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The purpose of this study was to investigate the influence of powder composition and type on 

formation, structure and properties of selected chromia based plasma sprayed coatings. Pure 

Cr2O3 coating was compared to chromia coatings containing Al2O3, TiO2 and ZrO2, all 

deposited under identical conditions. Feedstock powders were characterized in terms of 

microstructure, phase structure, chemical composition and particle size distribution. Coatings' 

characterization started with microstructures and porosity by using optical and scanning 

electron microscopy, the phase composition was studied by X-ray diffraction analysis. Coating 

microhardness (HV0.3) was also measured. Tribological investigation included sliding wear 

(ASTM G99), abrasive wear (ASTM G65), complemented by scratch tests. 

Wear occurred due to brittle fracture both in abrasion and sliding condition. Coatings that 

exhibited good sliding wear behaviour suffered the highest material loss in abrasion tests. Pure 

chromia coating displayed the lowest sliding wear rate of 4.32×10-8 mm3/(N·m), whereas, 

when alloyed with other oxides, the sliding wear resistance worsened. The opposite is true 

under abrasion conditions. Fundamental abrasive wear mechanisms were simulated by scratch 

testing; indeed, coatings which performed the best in the ASTM G65 abrasion test displayed 

less damage in the scratch test. Coatings that contained zirconia exhibited the best abrasion 

resistance, because, as revealed by single-asperity scratch tests, zirconia-rich splats could 

restrain intergranular brittle fracture. 
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1 INTRODUCTION 

The constantly growing performances required from the markets led to the development of new 

technologies and treatments to improve the properties of mechanical components. This goal is 

achieved thanks to the synergistic use of materials of different nature, obtaining significant 

quality improvements and the reduction of production and maintenance costs. The surface is a 

critical part, as it is the interface between the environment and the component itself. 

Consequently, surface studies have received considerable attention in several applications. 

Surface treatments are a broad range of industrial processes that alter the surface of a 

manufactured item to achieve specific properties. The surface modification can be done by 

different methods: for metals, thermal or thermochemical treatments are often employed to 

achieve microstructural modifications and/or diffusion of interstitials such as carbon and 

nitrogen. In this way, it is possible to obtain different surface properties compared to the 

substrate, without the addition of new material. Coatings are also frequently used; in this case, 

a different material is deposited on the substrate to give the desired function. For example, 

painting is a type of coating, it commonly assumes an aesthetic function but in most of the 

cases it can also provide protection against corrosion. Thermal spray techniques adopt thermal 

and/or kinetic energy to melt the feedstock material and propel it, in the form of particles or 

droplets, toward the substrate. As a result, a stacking of splats is built up on the substrate. 

Several materials can be thermal sprayed, according to the compatibility between the specific 

process and the materials. Thermal spraying of ceramic coatings is well known as a good 

surface protection method against wear. 

Since chromium oxide is widely used to produce wear resistant coatings, the present work 

aimed to assess the effect of alloying with different oxides on the tribological properties; in 

particular, abrasion resistance and sliding wear behaviour were evaluated. Plasma sprayed 

coatings consisted of binary systems with a chromium-based matrix containing various 

amounts of titanium oxide, aluminum oxide and zirconium oxide. Each coating was deposited, 

adopting the same spray parameters, onto mild steel plates, with no interlayer. Depositions 

were performed at Thermal Spray Centre (Finland) with the support of Tampere University; 

coating testing were run at department of engineering “Enzo Ferrari” and at CIGS (Centro 

Interdipartimentale Grandi Strumenti) at the University of Modena and Reggio Emilia (Italy). 

The coatings were evaluated by indentation tests, rubber wheel dry sand abrasion test, pin on 

disc sliding wear test and scratch test. Structural and microstructural investigations were 

conducted through X-ray diffraction, Scanning Electron Microscope (SEM), Transmission 

Electron Microscope (TEM) and Energy-Dispersive x-ray Spectroscopy (EDS) analyses.  
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2 STATE OF THE ART  

2.1 Overview on Surface Engineering  

Surface Engineering is a sub-discipline of materials science focussed on interphase 

phenomena. The surface is defined as an interphase between two phases, generally a solid 

phase called bulk and its surrounding environment. 

Surface modification technologies have been developed in order to meet the market 

requirement to extend the life of engineering components that interact with other components, 

liquids gases and, as a result, may be subject to degradation and failure. Since degradation 

usually starts from the surface, the purpose of surface engineering is to protect and maintain a 

rather high level of efficiency in the components. Microstructural modification by mechanical 

or thermal treatment is often used to improve some properties of the surfaces but it doesn´t 

change the materials composition and the benefits are limited to the stoichiometry of the 

material. By contrast, coatings allow to select optimal composition for a specific task without 

compromising the properties of the substrate [1]. 

Integral coatings are the techniques for surface modification where the bulk is engineered to 

protect and/or functionalize its surface, such as surface hardening by thermal treatments or by 

diffusion processes. The given properties transition gradually from the surface to the bulk 

because of the lack of a discrete interface [1].  

Discrete coatings are obtained by depositing a different material on the substrate: in this way, 

the properties change discontinuously. On the one hand, this can be exploited by combining 

materials with very different properties; on the other hand, bonding interface failure may occur. 

In fact, the interactions at interphase between coating and substrate involve physical and 

chemical phenomena according with the nature of involved phases, and are often difficult to 

control [1].  

Examples of integral coatings include a wide range of techniques from carburizing, nitriding 

and pack cementation methods. Discrete coatings are obtained e.g. through anodizing, 

electroplating or electroless plating, physical and chemical vapour deposition, and thermal 

spraying. 

Discrete coating technologies can be also divided into deposition of thin films and deposition 

of thick films. Chemical vapour deposition (CVD) or physical vapour deposition (PVD) 

provide films with thickness values less than 20 μm. These can be extremely effective in 

numerous applications. However, most thin film technologies require a low-pressure 

environment and, therefore, are more expensive and impose a limit on the size and shape of the 

substrate. Thick films have a thickness of >30 μm up to several millimetres [2]. They are 

required when the functional performance depends on the layer thickness, e.g. for thermal 
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insulation, for protection against severe wear and corrosion conditions where large thicknesses 

are required to ensure sufficiently long component life, and when it is necessary to restore the 

original dimensions of worn parts. 

Thick film deposition methods include chemical/electrochemical plating, weld overlays, and 

thermal spray [2]. 

2.2 Thermal Spraying 

Thermal Spraying includes a group of deposition techniques, which form the coatings by 

propelling molten or semi-molten particles towards the surface of the substrate. Based on the 

specific details of how the particles' jet is obtained, several different processes can be identified 

within the broad category of thermal spraying. Different thermal spray coating methods utilize 

fuel combustion, thermal plasmas or electric arcs to heat and drag the coating material. 

Coatings can be applied under atmospheric conditions or in specialized, highly controlled 

atmospheric environments. The material is propelled using a stream of gas or compressed air 

to deposit the material on a given substrate (Fig. 1) [3]. 

 

 

The coating materials can be metallic or non-metallic and in different forms, such as powder, 

solid rod, wire and molten material. Coatings can be applied manually or with automated 

software-driven robots.  

