosity was measured. Nevertheless, the viscosity of all the alu-
mina-based suspensions used for suspension-based coatings deposition
was in the range from about 1 to 5mPa.s at the highest shear rate of
122 s−1.

3.2. Coatings

All spraying experiments resulted in a successful deposition of
coatings. Samples with grit-blasted S235 steel substrate showed no
delamination. A partial delamination on the sample edges was observed
for the samples with AISI 304 stainless steel grit-blasted substrates,
probably due to higher coefficient of thermal expansion (CTE) mis-
match between the substrate and the coating (CTE of AISI 304 of
17·10−6 K−1 compared to 12·10−6 K−1 of S235 [32,33]) and high
stiffness of the coatings. The non-blasted samples (noGB series) ex-
hibited excessive coating peel-off, pronounced mainly for the hybrid
coatings. Therefore, the samples without delamination were selected
for further metallographic preparation.

3.2.1. Microstructures
The microstructure cross-sections of the coatings are displayed in

Fig. 4. All deposits formed relatively dense, uniform coatings with la-
mellar splat structure as observable in the overview micrographs. A
more detailed view in Fig. 4 (right-hand-side column) reveals that the
size of the splats was at least an order of magnitude smaller for the
suspension-based coatings compared to the powder-based coatings. No
unmelted Al2O3 feedstock was found in the cross-sections showing
proper heat treatment of the injected particles. It is also evident that the
powder-based coatings reached significantly higher thickness of more
than 500 μm whereas the thickness of the suspension-based ones was in
the range of 150–250 μm. Considering the number of torch passes (see
Table 1), the deposition rate of the powder-based coatings was sig-
nificantly higher, reaching about 130 μm per cycle, while the suspen-
sion-based coatings were deposited with the deposition rate from 11 to
20 μm per deposition cycle. This may be attributed to the feed rate of
the solid feedstock material injected into the plasma jet which was
about 5 times higher for the powder-based coatings compared to the
suspension-based ones. Nevertheless, these values suggest a slightly
lower deposition efficiency of spraying from the suspensions (the effi-
ciency optimization was not aim of this study and will be targeted in the
next experiments). The measured thicknesses and deposition rate values
are listed in Table 2. Please note that the thin bright layer distin-
guishable in Fig. 4i is only an artifact from the metallographic pre-
paration, i.e. debris of ground-off substrate accumulated in the gap
which formed between the epoxy and the sample due to the epoxy
shrinkage.

Porosity in the coatings as evaluated by image analysis was divided
into two disjunctive domains: a) submicron-sized porosity (area less
than 1 μm2), predominantly resulting from the imperfect sintering of
primary particles, and b) super-micron-sized porosity (voids larger than
1 μm2), typically intersplat pores and cracks. The sum of the submicron
and super-micron porosity was taken as the total porosity and it was in
the range of ~4.3–8.3% for all deposited coatings. In all prepared
coatings, the coarser super-micron-sized porosity was dominant over
the finer submicron porosity. This was most evident in the H-AC-1
coating with the highest super-micron-sized to submicron-sized por-
osity ratio of 7:1 (Fig. 5). As observable from Fig. 4c and e for the
hybrid coatings, most of the voids was represented by large intersplat
pores and intrasplat cracks between the coarse Al2O3 splats. The re-
sidual chromia splats apparently established strong interconnection
with the alumina splats, documented by suppressed cracking on the
alumina-chromia interface. However, among the powder-based coat-
ings, the lowest overall porosity was measured for the P-A coating,
despite the lack of the additive phase.

In the case of the suspension-based coatings, the main source of
super-micron-sized porosity were out-of-plane (vertical) segmentation
cracks and in-plane (horizontal) cracks. The horizontal cracks seem to
follow boundaries between sublayers deposited during individual de-
position cycles. The vertical cracks were formed probably due to
thermal stress relief during cooling accompanied by uneven shrinkage
of the coating. Higher density of vertical cracks was observed in the

Table 2
Coatings characteristics. *informative values, see Section 3.2.3.

Coating Thickness (μm) Deposition rate (μm/
cycle)

HV0.3 (−) HV1 (−)

P-A 626 ± 21 125 1574 ± 311 1141 ± 188
H-AC-1 721 ± 19 144 1482 ± 194 942 ± 224
H-AC-2 661 ± 20 132 1200 ± 291 1148 ± 296
S-A 142 ± 14 20 1289 ± 184 736 ± 83*
S-AC 227 ± 8 11 1244 ± 153 1068 ± 140*
SS-AC 146 ± 11 20 1386 ± 160 750 ± 102*
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Fig. 4. Overviews (left) and details (right) of the coatings: P-A (a), (b), H-AC-1 (c), (d), H-AC-2 (e), (f), S-A (g), (h), S-AC (i), (j), SS-AC (k), (l). Residual chromia (RC),
fuzzy interface (FI), sharp interface (SI). SEM BSE mode.

Fig. 3. a) viscosity of Cr2O3 suspensions for 25 and 40wt% concentrations, b) viscosity of alumina and alumina-chromia suspensions used in S-A, S-AC, and SS-AC
experiments. Arrows indicating increasing/decreasing spindle rotational velocity.
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dense suspension-based coatings due to the less effective dissipation of
shrinkage stresses (e.g. by splat sliding [34]) due to much smaller splats
and their stronger bonding than in their powder-sprayed counterparts
with a generally looser microstructure. Among the suspension-based
coatings, the highest porosity was measured for the S-A coating
reaching a total value of 7.9% where 5.3% was represented by the
super-micron-sized porosity and 2.6% by the submicron porosity. These
values were comparable to those of S-AC coating and greater than those
of SS-AC coating, showing that the addition of CNN promoted densifi-
cation of the coating. The lower porosity of the SS-AC coating compared
to S-AC coating could be explained by overall higher suspension solid
load further enriched by the solution of CNN resulting in formation of
larger molten droplets receiving higher velocity from the jet.

Detailed micrographs in Fig. 4d, f, j, and l clearly show the distin-
guishable chromia splats in the chromia-doped coatings, appearing as
brighter material among the darker alumina splats. However, varying
shading of the splats as observed in BSE-COMPO mode (Fig. 4) sensitive
to the local mean atomic number showed also successful intermixing of
both constituents forming a transition interface. Intensity of the al-
loying process varied significantly between the coatings due to the
different size and intermixing route of the arriving particles.

In the case of hybrid coatings displayed in Fig. 4c and e, the chromia
splats were generally more separated from the alumina matrix, whereas
in the suspension-based coatings, most of chromia was well dissolved
into the surrounding alumina. For H-AC-1 coating, the amount of un-
dissolved chromia splats as measured by image analysis from the cross-
sections represented approximately 3% of the coating whereas in the H-
AC-2 coating the fraction of undissolved chromia splats reached ap-
proximately 8%. Also, the chromia splats in the H-AC-2 coating were
larger in size (compare Fig. 4d and f). In the suspension-based inter-
mixed coatings, the amount of residual chromia was about 1.4% for S-
AC coating and only 0.5% for the SS-AC coating.

The different character of alumina-chromia mixing can be also ob-
served in the free-surface SEM micrographs presented in Fig. 6. In the
hybrid coatings, the most notable difference is the size and abundance
of chromia-rich splats (CRS). Contrary, the intermixed coatings showed
almost no bright splats in the free surface declaring high chemical
homogeneity of the deposited material.

Mutual comparison of H-AC-1 and H-AC-2 free-surface micrographs
demonstrates the finer atomization of the more diluted suspension (H-
AC-1). This is beneficial for the heteronucleation of the α-phase from
the coarse alumina particles as the large alumina splats cover areas with
higher amount of smaller chromia splats which serve as the nucleation
sites. Moreover, in the hybrid coatings, isolated regions of unmelted,
yet deposited, suspension feedstock were scarcely found as very fine
chromia particles clusters (CPC). These agglomerates could be also
found in small amount in the hybrid coatings cross-sections. On the
contrary, no such particles were found in the intermixed coatings. It can
be therefore assumed that, in the case of the hybrid coatings, the plasma

jet was partially disturbed by the concurrent injection of both suspen-
sion and powder. In such case, the lightest suspension droplets were
driven out from the plasma jet by the turbulences further downstream
in the jet, i.e. in the area, where the powder was injected. Insufficient
thermal treatment of the small portion of droplets traveling through the
periphery of the plasma stream then resulted in the presence of dried,
unmelted suspension feedstock in the deposited coating (Fig. 7),
whereas the heavier powder particles retained their trajectory along the
plasma centerline where they received enough heat for melting.

Another difference between the hybrid and intermixed coatings is
the presence of dome-shaped structures (DSS) at the surface of the in-
termixed coatings (see Fig. 6e), indicating partial occurrence of the
shadowing effect, which is typical for plasma sprayed coatings from
liquid feedstocks [35]. In the shadowing effect, surface asperities (e.g.
original substrate asperities or larger previously deposited droplets)
serve as the nucleation sites for more rapid vertical and lateral growth
of the coating, resulting in a dome-shaped structure.