Some properties that thermally sprayed coatings can provide are: 

• Tribological (wear resistance) 

• Corrosion resistance 

• Heat resistance 

• Thermal insulation  

• Electrical conductivity or resistivity  

• Abrasion resistance 

• Textured surfaces 

• Catalyst and prosthetic properties 

• Dimensional restoration  

Figure 1 – Coating build up in thermal spraying technologies [4] 
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Its versatility makes this family of technologies suitable for use against wear, corrosion by 

aggressive and/or high-temperature environments, as well as for reparation and restoration of 

components. Coating thickness is usually from ≈50 μm to >1 mm in some special cases. 

Notably, the substrate is not melted during the process (unlike cladding technologies) and can 

be kept at low temperatures (also <150 °C) with suitable process adjustments, when needed 

[4]. 

Thermal spraying techniques are widely required by the manufacturing industry also because 

the processes take place in a single step that can be industrialized through parameters control 

and make the covering process stable and repeatable.  

This is why it has grown to become a multi-billion dollar world market since the first coatings 

produced in the early twentieth century [3] [4]. 

 

Figure 2 - Thermal spraying processes classification [3] 

 

A first classification of these techniques is made by the energy source used to spray the 

powders. As shown in Fig. 2 thermal energy and/or kinetic energy are mainly employed to 

propel the feedstock material onto the substrate.  
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The first studies on thermal spraying started in Switzerland by Dr. Max Ulrich Schoop that 

together with collaborators worked on the development of equipment able to melt and propel 

metals powders towards surfaces in order to coat them. At the beginning, only metals were 

employed, and the process was also called “metallizing”; the feed material in form of wire was 

melted and atomized by a combustion flame, and the propelled metal droplets stuck onto the 

substrate. This technique is known nowadays as flame spray (FS), and it has been the basis for 

the development of more advanced techniques such as high-velocity oxygen fuel (HVOF), 

establishing the big family of the combustion thermal spray techniques. Because of the need 

for denser coatings for corrosion protection, Dr. Schoop’s group introduced the electric wire 

arc spraying (WAS) as an improvement in the metallizing technique. The electric arc spraying 

allowed spraying metals with higher melting point and led the technology research to the 

development of the second big family of thermal spray techniques based on the use of electrical 

energy. The third and latest family of thermal spray techniques is based on solid-state spraying: 

the feedstock material is sprayed onto the substrate to produce coatings in the absence of 

combustion or electrical energy: deposition is achieved solely by plastic deformation of solid 

metal particles impacting at sufficiently high velocity. The goal of cold spraying techniques 

was mainly to produce metal coatings without altering the microstructure and chemical 

composition of the feedstock material. After the Second World War, the space and aircraft 

industries required the development of new techniques able to produce coatings from high 

melting point materials such as ceramics and refractories. Because of the need to produce 

robust and durable coatings to protect components against high temperatures in engines, 

ceramic rod flame spray, detonation gun (D-gun) and plasma spray have been developed [5]. 

 

Figure 3 - Particle temperature over particle velocity for thermal spraying techniques [6] 
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Figure 4 - Comparison of coating thickness of the main techniques [7] 

In Fig. 3 thermal spraying techniques are compared with each other in terms of temperature 

over velocity of the particles during the process: this represents the balance between thermal 

energy and kinetic energy that affect the particles in each spray technique. 

Compared with others coating techniques, thermal spray allows to achieve higher thickness 

with a versatile temperature range: the applications of these techniques are suitable for a wide 

variety of components and materials, from polymers to ceramics, Fig. 4.  

The quality of thermal spray coatings is also dependent on the quality and characteristics of the 

feedstock materials. 

First of all, the material must be transported through the feeding system in order to be sprayed: 

it means that the “sprayability” of the feedstock plays a fundamental role for each TS process. 

This is especially a concern for powder-based processes: powder feeding problems are 

common during coating production. Dry powders are generally carried by a gas, the mass flow 

of which corresponds approximately to 75% of the powder feed rate. Sometimes, overloading 

in the powder feed tube occurs. The technical term for this behaviour is saltation, and it is 

physically manifested when powder does not flow evenly and appears to stop and start at 

irregular intervals every few seconds. It is not uncommon for spray equipment to have vacuum 

drying ovens for powder storage, particularly in high-humidity environments [1]. 

The powder production techniques for TS are mainly divided in mechanical and chemical 

processes, some of them are briefly discussed hereafter: 
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• Crushing and milling break up large particles into smaller size fractions using 

mechanical energy. These processes are used mainly for brittle ceramics, since metals 

would be plastically deformed rather than broken up. High-purity feedstock can be 

made by casting and then crushed to form “fused-and-crushed” powders. Crushing is 

then followed by milling. Crushing processes employ equipment such as hammer mills, 

stamping mills, jaw crushers, and gyratory crushers. Milling further reduces and refines 

the particles' size. Milled particles are often irregularly shaped and of variable size, 

sometimes smaller than 5 µm [1]. In order to reduce such variability and obtain a 

suitably narrow particle size distribution for thermal spray applications, milled powders 

are, therefore sieved. 

• Agglomerated and sintered particles are produced starting from a spheroidization 

process. Solid particles of micrometric dimensions are thermally treated by plasma or 

radio frequency obtaining a spherical shape, after which the particles are subjected to a 

sintering process in which they agglomerate. The resulting particles contain porosity 

based on the level of sintering, generally they are overall spherical in shape with good 

flowability compared to the crushed particles [8]. 

• Atomization processes can be conducted employing gas or water. These techniques are 

suitable specially to produce metallic powders. Particle sizes vary between 10 and 250 

µm [1]. A continuous stream of liquid metal is broken down into droplets by the impact 

of a gas or water stream. A variety of process parameters allow the particle morphology 

and size distribution to be varied. Subsequent sieving again allows selecting suiable 

particle size distributions. 

• Sol-gel processing is a chemical technique used to manufacture ceramic powders, 

especially oxides. Starting from an initial solution the chemical components react to 

from distinct particles (not precipitation). After that the solvent vanishes to form a gel 

with suspended particles. The method allows to obtain good quality (purity) particles 

and is a well-controllable process for size distribution. Typical ceramic powders 

produced by this technique include chromia, alumina, and stabilized zirconia [1]. 

The surface preparation of the substrate is equally important in terms of adhesion 

performance, which is why preparing the surface before spraying could make the difference to 

get a good match with the coating. Differences in thermal expansion coefficient produce 

internal stresses at the interface and compromise the survival of the coating. For this reason, 

using a bond layer with intermediate thermal expansion coefficient avoids stress concentrations 

and improves adhesion. In any case, pre-treating the surface is mandatory in order to achieve 

proper adhesion of any sprayed layer [5]. Surface pre-treatment steps are described in the 

following paragraphs. 

Surface cleaning is the first pre-treatment step to avoid impurities at the interface: substrate 

degreasing is generally carried out with methyl alcohol or acetone. Hot water under pressure is 

another usual possibility for large parts. When parts are coated or an oxidation film occurs on 

the surface, specific chemical or electric arc treatments are applied in order to remove the film 

[5]. 
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Surface activation includes techniques act to modify the surface roughness. Abrasive surface 

blasting generally uses ceramic powders into a gas jet to impact the target surface and then 

roughen it. Many parameters influence the process and, according to the required roughness, 

smaller abrasive particles are employed to achieve low roughness for thin parts where a thin 

coating is applied. Other possibilities are water jet blasting, laser ablation or chemical etching. 

Surface roughness improves adhesion because the interface surface area is increased and 

because mechanical keying between coating and substrate is promoted [5].   

 

Applications 

Plasma spraying covers several applications in industry, aerospace, biomedical and oil 

implants. Many of such applications have resulted from continuous growing of demand from 

users and companies in order to protect their investment from wear, erosion, chemical and 

thermal attack. In the biomedical field, membranes for osmotic filtering are produced by 

thermal spray ceramics such as titanium dioxide; even dental implants and orthopaedic 

prostheses can be coated by plasma spraying. More generally speaking, plasma spray 

techniques involve several applications in several market sectors. Some selected examples are 

listed in the following paragraphs. 

In the field of combustion engines, new materials' development coupled with plasma sprayed 

ceramics contributed to produce sophisticated and durable pistons ring by wear control and 

improvement of friction properties. Coated piston rings commonly consist of molybdenum and 

molybdenum-bearing compounds. Surface microstructure consists of many small pores which 

help for oil retention and subsequently improve lubrication. In general, it is desirable that the 

rings exhibit greater wear, because it is more cost-effective to replace rings than wet liners [9]. 

Aero-engine turbines need good thermal barrier coatings (TBCs) to avoid thermal issues during 

running: these coatings help to increase thermal efficiency and reduce the temperature of the 

metal parts. Moreover, they can offer high-temperature protection against oxidants and 

contaminants that might compromise the structure. TBCs are generally made of ceramic layers 

based on zirconia stabilized with yttria or ceria [9]. 

A common problem in the printing industry is the hostile environment: the process adopts 

highly corrosive substances that affect rollers during paper lamination. Wear, corrosion, 

erosion and chemicals working synergistically make the materials' selection for the 

components very complex. Plasma sprayed oxide of chromia and alumina are usually adopted 

to cover roller surfaces and have significant advantages in terms of cycle lifetime, capacity and 

maintenance cost. It is now common to update old steel rollers with lightweight materials, for 

example carbon fiber and aluminium can be coated through plasma spray technique [9].  

Moreover, thermal spray techniques are suitable for resurfacing and maintenance of worn 

equipment, such as railway maintenance, ship maintenance and mining tools and equipment.  
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2.2.1 Wire Arc spraying (WAS)  

An arc is formed between two consumable electrodes of a coating material, and compressed 

gas is used to atomize and propel the molten electrode tips to the substrate [6]. 

More specifically, two conductive metallic wires are electrically charged with opposite polarity 

and are fed toward each other at a controlled rate in order to generate an electric arc between 

their tips. The arc voltage on the wires is typically 20-40 V: it generates enough heat to 

continuously melt the tips of the wires (Fig. 5). Compressed air or an insert gas such as nitrogen 

are used to atomize the molten material and accelerate the resulting droplets toward the 

substrate surface to form the coating. In wire arc spray, coating quality is a function of electrical 

power, air nozzle shape, wire feed rate, wire material and spray distance [4] [6]. 

Figure 5 - WAS gun working scheme [1] 

The process is among the most economical thermal spraying techniques to produce corrosion 

resistant metal coatings. It has the advantage of not requiring the use of oxygen and/or a 

combustible gas. It is also possible to use nitrogen to lower the degree of oxidation of the 

metallic coating material. It processes metals at high spray rates also for large structures and 

with good coating bond strength [6].  

 

Table 1 – General WAS coating and spraying data [3] [1] 

Coating materials 
Wire: Zn, Al, Mo, 

NiCr, NiAl, NiCrAl 

Coating thickness 100 - 2000 [µm] 

Coating porosity 10 - 20 % 

Deposition rate 50 - 1000 [g/min] 

Spray distance 50 - 170 [mm] 
Figure 6 - WAS features [6] 
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2.2.2 Detonation spraying (D-Gun) 

In detonation spraying the controlled explosion of a mixture of fuel gas, oxygen and powdered 

coating material is utilized to melt and propel the powder material to the substrate workpiece. 

The controlled explosion produces waves by igniting a mixture of acetylene and oxygen into 

the detonation chamber which is opened to a one long tube (Fig. 7).  

 

 

Figure 7 - D-Gun working scheme [1] 

Combustion gases can be neutral, reducing or oxidizing and can have their temperature 

controlled by the addition of an inert gas, for cooling, or hydrogen, to increase temperature and 

thermal conductivity of the mixture. Using nitrogen as inert gas, the D-Gun barrel is purified, 

and backfire is avoided. The procedure is initiated by a gas/powder mixing system that 

measures and delivers the mixture to the combustion chamber where it is ignited. The resulting 

shock wave accelerates the powder particles to over 730 m/s and produces temperatures in 

excess of 4000 °C [3] [10]. It is possible to have 1-15 detonations per second and each 

detonation deposits a dense and adherent layer several microns thick and a few centimetres in 

diameter. Repeating the cycle produces thicker coatings. Detonation coatings are designed for 

applying hard materials, especially carbides, on surfaces subjected to aggressive wear [4]. 

Table 2 - General D-Gun coating and spraying data [3] [1] 

Coating materials 
Powders (5 - 60 µm): 

Composites with carbide reinforcement 

Coatings thickness 300 µm 

Deposition rate 16 - 40 g/min 

Spray distance about 100 mm 

Coating porosity 0,5 - 2 % 
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2.2.3 High velocity Oxy-Fuel spraying (HVOF) 

The HVOF process efficiently uses high kinetic energy and controlled thermal output. The 

process utilizes a combination of oxygen with various fuel gases including propane, propylene, 

hydrogen, or liquid fuels, such as kerosene. Ignition starts the combustion and the exhaust gas 

passes through a cooled barrel into the atmosphere. The powders are introduced radially or 

axially into the jet and expelled outward through an orifice at very high velocities (Fig. 8). Very 

low porosity coatings with very high bond strengths (some exceeding 70 MPa) and low oxide 

content can be obtained [4]. The roughness of the as-deposited samples is somewhat lower than 

in the case of plasma- or wire-arc spraying. 

 

 

Figure 8 - HVOF working scheme 

The gas velocity exceeds Mach 1 (≈600–800 m·s-1) and reported flame temperatures approach 

2600 °C. By combining inertia effects and particle plasticization, coating density can approach 

the theoretical maximum. Disadvantages include lower deposition rates than wire-arc spraying 

(but higher than plasma spraying) and in-flight oxidation of particles [3] [4]. 