3.2.2. Phase composition
Phase composition was evaluated for both (dried) feedstocks and for

the coatings in order to evaluate the phase changes of the original
feedstock or a formation of new phases. The Al2O3 feedstocks consisted
practically of α-alumina phase only (either as a coarse spray-grade
powder or as a fine submicron powder dispersed in the suspensions)
confirmed by both XRD and 27Al NMR. All deposits were mostly crys-
talline with the content of the amorphous phase below 10%. Based on
the observation of the coatings microstructure (Fig. 4), no unmelted
Al2O3 feedstock (either coarse powder particles or agglomerates of the
fine particles from the suspensions) was found in the coatings, i.e. all
crystallographic phases present in the coatings were newly formed from
the melted impinging particles. In the hybrid coatings, a small amount
(below 1% as measured by image analysis) of the unmelted chromia
particles from the suspensions was observed (Fig. 7).

The results of the powder-based coatings phase composition ana-
lysis are summarized in Table 3 and the corresponding XRD diffraction
patterns are displayed in Fig. 8. From the comparison of the α-phase
content in the deposits, it is evident that the addition of Cr2O3 sig-
nificantly promoted the formation of the stable alumina phase. The rest
of the structure comprised of metastable alumina phases (γ,δ) ex-
hibiting the structures of a defected spinel [36] and residual eskolaite
(Cr2O3). In the non-stabilized P-A coating, the amount of α-phase was
40%, while 87% and 81% of stable α-alumina was obtained in H-AC-1
and H-AC-2 coatings, respectively. Increased alpha-phase content was
confirmed also by independent NMR measurements based on the dis-
tinction between tetra- and octahedral coordination of aluminum
atoms.

In the suspension-based coatings, the amount of α-phase was gen-
erally lower than in the powder-based ones, both in the pure and
chromia-doped coatings. However, the addition of chromia resulted

Fig. 5. Comparison of submicron-sized and super-micron-sized porosity of the coatings.
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also in this case in a distinguishable increase in the amount of α-alu-
mina from 12% in the S-A coating to 21–22%, in S-AC and SS-AC
coatings, confirming the positive effect of chromia presence on the
formation of α-phase (see diffraction pattern in Fig. 9 and Table 4).

As for the NMR measurement of the suspension-based coatings, a
reliable evaluation of the α-phase content was possible only for the S-A
coating, the spectra of which could be well explained as a superposition
of α and γ (other transition phases of alumina could be excluded). The
α-content was estimated as (24 ± 10) % in the coating S-A. On the
other hand, the low fraction of Al atoms on octahedral positions (77%
and 74% in the coatings S-AC and SS-AC, respectively) and modified
spectral shapes (Fig. 10) proved that there was a significant fraction of
other metastable aluminas, namely δ [36,37] or θ [38,39] that have
fewer Al atoms in octahedral positions than γ, or amorphous phase. This
disallowed the evaluation of the α-phase content due to an unknown
composition of these additional phases.

To investigate the possibility of the deposits undergoing in-situ
annealing during the successive torch passes, approximately 250 μm
thick layers of the powder-based coatings were ground off. It was found

that the amount of α-phase deeper inside the hybrid coatings was
greater by approximately only 4% than that at the free surface (see
Table 5). Correspondingly, the amount of residual eskolaite and me-
tastable phases slightly decreased from the free surface towards the
depth of the coating. Therefore, considering the achievable XRD pre-
cision, no significant changes were detected. Moreover, no trend in
residual chromia content was confirmed by SEM cross-sections ob-
servations, indicating very limited additional dissolution of the
chromia-rich splats into the alumina matrix. The amount of the α-phase
in the P-A coating was fully comparable on the free surface and in the
central part showing that the heat from additional torch passes was
insufficient to induce the phase transformation by annealing.

Mean interpass (cooling phase) temperatures and mean peak
(spraying) temperatures during the deposition were in the range from
~240 to ~450 °C as measured by the thermocouple (Fig. 11). For the
powder-based coatings, the higher peak temperatures of both hybrid
depositions (compared to P-A experiment) can be attributed to the heat
provided by the water:ethanol solvent in the suspension [26]. Contrary,
the lowest peak temperature of the SS-AC experiment in the intermixed

Fig. 6. a) H-AC-1 overview, b) H-AC-1 detail, c) H-AC-2 overview, d) H-AC-2 detail, e) S-AC overview, f) S-AC detail, g) SS-AC overview, h) SS-AC detail. Arrows
show chromia-rich splats (CRS), and dome-shaped structures (DSS). SEM BSE mode.

Fig. 7. Unmelted suspension feedstock in the cross-section and on the free surface of H-AC-2 coating. Residual chromia (RC), chromia particles clusters (CPC). SEM
BSE mode.
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series (compared to S-A and S-AC) can be attributed to the consumption
of available heat by the evaporation of the water solvent and the en-
dothermic CNN thermal decomposition. Nevertheless, all the peak
temperatures were far below the crystallization temperature of α-alu-
mina and therefore no significant phase changes can be expected due to
this short exposure to the elevated temperatures. Presumably, based on
the cross-section observation (Fig. 4d and Fig. 4f), local diffusion of
chromia into alumina took place when the chromia splats were covered
by the melt having temperature of more than 2500 °C (as indicated by
in-flight particle diagnostics DPV-2000 in [40]), potentially leading to
the formation of the desirable α-phase in the hybrid coatings [16].

The successful partial incorporation of Cr atoms directly into the
alumina structure was detected both by XRD and 27Al NMR. The XRD
measurement showed a small (but measurable) increase in the lattice
parameters a and c of the α-alumina phase as evaluated by Rietveld
analysis (Fig. 12) with respect to the a and c values of pure α-alumina
(a=4.754 Å, c=12.99 Å [41]). Such change was measurable for all
Cr-doped coatings. The most pronounced increase of the lattice para-
meters was measured for the SS-AC coating suggesting the most in-
tensive formation of the (Al,Cr)2O3 solid solution. The NMR measure-
ment showed that the 27Al longitudinal relaxation times were
significantly reduced in the Cr-containing coatings (e.g. ~1 s observed
for H-AC-1 compared to 30 s for P-A coating). Such strong relaxation
enhancement together with a non-exponential recovery in H-AC-1
coating indicates the presence of paramagnetic centers [42] which also
favors the hypothesis that Cr ions were partially incorporated into the
alumina lattice.

3.2.3. Hardness
Hardness testing of the coatings revealed some differences between

the samples (Fig. 13). In case of HV1, lower hardness values were ob-
tained due to the higher number of microstructure defects such as
porosity or loosely connected splats in the bigger interaction volume
which also allowed crack propagation, whereas values of HV0.3 re-
presented rather local characteristics of the closest splats, e.g. their
bonding. The highest values of about 1500 HV0.3 were measured for
the powder-based P-A and H-AC-1 coatings. However, the scatters of
these coatings were relatively high showing the inhomogeneity be-
tween the dense well-sintered areas and loosely bound splats. These
effects were averaged in the HV1 measurement as the hardness values
were comparable to other samples with lower standard deviation. Ap-
parently, the lowest HV1 hardness value of 942 ± 224HV1 of the H-
AC-1 coating is to be attributed to its highest coarse porosity (compare
Fig. 5 and Table 2) allowing more pronounced crack propagation or
void collapsing. As for the suspension-based samples, the HV1 values
could not be reliably evaluated due to the low thickness of the coatings
with respect to the diagonal length of the indents (Fig. 14d–f). The
hardness values are therefore only informative. The HV0.3 hardness
values of about 1250 HV0.3 for the suspension-based coatings could be
nevertheless evaluated reliably and were comparable mutually and
with the hybrid coatings within the standard deviation.

The failure mechanisms were observed under the HV1 indents
(Fig. 14) as the HV0.3 indents did not induce significant damage of the
indented area. Under higher load, splats crushing and development of
radial cracks from the indents corners were observed (e.g. Fig. 14a and
b). Remarkably, in the H-AC-1 and H-AC-2 coatings, the cracks

Table 3
Phase composition of powder-based feedstocks and coatings as measured by XRD and 27Al NMR. All values are shown in wt%. NMR data is with respect to total Al2O3

content.

Sample Feedstock Coating

α-Alumina Eskolaite α-Alumina γ−/δ-Alumina Eskolaite

XRD NMR XRD XRD NMR XRD NMR XRD

P-A 100 100 – 40 55 60 45 –
H-AC-1 80 100 20 87 81 9 19 4
H-AC-2 69 100 31 81 80 13 20 6

Fig. 8. Diffraction patterns of powder-based coatings.
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propagated preferentially within the coarse Al2O3 splats rather than
along the heterogeneous alumina/chromia interfaces (Fig. 14b and c),
indicating good bonding between both materials.

4. Discussion

It was observed that the dispersion of chromia within the alumina
matrix was strongly influenced by the feedstocks characteristics and the
deposition route. Comparison of the cross-sections between the powder-
based hybrid coatings showed that the more diluted suspension used for
H-AC-1 coating resulted in finer dispersion of smaller chromia splats
than the higher concentrated suspension used in H-AC-2 experiment.
This can be attributed to the finer atomization of the suspension in case
of former aided by its lower viscosity, which can be also observed in the
shadowgraphy photographs in Fig. 15. The larger droplets of the denser
suspension were also richer in solid content for the H-AC-2 coating,
resulting in larger chromia splats.

As for the suspension-based intermixed coatings, the distribution of
chromia was similar in both S-AC and SS-AC coatings and much more
homogeneous than in the hybrid counterparts, resulting in barely dis-
tinguishable contrast within smaller thin lamellae (compare e.g.
Fig. 4d, f and Fig. 4j, l). This result indicates that the impacting particles
were mutually comparable in size and composition (i.e. they contained
comparable amount of chromia) regardless whether they originated
from the two intermixed suspensions or from the suspension/solution
mixture. In terms of coating formation, the SS-AC experiment was un-
ique among the depositions since a chemical reaction took place during
the thermal treatment of the feedstock in order to produce the desirable
compound in-situ. The thermal decomposition of Cr(NO3)3 is accom-
panied by the release of NO2 and O2 gases, which could potentially
contribute to the final coating porosity by entrainment of the formed
gases similarly to [30]. However, the SS-AC coating showed the lowest
porosity from all the coatings both in micro and macro scale. This result
implies that CNN precursor was thoroughly decomposed and trans-
formed into Cr2O3 during the in-flight stage, prior to the impact of the
feedstock droplet onto the substrate.

Observing the circular well-defined chromia splats at the free sur-
faces of hybrid coatings (Fig. 6), it may be assumed that the majority of
alumina and chromia particles arrived mostly independently onto the
surface. With such coating buildup mechanism, intermixing of alumina
and chromia was not very effective, probably due to the short time
interval between the melted particles impact and their complete soli-
dification. Two distinctive deposition scenarios may be therefore con-
sidered. In the first, a molten droplet impacts onto a previously

Fig. 9. Diffraction patterns of the suspension-based coatings.

Table 4
Phase composition of suspension-based feedstocks and coatings as measured by
XRD. All values are shown in wt%.

Sample Feedstock Coating

α-Alumina Eskolaite α-Alumina γ−/δ-Alumina Eskolaite

S-A 100 – 12 88 –
S-AC 82 18 21 77 2
SS-AC 100 – 22 73 5

-100-50050100

δ (27Al) / ppm

S-A: experiment
α
γ
S-A: 92 % γ + 8 % α
SS-AC: experiment

Fig. 10. Central parts of 27Al MAS NMR spectra of S-A and SS-AC coatings,
normalized to the same areas, with decomposition of the former into optimal
linear combination of spectra of α and γ alumina.

Table 5
Comparison of α-phase content as measured by XRD on the free surface (FS)
and in the central section (CS) of the deposits.

Sample Coating α-alumina
(wt%)
FS/CS

Coating γ−/δ-alumina
(wt%)
FS/CS

Coating eskolaite
(wt%)
FS/CS

P-A 40/40 60/60 −/−
H-AC-1 87/91 9/7 4/2
H-AC-2 81/83 13/11 6/6
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deposited solidified splat, forming a sharp interface visible in the cross-
section (Fig. 4f). In the second, a molten droplet impacts onto a molten
or semi-molten (i.e. hot) splat, the two compounds mix by convection
and a fuzzy interface visible in the cross-section is formed (Fig. 4f). If
both splats remain molten for long enough time, desirable dissolution of
chromia in alumina may be successfully completed. On the contrary,
mixing of alumina and chromia in the intermixed suspension feedstocks

may occur already in-flight on a large scale. Mixing of the two com-
pounds in injected liquid ensures presence of both alumina and chromia
in the liquid droplets already upon atomization, followed by evapora-
tion of the solvent and simultaneous melting of the compounds. Due to
the high number of particles of both original compounds in the in-
dividual droplets, only slight deviations in the alumina-chromia ratio
may be expected leading to superior homogeneity of the deposited
material. Also, the close intermixing of the constituents allows to form
(Al,Cr)2O3 solid solution of oxides where some of the AlIII atoms are
replaced by CrIII ones in the crystal lattice [24].

As for the phase composition, it has to be pointed out that the
powder-based coatings P-A, H-AC-1, and H-AC-2 were deposited using
rather extreme spraying conditions for WSP-H technology, in particular
using the short stand-off distance of 130mm and a rather low feeding
distance of 35mm (standard SD is around 350mm and FD 45mm [40]).
The short SD could be used thanks to the intensive cooling of the
samples but might not be suitable for standard applications due to
possible overheating of the coated part. Nevertheless, such a short
stand-off distance significantly contributed to the final properties of the
coatings.

Firstly, the reason for the low porosity of P-A coating can be at-
tributed to the low SD and to the configuration of the feedstocks in-
jection (see Fig. 2). Since no suspension was injected into the plasma jet
in P-A experiment, the jet was not disturbed by its stream. Therefore,
the powder particles in the P-A experiment received greater accelera-
tion which together with the high thermal input led to high impinge-
ment velocity and good flattening of the splats, eventually resulting in
low porosity of the deposit.

Secondly, the short SD promoted the formation of the stable α-
phase, which is in agreement with previous findings [16], where a
decrease in the stand-off distance from 450 to 250mm increased the
amount of corundum from about 10wt% to about 20wt%. In this study
with even shorter stand-off distance (i.e. 130mm), the amount of α-
phase was further increased to 40wt% for the pure alumina powder
feedstock. Similar results were obtained in e.g. [43] where intensive
heat input provided by the slow torch transverse velocity and reduced
cooling was used to produce coatings with almost pure α-phase. The α-
phase formation was explained by the substrate and coating tempera-
tures exceeding 1300 °C, which may be inapplicable for many industrial
substrate materials. On the contrary, the substrate peak temperatures
reported in this work were kept at much lower temperature below
450 °C (Fig. 11).

Coatings containing high amount of the desired α-phase can be
prepared also by other ways than by adding phase-stabilizing compo-
nents to the feedstock (such as chromia used in this study) or by in-
creasing the process temperature discussed above. In [44], the authors
managed to prepare suspension-plasma-sprayed and suspension-HVOF-

Fig. 11. Interpass and peak temperatures of the samples during the plasma
spray deposition.

Fig. 12. α-phase lattice parameters a and c of the coatings.

Fig. 13. Hardness of the coatings. HV1 values of the suspension-based coatings are only informative.
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sprayed coatings having α-phase content of up to 77 vol% and 73 vol%,
respectively. According to the authors, the coatings with the highest
content of the α-phase contained considerable amount of the unmelted
or partially melted powder from the suspensions, thus retaining the
feedstock phase composition. As also shown in [44], the amount of
unmelted material in the HVOF-sprayed deposits could be reduced by
increasing the total gas flow rates in the deposition process promoting
melting of the feedstock which resulted in higher hardness of the
coatings (increase from 300HV0.3 to around 880 HV0.3, respectively),
but also in the more intensive formation of the metastable alumina
phases. In the case of the hybrid coatings presented in this study, not
only the α-phase content exceeded 80wt% but, at the same time, the
deposited layers exhibited compact microstructure consisting of well-
flattened splats and a negligible content of unmelted feedstock material.
Such coating showed hardness values of more than 1000 HV0.3 pro-
mising good performance in e.g. sliding wear applications.

The comparison of α-alumina content between hybrid and inter-
mixed coatings brings two major deductions:

• Firstly, stabilization of α-phase is possible for WSP-H technology
using both the hybrid and the intermixed spraying routes. For the
hybrid coatings, highly effective α-phase stabilization close to 90%

was achieved with feedstock content of chromia significantly lower
than the one reported in [20] where 33wt% of chromia in mixed
alumina-chromia powder resulted in ~60wt% of α-phase (cf. 18 wt
% of chromia resulted in 87wt% of α-phase in this study). More-
over, the comparison between the hybrid coatings in this study
further showed that the finer dispersion of the added chromia in H-
AC-1 coating yielded higher amount of α-phase than in the H-AC-2,
despite smaller chromia content (18 wt% compared to 27 wt%).
These findings show that the finer dispersion of the stabilizer within
the alumina matrix has a stronger effect than its absolute content.
• Secondly, the final amount of α-phase not only depends on the
presence of chromia, but also strongly on the deposition route, i.e.
significant difference was found between powder-based and sus-
pension-based coatings where the original alumina was in a form of
powder or a suspension, respectively. Despite both types of the
feedstocks contained pure α-alumina and comparable amounts of
chromia, the coatings deposited from coarse powders contained
approximately 4 times higher content of α-phase than those de-
posited from the liquid feedstocks. This result indicates that the
cooling rate of the splats plays a crucial role in the formation of α-
phase which is in agreement with the conclusions drawn in
[20,22,45]. In case of the powder-based coatings, the impinging

Fig. 14. Micrographs of HV1 indents in the cross-sections of a) P-A, b) H-AC-1, c) H-AC-2, d) S-A, e) S-AC, and f) SS-AC coatings. Radial cracks (RC), crushed splats
(CS). SEM BSE mode.

Fig. 15. Illustrative shadowgraphy photographs of a) injection of 25 wt% suspension in H-AC-1 experiment, and b) injection of 40 wt% suspension in H-AC-2
experiment prior to engagement of dry powder injectors.
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alumina particles were at least an order of magnitude larger than
those formed from liquids. This means that their volume was at least
three orders of magnitude larger and the molten droplets thus carry
significantly higher thermal energy resulting in a slower solidifica-
tion allowing more time for the nucleation of α-phase.

5. Conclusions

This study focused on the plasma spraying of alumina with the
addition of chromia in order to explore its effect on the α-alumina
phase formation. WSP-H plasma torch was used as a source of high-
enthalpy plasma for spraying. Hybrid coatings deposited from coarse
spray-grade alumina powder co-sprayed with chromia suspension as
well as alumina suspension intermixed with chromia suspension or
chromia precursor were compared to coatings prepared from the pure
alumina feedstocks only. The depositions were carried out under
identical conditions in order to eliminate any other deposition effects
(apart from the chromia addition).