Table 3 – General HVOF coating and spraying data [3] [1] 

Coating materials 

Powders (10-60 µm): 

Metal or alloy 

matrices with carbide 

reinforcement 

(composites) 

Coating thickness 100 - 300 µm 

Deposition rate 20 - 120 g/min 

Spray distance 150 - 300 mm 

 

Figure 9 - HVOF features [6] 
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2.2.4 Cold gas spraying method (CGSM) 

Cold spray can be considered as a new high-speed technology were the kinetic energy is 

increased while the thermal energy is reduced, as compared to the HVOF process. With Cold 

Spray, it is possible to deposit “oxide free” coatings. The particles are accelerated in a heated 

gas stream (up to 1100 °C in more recent torch models) up to a supersonic velocity of 300-

1200 m/s [4]. The extremely high particle velocity in combination with the low particle 

temperature results in very dense and oxide free coatings (Fig. 10). High kinetic energies imply 

solid-state plastic deformation along the particle/substrate interface upon impact. Therefore, 

dense coatings are obtained without the feedstock material being significantly heated. 

 

 

This is achieved using convergent-divergent, de Laval nozzles working at high inlet pressures 

up to 6 MPa; employed gases are usually nitrogen or, more rarely, helium. Pre-heating the 

process gas below the melting point of the feedstock increases the expansion velocity and 

contributes to improved particle deformation [6]. Cold spray coatings also exhibit reduced 

material loss by vaporization, low gas entrapment, insignificant grain growth and 

recrystallization, low residual stress, phase and compositional stability. 

Table 4 - General CGSM coating and spraying data [3] [1] 

Coating materials 

Powders (5 - 20 µm): 

Plastically deformable metals 

Al, Cu, Ag, Ni, Fe, W, Mo, V, 

Cr, Zn  

Coating thickness 250 - 650 µm 

Deposition rate 1000 - 1200 g/min 

Spray distance 10 - 50 mm 

Coating porosity <4% 
Figure 11 - CGSM features [6] 

Figure 10 - CGSM equipment and schematic of solid-state impact of particles onto a substrate [1] 
[5]  
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2.2.5 Flame spraying (FS)  

Flame spraying uses powder feed material carried by an oxy-fuel gas to the substrate to be 

covered. The powders are released and mixed in the carrier gas before the combustion phase. 

The use of powder allows for a greater degree of freedom for spray gun manipulation. The 

spray material in powdered form is fed continually into the oxy-fuel combustion flame where 

it is typically melted by the heat of combustion. It is an especially cheap process used when 

the mechanical strength of the coating is not particularly critical. Typical choices for fuel 

gases are acetylene or hydrogen. It is possible to employ rod or wire (WFS: wire flame 

spraying) as feed material instead of powders. Generally, rods are made by ceramics such as 

Al2O3 or Cr2O3 embedded by a polymer binder, whereas wires are made by metals like Mo, 

Zn or Al (also alloyed) [6] [4]. 

 

 

 

Table 5 - General FS coating and spraying data [3] [1] 

Coating materials Powder (5 - 100 µm) 

Coating thickness 100 - 2500 µm 

Deposition rate 50 -100 g/min  

Spray distance 120 - 250 mm   

Coating porosity 10 - 20 % 

 
Figure 13 - FS features [6] 

 

 

 

 

 

 

 

Figure 12 - FS torch working scheme [4] 
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2.2.6 Plasma spraying (PS) 

Plasma spraying is characterized by a wide range of temperatures in the gas stream; peak 

temperature values are the highest, when compared to other techniques. It is therefore possible 

to adapt the process to a wide range of feedstock materials, including ceramics and refractory 

metals, which can be processed despite their high melting point. The plasma-spray process can 

develop enough energy to melt any material so the number of coating materials that can be 

used in the plasma spray process is very large [3] [4]. 

Plasma is a state of matter in which an ionized gaseous substance becomes highly electrically 

conductive to the point that electric and magnetic fields dominate the behaviour of matter itself. 

In this state, electrons and ions act freely by flowing in the ionized gas. Energy transfer to the 

gas is necessary to ionize it; once the energy input is removed, the electrons and ions recombine 

and release heat and light energy; temperature can be from ≈7000ºC to ≈17000ºC [3].  

By injecting the coating material into the plasma plume, it is melted and propelled towards the 

target component (Fig. 14). Typical plasma gases are mixtures, of Hydrogen, Nitrogen, Argon 

and Helium. Each gas affects the amount of energy produced by the plasma system (Fig.15). 

The substrate is often cooled by air jets focused on the target component: by combining cooling 

systems with spray distance, it is possible to keep the target surface at a temperature ranging 

from 38 ºC to 260 ºC. In addition, the spray angle can also be controlled. This provides a good 

degree of flexibility to set up parameters in the best way for a given target [6].  

 

 

Figure 14 – Plasma Spray torch [4] 

The plasma gun contains a DC generator, with powers of about 50-80 kW in the most common 

versions, that supports an electric arc discharge between a cathode, generally a tungsten 

electrode, and an anode, generally a copper nozzle; electrodes are separated by a small gap 

forming a chamber between the two. DC power is applied to the cathode and the arc crosses to 

the anode while gases are passed through the chamber. The arc ionizes the gas, turning it into 

a thermal plasma; in the dynamic plasma conditions, recombinations of charged species back 

to the neutral gaseous state release thermal energy. It expands the gas and generates an hot and 

high-velocity gas jet. The powders are introduced radially or axially in the plasma flow, inside 
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or outside the gun, where they are melted and accelerated through the jet, and impact on the 

substrate to form the coating [3]. 

 

Figure 15 - Enthalpy vs. temperature of common plasma gases [3] 

DC is not the only way to ionize the gas, other kinds of gun give energy to produce the plasma 

by radio frequency. As for other techniques, there are many variants of PS: differentiations are 

mainly on the state of working environment. 

APS (Atmospheric Plasma Spraying) is the most common technique and uses atmospheric 

conditions to spray the coatings. 

CAPS (Controlled Atmosphere Plasma Spraying) is performed in a closed chamber where the 

environment can be controlled, and different working conditions can be performed: 

• VPS (Vacuum Plasma Spraying) / LPPS (Low Pressure Plasma Spraying) exploits a 

low-pressure environment (with usual pressures of few hundreds of mbar) to minimize 

the possible interactions between particles and gas. 

• HPPS (High Pressure Plasma Spraying) involves high deposition efficiency and 

uniform melting of the powder. 

. 

Table 6 - General APS coating and spraying data [3] [1] 

Coating materials 
Powder (20 - 90 µm): 

mostly oxide ceramics 

Coating thickness 300-1500 µm 

Deposition rate 50 - 100 g/min 

Spray distance 60 - 130 mm 

Coating porosity 1 – 7 % Figure 16 - APS features [6] 
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2.2.7 Physics of thermal spray coating build up  

The bonding mechanisms between the lamellae formed by the impact of molten particles is not 

entirely clear. Generally, bonding mechanisms at the coating/substrate interface and between 

the particles are listed below and shown in Fig. 17 [6]:  

 

 

 

 

1. Mechanical keying, Interlocking / anchoring of arriving particles with roughened 

substrate or the rough topography of previously deposited particles. 

2. Diffusion metallurgical bonding, where heat from an arriving depositing particle is 

sufficient to cause a local rise in the temperature of the substrate material or previously 

deposited particle, allowing remelting and/or diffusion/mixing, or simply diffusion. 

3. Other adhesion phenomena like chemical and physical bonding mechanisms, weak 

physical bonding via van der Waals forces between particles. 

As a result of spray jet fluctuations brought about by power supply, air containing oxygen, 

nitrogen and traces of other gaseous molecules is entrained into the spray jet. Since the 

outer surfaces of molten metallic particles are at a high temperature, depending on the free 

energies of formation and the kinetics of reaction, oxides and nitrides may form. By 

contrast, the high-temperature, reducing environment existing before air is entrained can 

cause partial reduction of oxide ceramics, which is especially apparent through colour 

changes as in the case of TiO2, the white colour of which typically changes to dark blue 

after spraying because of a slight loss of oxygen. 

 Figure 18 - Coatings mechanism 
seen from cross-section [6] 

Figure 17 - Possible phases in the cross-
section [6] 



22 

 

Typical cross sections of PS coatings show some non-uniformities. Some particles might not 

melt and remain blocked in the coating; others would oxidize: for these reasons, it is important 

to look at factors that affect bonding and subsequent build-up of the coating (Fig. 18) [11] [1]: 

• Surface area 

• Surface topography or profile 

• Temperature (thermal energy) 

• Time (reaction & cooling rates) 

• Velocity (kinetic energy) 

• Physical & chemical properties and reaction 

Substrate preparation such as cleaning and grit-blasting, as described previously, provide a 

more chemically and physically active surface needed for good bonding, especially a rough 

surface profile will promote mechanical keying [11]. 

Higher temperatures on the substrate increase diffusion bonding activities but will also increase 

oxidation of the substrate and might induce larger residual stresses due to thermal expansion 

mismatch, which could defeat the objective of higher bond strengths. 

Thermal and kinetic energy (temperature, velocity, enthalpy, mass, density and specific heat 

content etc...) play an important role in bonding mechanism: the chances of metallurgical 

bonding increase with them because the degree of diffusion bonding increases. Refractory 

metals have very high melting points thus the interaction between substrate and coating 

particles will be increased due to the higher temperatures involved and longer cooling cycles 

[12] [11]. 

Self-bonding coating materials like Molybdenum, Tungsten, Nickel and Aluminium can 

promote adhesion: the metal reacts exothermally at high temperatures and therefore generates 

even more heat, which promotes good coating adhesion by heating the interface between the 

sprayed lamellae and substrate. These materials have comparatively high bond strengths 

(increased metallurgical or diffusion bonding) and can even bond to clean polished substrates 

[12]. 
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2.2.8 Adhesion of coatings  

Adhesion is a key factor to be considered: the most common mechanism of adhesion is 

mechanical anchorage of the splats to irregularities of the substrate, or previously deposited 

layers, by virtue of the force resulting from shrinkage of the lamellae after they solidify on the 

substrate. Actual contact does not take place along all of the nominal contact area between a 

splat and the underlying surface.  

When the failure occurs at the coating-substrate interface, then it is termed as adhesive failure 

otherwise if the failure occurs in the layers of coating itself then it is called cohesive failure 

[12]. 

Cohesive Failure occurs as a result of generation of tensile stress behind the tip of the indenter, 

it results in the formation of cracks like brittle tensile cracking, hertz cracking, conformal 

cracking. 

 

• Brittle tensile cracking patterns of micro-cracks are formed behind the indenter either 

straight or curved towards the direction of scratch.  

• Hertz cracking generate a series of circular microcracks within the groove.   

• Conformal cracks are formed when the coating tries to conform to the groove.  

 

Adhesive Failure is a result of compressive stress. Here the coating either separates from the 

surface either by cracking and lifting or by full separation [12]. The scratch adhesion value can 

be an useful tool to defined the critical load and compare the study in characterizing thermal 

spray coatings. 

The true contact zone between a splat and the underlying surface is generally called active zone 

and corresponds to a small fraction of the sprayed area. An increase in active zones contributes 

to improving the adhesion strength [5].  

 

 

Figure 19 – Type of wetting on active zones [5] 
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Wetting affects the extension of the active zone (Fig. 19): good wetting results in a bigger 

contact angle α where the shape of the splats is called pancake; to the contrary a small contact 

angle promotes a splat shape called “flower-like”. Compositions and temperature both 

influence splat/substrate wetting: usually, an increase in substrate temperature would promote 

better wetting and the formation pancake shape which, in turn, should improve adhesion [5]. 

This follows from a number of factors, including the desorption of humidity and other surface 

adsorbates which would limit the true contact between a splat and the underlying surface. 

In the case of metal coatings, a factor that affects the active zones is oxidation of the feedstock 

material during spraying. Reduced oxidation increases the areas of the active zones. An 

experiment was carried comparing pre-alloyed Ni+5wt% Al and pure Ni: Al oxidizes more 

easily than Ni, thus protecting the latter against further oxidation. Both powders were plasma-

sprayed in air: the Ni+5wt% Al coating was found to contain less oxygen than pure Ni and the 

analysed splats were mainly pancakes in comparison to flowers in the Ni deposit. Inert 

atmospheres or low-pressure spraying contribute as well in enlarging the active zone [5].  

2.2.9 Coating microstructure          

High cooling rates of particles can cause the formation of very fine grain structure and/or 

metastable phases not normally found in wrought or cast materials, including amorphous 

phases. Thermal spraying techniques are mainly conducted in air; hence, chemical interactions 

like oxidation probably occur during spraying. Metallic particles oxidise over their surface 

forming an oxide shell. This is evident in the coating microstructure as oxide inclusions 

outlining the particle boundaries. Some materials, such as titanium, interact with or absorb 

other gases such as hydrogen and nitrogen. Coatings show a lamellar morphology appearing to 

flow parallel to the substrate. The microstructure is not isotropic, with physical properties being 

different parallel to substrate (longitudinal direction) than across the coating thickness 

(transverse direction). Strength in the longitudinal direction can be 5 to 10 times than that in 

the transverse direction. The coating microstructure is also heterogeneous relative to wrought 

and cast materials. This is due to variations in the condition of the individual particles on 

impact. It is virtually impossible to ensure that all particles are the exact same size and achieve 

the same temperature and velocity [13]. 

All conventionally thermally sprayed coatings contain some porosity, which can vary in a wide 

range from 0.025% to 50%. Porosity is caused by: 

• Low impact energy (which can manifest itself in unmelted particles and/or low 

velocity) 

• Shadowing effects (caused by the presence of unmelted particles in the deposited layer, 

or by spraying at off-normal angle) 

• Shrinkage and stress-relief effects 
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These interactions can make the coatings very different from their starting materials chemically 

and physically [3] [11]. 

 

Porosity is present in most thermally sprayed coatings except VPS, post heat-treated coatings 

or fused coatings. Post-treatments can reduce the porosity. Moreover, porosity has influence 

on various properties as summarised in Tab.7: 

Table 7 - Influences of porosity on coatings properties  

Properties that benefit from 

porosity 
 

Properties worsened by 

porosity 

 

• Thermal barrier properties 

• Reducing stress levels 

• Thermal shock resistance 

• Lubrication: pores act as a 

reservoir for lubricants 

• Corrosion resistance and 

protection to the substrate 

• Machined finish 

• Strength and macro-hardness 

• Wear resistance 

 

Oxides are usually included in the coating because most metallic materials suffer oxidation 

during the process. Oxides are generally much harder than the parent metal. Coatings of high 

oxide content are usually harder but, on the other hand, more brittle. Oxides in coatings can be 

detrimental towards corrosion, strength and machinability properties [7]. 