Viscosity measurement of the chromia suspensions used for the
preparation of hybrid coatings revealed that the dilution of the sus-
pension from 40wt% to 25wt% of solid load lowered the viscosity of
the suspension fourfold resulting in its finer fragmentation and thus
finer dispersion of chromia within the coating. Viscosity measurements
of suspensions used for the suspension-based coatings showed that
neither the addition of chromia suspension nor the addition of chro-
mium nitrate nonahydrate had strong unfavorable effect on the visc-
osity.

Successful deposition of coatings was achieved with increased
content of the desirable α-phase depending both on the added chromia
amount and the deposition route. In all cases, the addition of chromia
promoted the formation of desirable corundum. In the case of the
powder-based coatings, an increase from ~40wt% to ~80–90wt% was
recorded. Moreover, it was found that the finer dispersion of chromia is
more important than the absolute amount of the additive in the feed-
stock (and the deposit) as the less-doped H-AC-1 coating showed higher
amount of α-phase than the chromia-richer H-AC-2 coating.

In the case of suspension-based coatings, the corundum amount
increased from ~12% in the non-doped to ~21% in the doped form.
The content of corundum was practically the same in the coatings
prepared from the mixture of alumina/chromia suspensions (sample S-
AC) and from the combination of alumina suspension and chromia
precursor CNN (sample SS-AC). Moreover, the microstructure of the
above mentioned coatings was comparable, as well, showing superior
homogeneity. This result indicates that for both S-AC and SS-AC coat-
ings, the molten droplets were comparable in terms of composition and
size, thus forming similar splats on the substrate, and, also, that the
CNN precursor successfully transformed into Cr2O3. Moreover, forma-
tion of small amount of (Al,Cr)2O3 was detected in the chromia-doped
coatings; elongation of the α-phase lattice parameters from the values
of pure alumina towards the values of pure chromia was observed. The
increase measured in the α-phase lattice parameters of the powder-
based hybrid coatings was smaller than that of the intermixed coatings
(indicating smaller amount of (Al,Cr)2O3) showing the inferior mixing
of the two compounds in the hybrid coatings. The incorporation of Cr
atoms in the Al2O3 lattice was also confirmed using NMR by long-
itudinal relaxation enhancement of 27Al nuclei.

Relatively high hardness of the coatings with mean values of around
1400 HV0.3 was recorded. Effective bonding of alumina-rich and
chromia-rich splats was documented as negligible cracking or decohe-
sion was observed on the heterogeneous interfaces during indentation.
The hardness values were inversely proportional to the porosity of the
coatings and also lower indentation load yielded higher hardness value
due to the indentation size effect.

The coatings deposited from intermixed liquids showed higher
chemical homogeneity than the coatings deposited using the hybrid
route. However, the results obtained in this study show that in order to

maximize the content of desirable α-phase, hybrid powder-suspension
spraying may be a preferable deposition route. The results further show
the importance of the local thermal history of the deposit, in particular
of the cooling rate of the splats, on the phase composition of the
coatings. Deposition of larger splats originating from the coarse powder
presumably led to lower cooling rates of the deposited material, al-
lowing longer time for the nucleation of the stable α-phase.

Finally, it was proven that both hybrid suspension plasma spraying
and spraying of intermixed suspensions are viable routes for the pre-
paration of coatings containing high contents of corundum.
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5.4 Deposition of chromia-doped alumina from precursor solutions 

The last study focused at broadening the experience with the alumina deposition using 

precursor solutions. Contrary to the first study [I], higher solution concentration was used in 

order to attain greater solid load equivalent and thus greater solid phase yield. Moreover, based 

on the successful corundum phase stabilization by chromia in study [III], intermixed solutions 

of alumina and chromia precursors (water-based solutions of nitrates) were prepared in several 

composition ratios to attempt to deposit the (Al,Cr)2O3 mixed oxide, taking advantage of the 

atomic-scale precursor intermixing in the solution. 

In total, four solution compositions were used for deposition, producing highly porous coatings 

(over 60 % porosity) displaying different colors from white (pure alumina), over pink-purple, 

to green, depending on the increasing chromium oxide precursor content in the solutions. The 

observed colors were in accordance to those of Cr-doped alumina prepared by a solid-state 

method reported in the literature. Moreover, the colored coatings exhibited a reversible 

thermochromic behavior (color change with the change of temperature) which was evaluated 

using quantitative colorimetry. Both the coloring of the coatings and their thermochromic 

behavior demonstrated that chromia was incorporated into the alumina crystal structure like it 

is in ruby crystals. The XRD analysis confirmed homogeneous distribution of Cr ions located 

substitutionally in the Al2O3 crystal lattice by virtue of the linear elongation of corundum lattice 

parameters with increasing Cr content in the deposit. In other words, certain aluminum atomic 

sites were occupied by chromium atoms leading to the expansion of the crystal lattice. This 

was achieved by the concurrent formation of both oxides during the in-flight deposition stage 

as a result of the intermixing of their precursors on the atomic scale in the liquid. 

Using XRF, it was shown that the ratio of Al to Cr ions in the coatings was practically identical 

to that in the feedstock mixtures of precursor solutions, providing evidence of the balanced 

deposition of both materials without preferential (and undesirable) evaporation of either 

component. 

The following article [IV] was written as an invited one for a special issue of Journal of 

Thermal Spray Technology based on a conference proceeding [vii] presented at International 

Thermal Spray Conference 2019 held in Yokohama, Japan. 
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Abstract Solution precursor plasma spraying (SPPS) pre-

sents a modern route to deposit coatings directly from

liquid feedstock. In this study, unique ability of SPPS to

intermix different precursors on the atomic scale was

employed to deposit pure and Cr-doped Al2O3 (technically,

synthetic ruby) from several mixtures of aluminum and

chromium nitrates. Highly porous coatings ([ 60%

porosity) were deposited by high-enthalpy WSP-H torch.

Homogeneous distribution of Cr atoms in Al2O3 resulted in

coatings color ranging from pink to grayish-green corre-

lated with increasing Cr content and change of lattice

parameters as observed by x-ray diffraction. High content

of over 80 wt.% of a-alumina phase was reached for all

coatings. For the Cr-doped Al2O3 coatings, distinct and

fully reversible thermochromic behavior was observed by

temperature-resolved colorimetry. Further increase in a-
phase content (up to 95 wt.%) and coating densification

were achieved by additional surface remelting by plasma

torch.

Keywords Alumina � hybrid plasma torch � mixtures �
oxides � phase composition � solution precursor spraying

Introduction

Plasma spraying is a steadily growing family of technolo-

gies used for fabrication of functional coatings on the

surfaces of broad range of industrial components. The

coatings are used for protection against demanding opera-

tional conditions such as high temperatures (gas turbines,

jet and rocket engines), oxidizing atmosphere (boilers,

engines), friction or contact wear (paper rolls, engines), or

for improvement in surface biocompatibility with living

tissues (bone implants) (Ref 1-5).

The vast application scope of plasma spray technologies

stems from the versatility of the deposition process

enabling processing of various materials, such as metals,

ceramics, cermets, and their combinations (Ref 6). For the

deposition, feedstock materials can be supplied in the form

of a dry coarse powder (typical particle size in tens of

micrometers), suspension of fine powder in a carrier liq-

uid—solvent (typical particle size from tens of nanometers

to several micrometers), or a solution of chemical precur-

sors (no solid particles in the liquid). After the introduction

into the plasma jet, the feedstock yields a mixture of

molten, semi-molten, or already resolidified particles

which impact onto the workpiece surface, thereby creating

a continuous coating. The motivation for spraying sus-

pensions and solutions is driven by the objective of

preparation of coatings with the characteristic size of

microstructural features (splats, pores, cracks, etc.) one or

two orders of magnitude lower than those obtained by

spraying of the dry powders. The refined coating

microstructure not only brings improved functional
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performance of the coatings when compared to the con-

ventional counterparts sprayed from coarse dry powder

(Ref 7-9), but also the fine splats enable formation of

qualitatively new microstructures such as columnar cauli-

flower-like structures (Ref 10). Last but not the least, finer

and more intimate intermixing of different materials can be

achieved (Ref 11).

One of the most industrially relevant materials in thermal

spraying is Al2O3. It exists in multiple crystallographic

modifications (polymorphs) (Ref 12). Due to the extreme

cooling rates of the splats (up to 106 K�s-1), plasma-sprayed

Al2O3 readily forms metastable crystallographic phases c
and d (Ref 13), which are unfavorable for many applications.

One of the routes to promote formation of the desired ther-

modynamically stable a-Al2O3 phase (corundum, a-alu-
mina) is the addition of chromium oxide (Cr2O3, chromia)

(Ref 14, 15). Since chromia crystallizes in the same rhom-

bohedral lattice as a-Al2O3, chromia splats may serve as the

nucleation centers for heteronucleation of the a-phase in

aluminum oxide (Ref 16). Moreover, Cr atoms are able to

substitute Al atoms in the crystal lattice. This is equivalent to

forming a solid solution of Al2O3 and Cr2O3, thus sup-

pressing the tendency of alumina to form the

metastable crystallographic phases and actively promoting

the crystallization of the corundum-like structure (Ref

13, 16).