Surfaces are generally rough and irregular: this could be an advantage for some applications, 

like rolling road drum surfaces for brake testing where high friction surface is required. Some 

plasma sprayed ceramic coatings produce smooth but textured coatings which are important in 

the textile industry; in other cases, the abrasive nature of some coating surfaces are exploited 

as scratchers. Thermally sprayed coatings do not provide coatings with high surface finish, 

unlike e.g. electroplated deposits, but can be machined, ground and/or polished to achieve 

smooth surfaces, e.g. for most sliding wear applications [5]. 

Coatings generally have poor ductility and impact properties due to internal tensile stresses, 

limited interlamellar cohesion and possible brittle phases like in oxides. Effective bond strength 

decreases with increasing internal stress; this, in turn, affects coating thickness limits. The 

substrate can provide mechanical support to the coating when needed [5].  

Stress is another aspect that must be considered. Stresses are built up both during deposition, 

through quenching (rapid cooling and shrinkage of solidified lamellae) and peening (impact of 

incoming particles onto previously deposited layers, especially in high-kinetic processes), and 

during final cooling, due to the different thermal contraction between coating and substrate. 

Quenching often results in a tensile stress within each lamella, whilst cooling stresses are often 

compressive because most coating materials (e.g. ceramics in a PS process) have lower thermal 

expansion than ordinary metal substrates (e.g. steels). As the coating is built up, so are the 
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tensile stresses in the coating. It is a critical process aspect that must be considered: if the tensile 

or compressive stress levels in the coating exceed its adhesion force or cohesive strength, the 

coating fails by cracking, uplifting or buckling spallation (Fig. 20) [14] [7]. 

 

 

Figure 20 - Tensile status on substrate after particles impact [12] 

Spraying method and coating microstructure influence the level of stress in the coatings; 

generally, thin coatings are more durable than thick coatings and dense coatings are more 

stressed than porous coatings. Systems using very high kinetic energy and low thermal energy 

such as HVOF, HEP and cold spray can produce low stressed coatings due to the lower 

quenching level. This is thought to be due to compressive stresses formed from mechanical 

deformation during particle impact counteracting the tensile shrinkage stresses caused by 

solidification and cooling. Functionally graded coatings with multi-layered composition may 

also lessen the problem: the gradual change in the composition of the coatings, in fact, reduces 

the possible mismatch in chemical or mechanical properties between two different components 

and improves the durability of coating [12]. 

2.3 Mechanical testing methods for ceramic coating 

Ceramic coatings are usually employed in applications which involve mechanical loading. 

Hence, mechanical properties are essential to ensure coating functionality. Understanding the 

test methods permits to evaluate the mechanical properties under different work conditions, 

such as sliding, abrasion and erosion, and identify the critical attributes for a given application. 

Understanding the relationship between microstructure and coating behavior plays an 

important role in determining their performances and lifetime. The characterization of 

thermally sprayed coatings must also take into consideration their unique lamellar 

microstructure. 
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2.3.1 Microhardness   

Hardness is an important parameter to be considered in ceramic coatings' testing: it is one of 

the properties related to the wear resistance of thermal sprayed coatings, and it is usually 

measured by indentation techniques. The Vickers hardness indentation test is well-established 

in the characterization of coatings reported in literature [15]. 

A micro-hardness test can be defined as an indentation hardness testing where the load does 

not exceed 1 N. The indenter is usually the Vickers diamond pyramid (Fig. 21) or the Knoop 

elongated diamond pyramid. The testing procedure is very similar to the standard Vickers 

hardness test, except that it is done on a microscopic scale with higher precision instruments. 

 

When calculating the Vickers Diamond Pyramid hardness 

number, both diagonals of the indentation are measured and the 

mean of these values (d) is used in the below formula with the 

load (F) used to determine the value of HV [16]. 

 

𝐻𝑉 = 1,854
𝐹

𝑑2
 

 

The specimens for the tests should be polished as for the microscope observations. A common 

procedure is taking measurements on cross-section: in this case, metallographic specimens are 

suitable for indentation. Values measured on cross-sections could differ from those measured 

on the surface because of the lamellar microstructure of the coatings. Specifically, the former 

are usually expected to be smaller, because indenting into the cross-section promotes inelastic 

sliding along splat boundaries. Moreover, the coating’s thickness when testing a transverse 

section must be at least ten times greater than the depth of the pyramid indentation. The test 

equipment is composed by a precision microscope used to measure the indentations, usually 

under a magnification of 500×, with an accuracy of ±0.5 μm [16].  

In some cases, it is advantageous to use the Knoop micro-hardness test compared to the Vickers 

method, because Knoop indentations can be spaced much closer to each other along the 

direction of the short diagonal, and this in turn increases the accuracy of a hardness vs. depth 

profile. Measuring the longer Knoop diagonal also results in lower relative error when 

indentations are particularly small, as it is often the case for hard, brittle materials, which cannot 

be subjected to high indentation loads to avoid micro-cracking [16]. 

 

Figure 21 - Vickers pyramid 
[1]  
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2.3.2 Dry sand-rubber wheel abrasion wear test  

The dry sand-rubber wheel abrasion test is used to test the abrasive resistance of solid materials. 

The specimens can be made by metals, minerals, polymers, composites and ceramics. The 

severity of abrasive wear in any system depends upon the abrasive particle size, shape, and 

hardness, and as well from the frequency of contact with the abrasive particles [10]. The 

working scheme of the test, as described in the ASTM G65 standard, is shown in Fig. 22. Since 

the method does not attempt to duplicate all the process conditions encountered in an actual 

application, it should not be used to predict the exact resistance of a given material in a specific 

environment. Its value lies in predicting the ranking of materials in a similar relative order of 

merit as would occur in an abrasive environment.  

However, data obtained from test materials whose life is unknown in a given abrasive 

environment can be compared with test data obtained from another material whose durability 

in the same environment is known. The comparison will provide a general indication of the 

worth of the unknown materials if abrasion is the predominant factor causing deterioration of 

the materials [17]. 

 

Figure 22 – Scheme of dry sand rubber wheel abrasion wear tester. 

The samples are kept in touch with a rubber-lined wheel through a leverage loaded by a dead 

weight. During the test, the wheel rotates in the same direction of the sand flow. The mass of 

the test specimen is taken before and after completing the test.  The resultant mass loss must 

be converted to volume loss to have a proper comparison between the results for different 

materials. Dry sliding wear rate is the main parameter used to compare the results and it is 

calculated with the following equation: 

𝐾 =
V

L ⋅ D
 [𝑚𝑚3/𝑁 ⋅ 𝑚] 

 

Where V is the volume loss, L is the normal load and D is the total sliding distance. 
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The sand feeder and the speed of the wheel can be set at different levels according to the 

specific test procedure: the ASTM G65 standard specifies 5 different, possible testing 

procedures. 