A typical strategy to intermix alumina and chromia in the

plasma-sprayed coating is the use of either fused and crushed

alumina-chromia powder or a mechanical mixture of alu-

mina and chromia powders (Ref 13, 16). By means of the

former, a more homogeneous mixture of the oxides may be

generally achieved, while the latter enables on-site tailoring

of the ratio between the pure powders and thus the compo-

sition of the coating, or even the preparation of a functionally

graded material (FGM) coating (Ref 17). As shown in (Ref

18), an alternative route of intermixing of materials in the

coating can be also achieved by the co-deposition of dry

coarse powder and a suspension or solution [so-called hybrid

plasma spraying (Ref 19, 20)], or by the deposition of an

intermixed suspension, both providing fine dispersion of

chromia splats within the alumina matrix. Hybrid spraying

offers composition control analogously to the deposition of

mechanical mixture of dry powders, but, at the same time,

yielding significantly finer distribution of the additional

material (chromia) in the matrix (alumina). Deposition of

intermixed suspensions may potentially bring the superior

homogeneity of the coating due to even more intimate con-

tact between the fine constituents; however, the preparation

of a sprayable suspension from commercially available

single-material suspensions may be challenging due to the

usually unknown precise formulation of the optimized sus-

pensions and possible interaction between the additives

used, e.g., for stabilization or rheology control (Ref 21).

However, even in such cases, certain amount of pure Cr2O3

or even unmelted residues of the added phase-stabilizing

component can be retained in the coatings microstructure

(Ref 18). Therefore, in order to prepare finely structured

coatings with thorough intermixing of the constituents, the

solution precursor spraying route is envisaged to provide the

desirable degree of homogeneity of the deposited coatings as

intermixing of the constituents takes place immediately after

the formulation of the liquid feedstock on the atomic scale.

Moreover, solution precursor plasma spraying was reported

to be a viable route for deposition of single a-phase Al2O3

coatings even without any additive (Ref 22, 23). Also in our

previous study with high-enthalpy WSP-H plasma torch,

high content of a-phase in the Al2O3 deposited from alu-

minum nitrate nonahydrate was observed (Ref 24). It may be

expected that addition of homogenously distributed chro-

mium should further increase the a-phase content.
Apart from affecting the crystallographic phase compo-

sition, homogeneously distributed chromia is also known to

modify the color of alumina, as studied in (Ref 25). For

instance, Al2O3 with up to 2% of Al atoms replaced by Cr

atoms is red and the mineral is known as ruby (Ref 26, 27).

Therefore, the successful incorporation of chromia into the

alumina coating may be easily evidenced by the color of the

deposit, as pure Al2O3 is semi-transparent white and pure

Cr2O3 is green, while the color of Cr-doped alumina varies,

depending on chromia concentration, from light pink to

greenish-gray (Ref 28). Moreover, Cr-doped alumina may

exhibit thermochromic behavior, i.e., color change accom-

panying the temperature change of the material which may

be used, e.g., in thermochromic dyes for temperature-sensing

paints (Ref 29). The thermochromic nature of the Cr-doped

alumina results from the O2- anions constraining Cr3?

valence orbitals which, depending on the value of the lattice

parameter, absorb different parts of the visible (VIS) light

spectra (Ref 30). Another interesting property of Cr-doped

alumina is its luminescence (Ref 31, 32).

Therefore, making use of the benefits of SPPS, spraying

of intermixed solutions of alumina and chromia precursors

with various Cr content was attempted in order to

demonstrate feasibility of Cr atoms incorporation into the

a-Al2O3 lattice of the sprayed coating. Successful uniform

distribution of Cr in Al2O3 should be detected by increased

a-phase content, change of lattice parameters, coloration of

the deposit and ability to perform thermochromic behavior.

Materials and Methods

Liquid Feedstock Formulation

For the preparation of the liquid feedstocks, precursors of

Al2O3 and Cr2O3 were used in the form of 1 M (mol/dm3)
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aqueous solutions of aluminum nitrate nonahydrate

Al(NO3)3�9H2O (ANN) and chromium nitrate nonahydrate

Cr(NO3)3�9H2O (CNN) in demineralized water. ANN and

CNN were supplied by Lach-ner, s.r.o. (Czech Republic)

and Alfa Aesar (Thermo Fisher (Kandel) GmbH, Ger-

many), respectively, both in 98.5% purity. In total, four

solutions with molar ratio of ANN:CNN of 10:0, 9:1, 8:2,

and 7:3 were used to deposit coatings A, B, C, and D,

respectively. Nitrate-based precursors were selected based

on previous experience (Ref 24) and for their easy handling

and mixing, stemming from the similar chemical

composition.

Coatings Deposition

The prepared feedstocks were fed radially into the plasma

jet generated by hybrid water/argon-stabilized plasma

torch WSP-H 500 (ProjectSoft HK, a.s., Czech Republic).

The net power of the torch was set to 150 kW with arc

current of 500 A consuming only 15 slpm of Ar gas and

approximately 3 L of water per hour of operation. Details

on the torch operation can be found elsewhere (Ref 33).

The torch was mounted on programmable robotic arm,

and the spray procedure consisted of individual deposition

cycles (three up and down torch strokes, so that each

sample was sprayed just once, see (Ref 34) for details)

followed by cooling periods during which the torch was

diverted from the samples. The substrates (coupons of

dimensions 20 mm 9 30 mm 9 2.5 mm made from AISI

304 stainless steel or S235 construction steel) both in grit

blasted (GB) and non-grit blasted (noGB) condition were

mounted onto a revolving carrousel surrounded by air

knives for intensive cooling in order to prevent over-

heating of the substrates during the deposition cycles.

Despite the intensive cooling, the temperature of the

samples rapidly rose to approx. 400�C during each

deposition cycle, as measured by a K-type thermocouple

attached to the back side of one substrate. After samples

cooled down to the preselected value of interpass depo-

sition temperature of 250�C (Fig. 1), new deposition cycle

was started. The torch standoff distance (SD, distance

from torch nozzle exit to substrates) and liquid feeding

distance (FD, distance from torch nozzle exit to the liquid

injection point) of 100 mm and 25 mm, respectively, were

selected based on previous experiments (Ref 24). Custom-

built pressure feeder with online feed rate monitoring was

used for the feedstock injection. Feeding pressure was

adjusted in order to ensure optimal penetration of the

liquid into the plasma jet, as observed by shadowgraphy

imaging (SprayCam, Control Vision Inc., USA), resulting

in feeding rate of 112 g/min.

Coating Analysis

All coating cross sections were prepared following a

standardized metallographic procedure including precision

cutting (Secotom 50, Struers, Denmark), vacuum epoxy

impregnation and mounting (EpoFix, Struers, Denmark),

and grinding and polishing (Tegramin 25, Struers, Den-

mark). Cross sections and free surfaces of the coatings

were observed with scanning electron microscope (SEM)

EVO MA 15 (Carl Zeiss SMT, Germany) using back-

scattered electrons (BSE) detection mode sensitive to local

elemental composition. Elemental mapping on cross sec-

tions was carried out using energy-dispersive x-ray spec-

troscopy (EDX) SDD detector XFlash� 5010 (Bruker,

Germany).

Thickness and porosity of the coatings were evaluated

by image analysis (IA) using ImageJ open-source software

(v1.52 h, NIH, USA). For the thickness, 20 equidistant

spots from SEM micrographs were used. For porosity, six

images at nominal magnification of 1000 9 were used.

To study a possible thermochromic behavior of the

deposited coatings, samples were heated to 400�C and then

let to cool down while change of their color was recorded.

The heating–cooling cycle was repeated three times for

coatings B and C to verify repeatability of the measure-

ments. During measurement, each sample was inserted in

the aluminum holder equipped with the temperature sensor

(attached in the bottom part) and circular opening in the

upper part (opening diameter of 2 cm, Fig. 2). Gray color

of the sample holder surface was during thermal cycling

used for correction of small drift in the camera color cal-

ibration. The holder was placed onto a hotplate with con-

trolled heating rate; in this study, 450�C per hour heating

rate was used which was low enough to ensure sufficient

time for throughout heating of the sample before the

sample imaging. In order to guarantee constant measure-

ment conditions, the whole measurement was taking place

Fig. 1 Temperature profile of coating C deposition
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in the lightproof chamber with internal illumination (see

Fig. 2). Time and sample temperature were recorded along

with the imaging of the sample color.

Sample color was monitored by Olympus E PL3

(Olympus Corporation, Japan) digital camera with the

60-mm macro lens. The camera was calibrated using

X-Rite ColorChecker calibration target and X-Rite Color-

Checker software (X-Rite Pantone, MI, US) prior to each

heating cycle. Circular Falcon Eyes DVR-630DVC (Falcon

Eyes, Ltd., Hong Kong) LED light source with a diffusive

cover was used for repeatable sample illumination. All

captured images were saved in the raw image format, and

the image data were processed using procedure described

in (Ref 35) to represent the sample color by L*, a*, and b*

coordinates in the CIELab color space. Besides the path in

CIELab space, the dynamic color change during thermal

cycling was evaluated using the cumulative color differ-

ence DEc, employing L*, a*, and b* components altogether

as defined in (Ref 35, 36).

Phase composition of all coatings was evaluated by

Rietveld refinement by TOPAS V5 software (Bruker AXS,

Germany) of x-ray diffraction (XRD) spectra measured by

D8 Discover diffractometer (Bruker AXS, Germany) using

Cu Ka radiation and Bragg–Brentano H–H configuration.

Elemental composition of the deposits was evaluated by

energy-dispersive x-ray fluorescence (XRF) using S2

PUMA spectrometer (Bruker, Germany). Based on the

results of thermochromic behavior observation of the

coatings, XRD patterns were also measured at elevated

temperatures of 100, 200, 300, and 400�C for coatings B

and C exhibiting most distinctive thermochromic proper-

ties using in situ high-temperature stage (MRI, Germany)

in order to evaluate lattice parameters of the deposits at

elevated temperatures and to compare the results with the

thermochromic measurements.

Results

Microstructure

Coatings were successfully deposited using all four feed-

stocks having different concentrations of chromia precur-

sor. Photograph of the samples is displayed in Fig. 3,

showing that the coatings differed in colors depending on

the feedstock formulation. Coating A was white as it was

prepared from the pure ANN solution and thus contained

only Al2O3. With the increasing content of CNN in the

solutions, the color of the coatings changed from pinkish

(Coating B), suggesting the successful incorporation of Cr

atoms within the Al2O3 lattice (Ref 25), to pink-green

(coating C), to a greenish-gray deposit (coating D). It

should be noted that color of alumina is white whereas

Cr2O3 color is ‘‘rich racing green.’’ Coloration of Cr-doped

samples thus indicates that rather than simple mixing of

Al2O3 with Cr2O3, which should provide different shades

of green, Cr atoms were successfully incorporated into

alumina lattice as change of the deposit color with

increasing Cr content from red, through gray to green

corresponds to (Ref 37).

Fig. 2 The experimental setup for the study of thermochromic

behavior

Fig. 3 Photograph of the as-sprayed coatings (Color figure online)
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SEM micrographs in Fig. 4 show the overview of the

coatings cross sections. All feedstock solutions yielded

comparable deposition rates of about 3-3.5 lm per depo-

sition cycle, as summarized in Table 1, resulting in final

thickness in the range from 60 to 70 lm in 20 deposition

cycles. Only in the case of coating C, deposition had to be

aborted after 15 deposition cycles due to feeding mal-

function, resulting in the final coating thickness of about

40 lm.

Apparently, all coatings were highly porous with a

foamy microstructure containing scattered dense areas

(splats). This is evident from the detailed micrographs in

Fig. 5 showing the isolated splats interconnected by thin-

walled bubble-like structures. The dense areas can be

attributed to the liquid feedstock droplets which were due

to the combination of their size and trajectory in plasma jet

thoroughly heated so that the precursors decomposed and

converted into alumina-chromia melt. Nevertheless,

porosity of all coatings reached values of about 60%, see

Table 1. This observation was similar to that in (Ref 24)

and indicates that the extensive gas release took place

either during the in-flight stage, and/or after the impact of

unpyrolyzed solution droplets onto the hot surface. The

latter case apparently resulted from the atomization of the

feedstock solutions in the plasma jet which yielded large

streaks of liquids (Fig. 6) rather than fine droplets as

commonly observed in WSP-H spraying of suspen-

sions/solutions. As a consequence, the transformation of

the largest solution droplets was not completed when these

impacted the hot surface, thereby undergoing thermal

decomposition of the precursors accompanied by vigorous

gas release and, in turn, forming the hollow shells (bub-

bles) (Ref 38, 39).

The dense areas (DA) within the coating cross sections

were fairly homogeneous in terms of shades of gray color

when observed using element-sensitive BSE mode, as

shown in Fig. 5, illustrating the successful intermixing of

the constituents. Also, elemental mapping of the Cr-doped

coatings showed uniform distribution of the dopant with no

preferential aggregation within the coatings microstructure

(Fig. 7).

Fig. 4 Overview cross-sectional micrographs of the coatings

Table 1 Concentration of precursors in feedstock, number of deposition cycles, deposition rate (DR), thickness, and porosity of the coatings

Coating ANN, mol/dm3 CNN, mol/dm3 Deposition cycles DR, lm/cycle Thickness, lm Porosity, %

A 1.0 0.0 20 3.5 69 ± 9 67 ± 5

B 0.9 0.1 20 3.2 63 ± 11 62 ± 2

C 0.8 0.2 15* 2.9 44 ± 11* 62 ± 7

D 0.7 0.3 20 3.1 63 ± 9 61 ± 4

*Injection nozzle clogged

J Therm Spray Tech (2020) 29:199–211 203

123



Owing to the fact that all coatings largely consisted of

thin-walled hollow structures, the deposits were rather soft

and susceptible to mechanical damage, i.e., could be

scratched by fingernail. Nevertheless, if desirable, densifi-

cation of the coating microstructure may be achieved by

additional remelting of the coatings, e.g., by an additional

pass of plasma torch with deactivated feedstock injection

over the coatings, as demonstrated for one sample of

coating A (Fig. 8). From both cross section (Fig. 8a, c) and

free surface (Fig. 8b, d) images, it is evident that the

coating surface was completely remelted as the underlying

porous microstructure prevented fast heat removal to the

substrate. Molten surface then solidified, forming smooth

continuous layer which contained spherical pores and

vertical cracks which were formed due to escape of

entrained gas and thermal stresses development during

Fig. 5 Detailed cross-sectional

micrographs of the coatings;

dense areas (DA) are indicated

by arrows

Fig. 6 Shadowgraphy images

of feedstocks atomization in

plasma jet
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melt pool solidification, respectively. Similar surface

modification may be expected to be achieved also by other

techniques commonly used for surface remelting (e.g.,

laser remelting (Ref 40)). Nevertheless, relatively simple

process using just additional pass(es) of the plasma torch

provides a cost- and time-effective alternative for easy-to-

perform surface densification.

Chemical and Phase Composition

Chemical composition of the coatings as evaluated by XRF

is summarized in Table 2. Iron from the substrate was

detected due to the low thickness and high porosity of the

coatings, and also, oxygen was not directly measured due

to its low atomic mass. The measured weight fractions of

Al and Cr in the coatings were translated into molar percent

values which were in a good agreement with the feedstock

formulation (compared with Table 1), showing even ther-

mal decomposition of both precursors without any unde-

sired preferential evaporation of either of the constituents.

Results of the phase composition analysis of the coat-

ings as evaluated by Rietveld refinement method of XRD

diffraction patterns are summarized in Table 3, and cor-

responding diffraction patterns are displayed in Fig. 9.

Apparently, all four deposits were highly crystalline and

contained very high amounts of the stable a-phase, i.e.,
more than 80%. The a-phase was detected to be present in

Fig. 7 Elemental maps of Al, Cr, and O of the Cr-doped coatings

Fig. 8 Coating A, (a) cross

section as-sprayed, (b) free

surface as-sprayed, (c) cross

section remelted, and (d) free

surface remelted

Table 2 Concentration of elements in the prepared coatings

Coating XRF, wt.% Concentration, mol.%

Al Cr Fe Al Cr

A 69 0 31 100 0

B 57 11 32 90 10

C 50 18 32 82 18

D 45 36 19 68 32
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two modifications distinguishable by different lattice

parameters: (i) pure a-Al2O3 [lattice parameters values in

agreement with those in the literature (Ref 41)] and (ii) a-
Cr:Al2O3 (lattice parameters elongated due to Cr addition,

see further). The pure a-Al2O3 phase was identified in

coating A (with no Cr doping) and rather interestingly in

coating D (which had the highest Cr addition of the sam-

ples) in amount of about 11 wt.%. Coatings B and C

comprised solely of the a-Cr:Al2O3 phase with increased

lattice parameters values according to the Cr content

(Table 3). Minor content of metastable c- and d-Al2O3

phases was also present in the deposits (Table 3); however,

due to the peaks overlapping and broadening of the c/d-
phase peaks, it was challenging to precisely quantify their

content in the deposits. Nevertheless, the expected error of

the c/d-phase content evaluation is\ 5 wt.%. Quite inter-

estingly, the XRD evaluation of the deposits did not reveal

any presence of pure Cr2O3 (eskolaite), not even in the

coatings C and D having greenish hue. This also indicates a

successful incorporation of Cr atoms directly in the Al2O3

lattice even for the coatings with the highest Cr addition.

High a-phase content could be attributed (i) to the fact

that certain amount of unpyrolyzed solution droplets

impacted the hot surface of the substrate or previously

deposited material, eventually forming the stable a-phase
by calcination of the precursors (Ref 42), and (ii) to the

stabilizing effect of Cr incorporated in the a-phase lattice.

Moreover, increasing amount of a-phase with increasing

content of Cr in the coatings indicated an actively pro-

moted stabilization of the a-phase. Presence of c- and d-
phases detected in the coatings in the amounts ranging

from 9 to 14% indicates that despite the high amount of

stabilizing chromia (e.g., 30 mol.% in coating D), forma-

tion of metastable phases took place due to rapid solidifi-

cation of the fine molten droplets.

XRD evaluation of the coatings also showed that, with

increasing content of Cr in the deposits, the lattice

parameters a and c of the rhombohedral a-phase were

prolonged. As shown in Fig. 10a, the length of both lattice

parameters linearly increased from the values typical for

pure Al2O3 (coating A) toward the values of pure Cr2O3

(Ref 41, 43), closely following the empirical Vegard’s law

for lattice parameters of solid solutions. Comparison of

theoretical values of the lattice parameters according to the

Vegard’s law and values as evaluated from XRD is shown

in Table 3. Also, as evaluated from the XRD patterns

measured for samples B and C at elevated temperatures,

the lattice parameters a and c elongated linearly with

increasing temperature (Fig. 10b), showing the correlation

of the deposit color with the atoms spacing in the lattice.