2.3.3 Pin-on-disk tribometer 

The pin-on-disk tribometer is a testing method that allows to evaluate the sliding wear 

behaviour of a tribosystem consisting of a flat sample and a reference pin, usually a sphere in 

a non-conformal contact configuration (Fig. 23). One of the widely used standards is ASTM 

G99. When two surfaces are in contact with a relative motion between them, sliding wear 

occurs due to the asperities' interaction. The peaks on the surfaces come in contact and 

plastically deform under pressure. In some cases, asperities can form an adhesive junction at 

their interface: this phenomenon is called solid-phase welding. The shear stress at the junction 

increases until the shear strength limit of one of the materials it reached. At this point, the 

weaker material is broken and the fragment can be released as a debris particle or remain 

bonded to the other surface [2]. 

In the unidirectional rotation configuration, the sample is locked on a rotating disk and the pin 

is pressed against its surface with a specified load on a shifted position with respect to the 

rotation axis of the disc: the offset determines the radius of the circular trajectory described by 

the pin relative to the disc. The pin is generally made by a hard material such as alumina.  

 

 

Figure 23 - Pin on disc equipment 

 
 

Sample 

Load 
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The results of the tests are usually given as volume or mass of the worn coating material divided 

by distance ‘run’ while testing. The extreme form of adhesive wear is galling that involves 

excessive friction between the two surfaces, resulting in extensive solid-phase welding, and 

subsequent spalling of the mated parts. This process causes significant damage to the surface 

of one or both materials [2].  

2.4 Review of thermally sprayed Cr2O3 coatings and its binary 

compounds  

Cr2O3 together with Al2O3 and TiO2 are some of the ceramic materials which are commonly 

used to produce wear-resistant coatings by plasma-spraying. Ceramic coatings cover several 

industrial applications. In fact, most of these oxides show multifunctional properties such as 

wear resistance, electrical insulation (Al2O3) or modest electrical conductivity (TiO2), and 

thermal insulation. The microstructure of the coatings is dependent upon both the morphology 

of the feedstock powder and the characteristic of the spray process. Therefore, the coatings are 

prepared from feedstock powders with a particle size distribution adapted to the corresponding 

spray process [18]. 

 

Figure 24 – Comparison of powders obtained by different production processes [19] 

Fig. 24 shows the morphology of several powders seen by an electron microscope for different 

production techniques. For many applications the use of multiple-component powders offers 

advantages. Multiple-component powders are powders where the particles consist of 

agglomerates or of different metallurgical phases or different chemical compounds. 

Heterogeneous powders can be composed of coated particles, mixtures, agglomerates of 

different chemical compounds or metallurgical phases. [20]. The main technology used for 

oxide powders is “fusing and crushing”. The advantage of this technology is the possibility to   

prepare binary compositions of fused powders. Pre-alloyed “sintered and crushed” feedstock 
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powders are used to produce homogeneous coatings microstructures of binary compositions. 

This technique is suitable for avoiding the formation of metallic chromium in Cr2O3 coatings 

[21]. In advanced coating applications, oxide feedstock powders can also be prepared by 

“agglomeration and sintering” [22]. The homogeneity is the lowest in case of blends of single 

oxide powders and highest in the case of agglomerated and sintered powders, where finely 

dispersed oxide powders are mixed into larger agglomerates during the manufacturing process 

[21]. 

Conventional atmospheric plasma spray (APS) is the wider technique used for oxide ceramics, 

in particular for Cr2O3, because of its high melting temperature above 2300 °C. Common size 

ranges of feedstock powders for plasma-sprayed ceramic coatings is 10-45 µm, but it may 

change somewhat according to the characteristic of the spray process and the desired features. 

The coating thickness typically is in the range of 100-500 µm. Deposition efficiency (DE) is 

the percentage of feedstock actually contributing to the coating build-up; it is dependent on the 

chosen feed rate as well as the achievable heat transfer from the plasma to the feedstock 

particles [23]. The plasma current setting and the chosen plasma gas mixture, in terms of 

species, total flow and ratio, control the enthalpy of the plasma and therefore its capacity to 

transfer heat to the powder particles [15]. Compared with other materials, chromia has high 

evaporation rate when melted, resulting in lower DE values when compared with other 

ceramics and alloy. Moreover, a reduction of activity, increasing of gas flow and increasing of 

the water content in the moist are all parameters which increase the evaporation [24]. 

Particle size distribution, thermal conductivity and melting point of the powders are parameters 

of interest as well, due to the heat transfer from the plasma to a particle surface and further to 

its volume. The spraying distance controls the time of flight of the particles in the plasma and 

their thermal history. Particles are indeed heated when in contact with the hot core of the 

plasma, but are subsequently cooled down when the gas temperature decreases by mixing with 

surrounding air. There is also a strong correlation between the particles’ heating history and 

the applied current: the higher the current, the higher the temperature and heat capacity of the 

plasma; on the other hand, higher current also increases plasma velocity and therefore 

decreases the time of flight of the particles [15]. 

Fully or partially melted particles are usually displayed in the microstructure of a coating due 

to spray process. High cooling rates during the coating formation leads to the existence of non-

equilibrium phases as well as nanocrystalline and amorphous structures. Subsequent heat 

treatment at high temperatures can lead to changes in the microstructure and phase composition 

of the coatings. In the case of sub-stoichiometry, a heat treatment in air will also lead to 

oxidation. 

Fig. 25 shows a schematic feature of the Cr2O3-Al2O3-TiO2 system with relevance to coating 

applications for wear protection: each of the individual oxides shows specific advantages and 

disadvantages in terms of spray process. 
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Figure 25 – Schematic features of Cr2O3-Al2O3-TiO2 system compounds [22] 

Chromium oxide forms a wide range of oxide phases such as CrO, CrO2, Cr2O3, Cr3O4, etc. 

Among these phases, α-Cr2O3 is the most stable form, which has an eskolaite structure. Cr2O3 

coatings exhibit high hardness, good wear resistance, good thermal and chemical stability [25]. 

The properties of the Cr2O3 coatings are strongly tied to the crystallinity of oxide phases. In 

general, a well-crystallized oxide phase is desired as it usually results in improved mechanical 

and chemical properties. [26]. Cr2O3 is characterized by a high volatility in the spray process, 

due to the oxidation from Cr3+ to Cr6+ in oxidizing atmospheres and the resulting formation of 

volatile CrO3; as a result, deposition efficiency is lowered. The possible sub-stoichiometry of 

Cr2O3 also leads to a change in colour from green to black [20]. If the feedstock powder 

contains some CrO2 phase, it may persist in the coating when the temperature does not rise 

enough for the recombination into Cr2O3 [22]. Typical spraying conditions can lead to the 

reduction of Cr2O3. The addition of TiO2 can reduce the oxygen loss of chromium oxide [20]. 