Thermochromic Properties

The Cr-doped coatings exhibited notable reversible ther-

mochromic color change. Averaged sample colors of the

thermochromic coatings at different temperatures are dis-

played in Fig. 11. Even though the color changes were

apparent for the naked eye, quantitative evaluation of the

color variation was carried out in CIELab color space to

assess the magnitude of the color change of the coatings.

Evolution of averaged coating color during repeated

thermal cycling (three complete heating–cooling cycles) as

measured for sample C confirmed that no significant dif-

ferences occurred between the cycles in either the path

Table 3 Phase composition of the coatings according to XRD. Balance to 100 wt.% was the substrate detected below the deposits. a-phase
lattice parameters as calculated from the Vegard’s law of mixtures (aT, cT) and as measured from XRD (aM, cM)

Coating a-phase, wt.% c/d-phase, wt.% aT, Å aM, Å cT, Å cM, Å

A 84 13 4.76 4.75897 ± 0.00006 12.994 12.9927 ± 0.0003

B 84 14 4.78 4.77320 ± 0.00020 13.052 13.0337 ± 0.0008

C 89 9 4.80 4.79630 ± 0.00030 13.101 13.0929 ± 0.0010

D 91* 9 4.82 4.82430 ± 0.00030 13.188 13.1720 ± 0.0014

*Including 11 wt.% of pure a-Al2O3 phase having lattice parameters values close to those of coating A

Fig. 9 XRD diffraction patterns of coatings A, B, C, and D at room

temperature
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(Fig. 12a) or the magnitude (Fig. 12b) of the color change,

showing the absence of hysteresis and/or drift in the color

change and confirming repeatability of the measurements.

Evolution of averaged coating colors during thermal

cycling of all coatings is presented in Fig. 13a, showing

colors in a*b* plane projection of CIELab color space,

which objectively quantifies the color change of the coat-

ings. Pure Al2O3 coating A was almost clear white and

underwent practically no change in color during heating

and cooling, as the whole path of coating A color repre-

sented in the a* and b* coordinates (Fig. 13a) remained

close to the origin [0,0], i.e., in the colorless region, and

lightness value L* was around 95 (Fig. 13b). Contrarily,

reversible thermochromic behavior was observed for all

Cr-doped Al2O3 samples (B, C, and D). In the case of

coatings B and C, the color changed from pinkish tones to

neutral shades (Fig. 13a) which were darker in the case of

sample C with the lightness (L*) values lower by almost 20

(Fig. 13b). In the case of sample D prepared from the

precursor solution with the highest CNN concentration, the

color change was less pronounced and took place in a

different region of a*b* plane. In other words, the coating

D color changed within the region of shades of green. In

general, the colors of the coatings B, C, and D moved with

temperature along straight path in the a*b* plane of CIE-

Lab color space, which is desirable for potential tempera-

ture-sensing applications. Contrarily, as expected, the

white color of sample A remained stable throughout the

whole tested temperatures. The magnitude of the dynamic

color change of thermochromic samples B, C, and D during

the thermal treatment can be observed in Fig. 13c showing

that the pinkish coatings B and C underwent the most

notable color change. Therefore, coatings with intermedi-

ate concentration of the doping Cr (10 and 20 mol.%) may

be preferred for temperature-sensing applications as the

temperature change induced the most intensive color

change within the examined temperature interval.

Discussion

The aimed substitutional incorporation of Cr atoms in the

Al2O3 crystal lattice of solution precursor plasma-sprayed

coatings was evidenced both by the color of the deposits

and by evaluation of the lattice parameters values.

Remarkably, all prepared coatings were highly porous

(over 60%) and contained high amount of the corundum

phase exceeding 80 wt.% including the non-Cr-doped

coating A. This corundum content is in accordance with

previously reported deposition of Al2O3 from ANN pre-

cursor (Ref 23) and significantly higher than a-phase
contents typically reported for coatings sprayed from

powder by atmospheric plasma spray, detonation gun

spraying, or high-velocity oxy-fuel deposition where

metastable phases are dominant (Ref 44-46). Moreover, as

tested by complementary XRD experiment, additional

surface remelting by plasma torch provided further

increase in a-phase content up to 95 wt.% along with

densification of the coatings surface.

The color of Cr-doped Al2O3 deposits ranged from pink

to green along with increased Cr content, as confirmed by

colorimetry and XRF. This observation was fully in

accordance with (Ref 29) where Cr-doped alumina was

prepared by a solid-state method. Moreover, it was also

observed that the color of Cr-doped coatings can be

Fig. 10 (a) a-phase lattice parameters dependency on Cr content;

dots show the lattice parameters of the deposits, ‘‘?’’ and ‘‘9’’

symbols represent a and c lattice parameters of pure Al2O3 (blue) and

Cr2O3 (green) obtained from the literature (Ref 41, 43), dashed lines

represent Vegard’s law, (b) a-phase lattice parameters dependency on

temperature (Color figure online)

Fig. 11 The color of samples with thermochromic behavior at

selected temperatures during heating and cooling (please note that

the color rendering may be influenced by reproduction settings)

(Color figure online)
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changed from pinkish to grayish-green by increasing the

temperature of the coatings from room temperature to

400�C, thus evidencing the thermochromic properties

typical for Al2O3 with substitutional Cr atoms (Ref 30).

Complementary experiment also showed that surface

remelting did not compromise thermochromic properties of

the coatings.

The XRD measurements showed that the values of the

lattice parameters were in a good agreement with the the-

oretical values according to the composition of the mixture

using the Vegard’s law (see Table 3). Moreover, linear

elongation of the coatings lattice parameters was detected

when the temperature of the samples was increased from

room temperature to 400�C. The elongation of the lattice

parameters is in accordance with the explanation of the

thermochromic behavior of the coatings by means of the

crystal field theory (Ref 47). As the lattice parameters of

the Cr-doped Al2O3 are close to those of pure a-alumina,

the valence d-orbitals of Cr3? ions containing unpaired

electrons are constrained by the octahedrally coordinated

O2- anions, leading to the energy splitting of the d-orbitals.

As a result, electron transitions between the orbitals result

in the absorbance of the yellow-green part of the VIS

spectra, rendering the coating red. As the lattice parameters

elongate (either due to the thermal expansion of the lattice

or due to the increased amount of Cr atoms present in the

lattice), the electrostatic field imposed by O2- anions onto

Cr3? ions becomes weaker, resulting in decrease in the

energy difference between d-orbitals. Therefore, lower

energetic red part of the VIS spectra is absorbed and the

coating turns greenish. Values of coating D lattice

parameters a and c (4.8243 ± 0.0003) Å and

(13.172 ± 0.0014) Å, respectively, were greater at room

temperature than those of coatings B and C at 400�C,
resulting in the green color of the deposit at the room

temperature and only a minor color change within the

green region of the VIS spectra upon heating (see

Sect. 3.3). Coating A exhibited no significant color change

Fig. 12 Dynamic color change

of sample C during three

heating–cooling cycles,

visualized as (a) a path in a*b*

plane of CIELab space,

(b) cumulative color difference

DEc; blue circles mark the start

of the measurement at the room

temperature and orange circles

the maximum temperature

(Color figure online)

Fig. 13 Dynamic color change of samples during one heating–

cooling cycle, visualized as (a) a path in a*b* plane of CIELab space,

(b) a path in a*L* plane of CIELab space, (c) cumulative color

difference DEc for samples with a thermochromic behavior; blue

circles mark the start of the measurement at the room temperature and

orange circles the maximum temperature (Color figure online)
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with the changing temperature since no thermochromic

species were present in the coating.

As the prepared Cr-doped alumina coatings exhibited

reversible thermochromic properties, they could be poten-

tially employed, e.g., as an alternative to temperature-

sensing paints (Ref 29). However, contrary to pigments

prepared by solid-state method, the presented coatings

having thermochromic properties were synthesized and

deposited in one step, thereby omitting the need for time-

and cost-demanding high-temperature annealing of the

pigments (up to 1600�C) for several hours and subsequent

formulation and application of paints. Owing to the high

throughput and low operational cost of the WSP-H 500

torch (Ref 48), the presented method of solution precursor

plasma spraying could be relatively easily adopted for

spraying of large-scale components, such as pipes, for

temperature monitoring of the media transported inside, or

for complex-shaped parts for thermal mapping (Ref 49).

Conclusions

Aqueous solutions of aluminum nitrate nonahydrate and

chromium nitrate nonahydrate with precursor ratios of

10:0, 9:1, 8:2, and 7:3 were used for the plasma spray

deposition of coatings of pure Al2O3 and Cr-doped Al2O3,

aiming at mixing of the materials at atomic scale in the

deposits. The coatings were successfully deposited using

the hybrid water/argon-stabilized plasma torch WSP-

H 500, and the successful mixing of the constituents in the

deposits was independently verified by:

• Observation of the coatings cross sections using BSE-

SEM and EDX showing high chemical homogeneity of

the deposited material.

• Elongation of the lattice parameters proving substitu-

tional incorporation of Cr atoms into the a-phase lattice
as evaluated from the XRD diffraction patterns.

• Absence of pure Cr2O3 as evaluated by XRD.

• Colors of the coatings ranging from pink (sprayed from

9:1 and 8:2 solutions) to green (sprayed from 7:3

solution).

Moreover, coatings having pink hue underwent distinct

and fully reversible thermochromic color change without

hysteresis, shifting their color from pink tones at room

temperature to grayish-green tones at temperature of 400�C
and back, making the coatings suitable for easy tempera-

ture monitoring.

All coatings were highly porous having a foamy-like

microstructure with isolated splats, possibly result of

extensive gas formation during the thermal decomposition

of the precursors. Densification of the microstructure was

achieved by surface remelting of the coatings by additional

passing of the plasma jet over the deposited coatings,

thereby forming continuous dense layer on the coating

surface.

All prepared coatings in the as-sprayed state consisted

predominantly (over 80 wt.%) of stable a-alumina phase,

the amount of which was further increased up to 95 wt.%

by remelting of the surface, while retaining the ther-

mochromic properties of the coatings.
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5.5 Overview of papers not directly related to the thesis 

The experiences and knowledge acquired within the scope of studies [I – IV] were successfully 

applied also to other materials deposited in various studies carried out at IPP, which are, 

nevertheless, not the core part of the thesis. Similarly to the case of alumina deposition, the 

microstructures of YSZ coatings presented in studies [V, VI, IX-XI] were primarily controlled 

by the feedstock type, as can be observed in Fig. 18. Furthermore, the analytical procedures, 

such as the multiscale porosity evaluation, were established and used for e.g., the TBC-relevant 

coatings, where porosity distribution and its changes are important for explanation of the 

microstructural evolution during long-term high-temperature exposure. In Fig. 18 and 19, a 

selection of pictures illustrating the TBC-related research is shown. 

 

Figure 18. Thermal barrier coatings from article [X] illustrating microstructure control using 

different feedstocks: a) YSZ powder, b) YSZ suspension, c) YSZ solution, d) Gd2Zr2O7 

suspension. 
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Figure 19. Microstructure cross-sections and free surface of multilayered TBC systems used 

for ultra-high temperature testing in [XI]. 

The medicine-relevant HAp coatings in study [VII] were deposited from an in-house made 

suspension prepared by wet chemical synthesis, providing another level of suspension 

composition control. The suspension was used in as-prepared condition for deposition of pure 

HAp coatings and enriched by a dissolved silver nitrate, using the liquid intermixing. The 

suspensions were successfully sprayed and pure metallic silver nanoparticles were embedded 

in the coating sprayed from the Ag-precursor-doped suspension, potentially providing a 

beneficial antibacterial functionality. In Fig. 20, the cross-section micrograph and elemental 

mapping of the Ag-containing HAp coating are shown. 

 

Figure 20. EDX mapping of Ag-doped HAp coating cross-section from article [VII]. 
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6 Synthesis of Results 

The presented articles described the path undertaken to develop alumina-based plasma-sprayed 

coatings deposited from suspensions, solutions, and their combination with conventional 

coarse powders (the hybrid feedstock concept) using a high-enthalpy plasma torch, to 

understand their formation under various conditions and from various feedstocks, and to 

evaluate and compare their functional properties to the conventional coatings. 

The first study showed that the feedstock type is the essential input variable which mostly 

governs the final coating microstructure. Using multitude of suspension compositions and a 

solution, broad variety of microstructures were deposited, including hard and dense coating, 

porous columnar coating, and a highly porous soft coating. On top of that, it was shown that it 

is possible, and may be actually highly efficient, to prepare the liquid-based feedstocks on site 

using fairly simple laboratory equipment in order to deposit coatings of outstanding functional 

properties rather than acquiring the considerably more expensive ready-to-spray feedstocks 

from commercial manufacturers. Also, chemical composition of these feedstocks (and thus 

coatings) may be readily adjusted in a wide range as opposed to ready-to-spray powders. This 

may be in particular beneficial for testing of new coatings with new compositions and spraying 

of coatings with variable/graded composition. In other words, the in-house preparation of 

feedstocks can lead to highly successful coating deposition, but should not be regarded as the 

most straightforward approach as specific knowledge to prepare a sprayable feedstock is 

needed. Also, it is important to bear in mind the intended application of a coating for deposition 

of which a custom-made feedstock may be suitable while being inappropriate for other 

applications where a ready-to-spray commercial product may serve better. 

In the next step, it was shown that the deposition mechanisms are generally comparable 

between the widely used gas-stabilized plasma torches and the rather unique hybrid 

water-stabilized plasma torch employed for the deposition of coatings within the scope of the 

thesis. Nevertheless, the different plasma compositions and properties may have much stronger 

impact on the produced coating than in the case of conventional dry coarse powders. This is 

caused by the much more complex interaction between the liquid feedstock and the plasma jet 

given by the size of feedstock particles, phases of feedstock involved in the interaction, and the 

dwell time of the feedstock in the jet. Therefore, a feedstock working well with one torch model 

and deposition setup may deliver considerably different result when used with a different torch, 

different plasma-forming gas composition or power setting, or different feeding configuration, 

i.e., radial or axial. As a result, it is the trends, materials interactions and e.g., coating 

characterization principles that can be transferred rather than particular results obtained under 

particular conditions. 

The hybrid feedstock spraying concept combining alumina powder and chromia suspensions 

was tested for the first time to the best of author’s knowledge of hybrid spraying literature, 

bringing new possibilities of phase control of the conventional alumina coatings. It was shown 

that it is possible to reach very high contents of the corundum phase (almost 90 wt.%) thanks 

to the combination of alumina intermingling with the α-phase stabilizing chromia and the high 

deposition temperature, which is inherited from the specific deposition conditions used for 

hybrid coatings. 

Ultimately, full intermixing of alumina and chromia in the coatings was achieved via the 

deposition from solutions combining precursors for both oxides dissolved and intermixed at 
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atomic scale. As a result, the range of coatings having different alumina-chromia ratios 

followed the color scheme of substitutionally Cr-doped alumina – the ruby – and also exhibited 

reversible thermochromic behavior, all as a result of the modification of the crystal lattice 

parameters and thus the light absorption properties within the visible spectrum. To the best of 

author’s knowledge, this was one of the first reports of thermochromic coatings prepared by 

plasma spraying to date. Nevertheless, the mixture of the precursors may be modified 

arbitrarily using broad variety of materials both prior and during the deposition, opening the 

potential of precise control of coating chemistry for the in-situ synthesis of e.g., coating 

materials which are not readily available as powders, or for the manufacturing of fine 

functionally-graded material coatings. 

The recognition of the published papers within the thermal spray community can be 

documented by the number of citations included in the author’s literature list. 
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7 Conclusions 

The presented thesis focused on the development of alumina-based plasma-sprayed coatings 

deposited from liquid feedstocks, i.e. suspensions and solutions, using a high-enthalpy plasma 

torch. Overview of suspension and solution plasma spraying technology is given in the 

introductory section, emphasizing the possibilities of intermixing of different materials given 

by the character of the employed feedstocks, i.e. fine powders intermixed in a suspension or 

chemical precursors dissolved in a solution. Moreover, hybrid feedstock plasma spraying 

utilizing dry coarse powders together with liquids is presented, potentially opening a novel 

route for coatings with unforeseen properties. 

The first goal of development, testing, and deposition of different feedstock suspensions and 

solutions was achieved. Multiple sprayable suspensions and solutions varying in solid load (or 

solute concentration), particle size, and solvent type were prepared and successfully deposited 

in a reproducible manner, thus establishing the liquid feedstock deposition methodology and 

procedures for the WSP-H torch. 

Using the range of feedstocks and deposition conditions, multiple coatings varying in 

microstructure (porosity, architecture) and phase composition were deposited, fulfilling the 

goal of new coatings preparation and characterization. The deposited coatings included 

extremely hard dense coatings, columnar cauliflower-like microstructures, and highly porous 

deposits. It was shown that the feedstock type largely determines the final coating 

microstructure which in turn governs the coating properties, such as hardness, wear resistance, 

adhesion-cohesion strength, etc. The results were published in peer-reviewed papers in Surface 

& Coatings Technology [I, II]. 

The last goal of elaboration on alumina-chromia coatings was achieved using the deposition 

routes of intermixed suspensions of fine powders, hybrid spraying, and intermixed precursor 

solutions. It was clearly demonstrated that each of the routes offers different degree of 

intermixing of the starting oxides. Hybrid spraying produced a mixture of coarse splats sprayed 

from the alumina powder intermingled with fine splats sprayed from the chromia suspension. 

Intermixing of the fine powders in suspensions produced significantly finer splats of the oxides, 

which were largely blended together. The addition of chromia promoted the formation of the 

alumina α-phase in both hybrid and suspension-sprayed coatings with respect to analogous 

powder and suspension-sprayed coatings deposited from pure alumina under identical 

deposition conditions. Spraying of intermixed precursor solutions led to the formation of 

coatings having predominantly the corundum structure with Cr atoms homogeneously 

incorporated into the Al2O3 lattice which was documented by the thermochromic properties of 

the deposits and by elongation of the lattice parameters of alumina. The results were published 

in peer-reviewed papers in Surface & Coatings Technology and Journal of Thermal Spray 

Technology [III, IV]. 

7.1 Further prospective 

Based on the knowledge acquired within the scope of this thesis, the future objectives include, 

but are not limited to broadening of the experience with hybrid spraying which offers numerous 

possibilities in coating architectures and material combinations. For example, the liquid in the 

suspension may serve not only as a carrier of the fine powders, but also as a protection of 

materials that would otherwise be decomposed in the high-enthalpy plasma jet, i.e., for 
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deliberate incorporation of unmelted material in the coating for e.g., self-fluxing coatings for 

sliding applications. 

The thesis is finished, but the work carries on. 
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