Additions of Al2O3 to Cr2O3 leads to the formation of a solid solution on the chromia-rich side 

of the Cr2O3-Al2O3 binary system; indeed, at high temperatures, the two oxides have complete 

mutual solubility. Below 1250 °C a miscibility gap exists [12], but it is generally not observed 

in a thermal spray coating because of the rapid cooling of solidified splats. The addition of 

Al2O3 can also decrease the material loss by evaporation and the formation of hexavalent 

chromium. On the other hand, Cr2O3 stabilizes the α-Al2O3 (corundum) structure that is similar 

to α-Cr2O3: for a low alumina content, the formation of the metastable phase γ-Al2O3 is 

disadvantaged due to the formation of the solid solution with Cr2O3 phase [27]. 
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Addition of TiO2 to Cr2O3 (eskolaite) has a similar effect of Al2O3: it forms a solid solution 

within the structure of eskolaite for a concentration in mass of TiO2 up to 50%.  TiO2 exists in 

several allotropic phases, the most important of which are rutile and anatase. In the system 

Titanium-Oxygen, different non-stoichiometric phases are also known, which may appear 

during plasma spraying due to the tendency of TiO2 to lose oxygen at high temperature. These 

non-stoichiometric titanium oxide phases show the ability to deform under mechanical stress 

due to shearing of crystal lattice planes [22]. 

Another important oxide used in many ceramic composites is Zirconia, ZrO2: this is one of the 

most studied plasma-sprayed ceramics for its use in thermal barrier coatings, because of its low 

thermal conductivity, lower than 1.5 W/(m·K), and excellent thermal shock resistance. It must 

be stabilized to avoid phase transformation upon heating and cooling. Pure ZrO2 exists in 

monoclinic, tetragonal and cubic modifications: the transition between the three is reversible. 

The monoclinic-tetragonal transition takes place at about 1000 °C; this is detrimental to sprayed 

coatings under thermal cycling conditions, because it is accompanied by a 3% volume change. 

The cubic modification is stable only above 2300 °C, but it can be stabilized to room 

temperature by the addition of sufficiently large amounts of certain metallic oxides, such as 

yttria [20]. Additions of a comparatively lower amount of stabilizer, as well as rapid quenching 

from melting down to room temperature, usually lead to the retention of metastable tetragonal 

structures. Very fine-grained zirconia, non-stabilized or stabilized by a low amount of Y2O3 

(≈3 wt.%), can retain the high-temperature tetragonal phase (t) to room temperature: this phase 

can be transformed back to the equilibrium monoclinic phase by stress-induced phase transition 

and/or by thermal cycling. With higher amounts of Y2O3 (≈7 - 8 wt.%), a tetragonal phase with 

slightly lower tetragonality (known as t' phase) is formed, which does not transform back to 

the monoclinic phase under stress or thermal cycling conditions, despite being 

thermodynamically metastable, because of kinetic hindrance against phase transition. 

ZrO2 therefore presents two main toughening mechanisms, depending on its phase structure. 

The non-stabilized tetragonal structure (t) undergoes transition to the monoclinic phase under 

the action of imposed stresses: energy absorption take place during the phase transformation. 

The contribution of stress-induced transformation is expected to decay with increasing 

temperature and disappear above 900 °C. The t’ phase, which cannot undergo stress-induced 

phase transition, is instead toughened by a ferroelastic mechanism [28]. 
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3 MATERIALS AND METHODS 

3.1 Spray powders and their characterization 

The powders employed for the present study were all chromium oxide based supplied by Saint-

Gobain Coating Solutions (France), Ceram (Germany), and H.C. Starck (Germany); they have 

been selected in order to have similar particle sizes with an average diameter around 30 µm, so 

that comparisons are not much affected by this parameter.  

Tab. 8 shows the composition and the particle size distribution of the set of powders used for 

coatings' production. Size data for the Ruby powders was not provided by the manufacturer, 

that’s why it will be investigated further. 

Table 8 - Powders Size data by the producer 

Producer Commercial name Composition 
Particle size 

 [-d90+d10] 

H.C. Starck Amperit 704 Cr2O3 -45+10 

H.C. Starck Amperit 712.074 Cr2O3-25%TiO2 -45+15 

Saint Gobain Ruby L TSP Cr2O3-Al2O3 N/A 

Saint Gobain Ruby TSP Cr2O3-Al2O3 N/A 

Ceram GmbH Cr2O3/ZrO2 90/10 Cr2O3-10%ZrO2 -35+10 

Ceram GmbH Cr2O3/ZrO2 80/20 Cr2O3-20%ZrO2 -45+5 

 

 

Particle size distributions were further investigated through laser diffraction analysis by a 

Mastersizer 2000 (Malvern, United Kingdom) system with a Hydro-2000 S wet dispersion unit. 

The phase composition of the powders was assessed by X-ray diffraction (X’Pert Pro, 

PANalytical, Almelo, NL) using Cu-Kα radiation emitted from a conventional source operated 

at 40 kV, 40 mA and detected by a 1D array of solid-state detectors (X’Celerator). The scan 

range was 20° < 2θ < 100°. 
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3.2 Plasma spray deposition 

 

Figure 26 - Plasma spray equipment employed during the depositions 

Coatings' production was performed by APS technique. The plasma equipment used was 

PlasmaTechnik A-3000 S 4/2 (Oerlikon Metco, Switzerland) equipped with a Saint-Gobain 

ProPlasma torch (Saint-Gobain Coating Solutions, France). Each powder was plasma sprayed 

on 50x100 mm plates made by Fe37, yield strength = 275 MPa, mild steel.  

The plates were welded on support and sand blasted with abrasive alumina sand having 0.1 – 

0.6 mm particle size (Fig. 27); it permitted to remove the surface oxide layer and increase the 

roughness in order to prepare the surface for the spraying deposition. 

 

Figure 27 - Mild steel plates sand blasted as pre-treatment 
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The feeding system was checked by calculating the feed rate of Cr2O3 for different disc rotation 

speeds of the powder feeder. It results in a quite linear relation between the speed setting and 

the feed rate itself as shown in Fig. 28. The feeder disc speed for each deposition has been set 

at 15%, the resulting feed rates are resumed in Fig. 29; the values were estimated by weighing 

the amount of powders sprayed by the feeder system for 2 min. 

 

 

Figure 28 – Cr2O3 feed rate for different settings of the feeder disc speed 

 

Figure 29 – Feed rates values based on powders 
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The plasma gun was controlled by a robotic arm programmed with a horizontal meandering 

pattern starting from the top to the bottom of the area that must be covered. The fixed 

parameters and settings for all depositions are resumed in Tab. 9. 

Table 9 - Common parameters of the plasma spraying operations 

Injector Angle 90° 

Spray distance 120 [mm] 

Step 4 [mm] 

Robot speed 850 [mm/s] 

Current 650 [A] 

Argon flow 43 [l/min] 

Hydrogen flow 11 [l/min] 

Carrier, Ar 3.3 [l/min] 

Powder feeder disc rotation 15% 

 
The coating deposition was performed by keeping a target thickness of 250 – 300 µm, during 

the spray session an Elcometer 300 was employed to evaluate it; the number of gun cycles 

needed to reach the target thickness was different for each powder according to the nature of 

the powders themselves and is resumed in Tab. 10. 

Table 10 – Registered parameters from the plasma spraying operations  

Powder Tot. n° of cycles Thickness Power [kW] Voltage [V] 

Cr2O3 35 273.8 µm 46,2 71 

Cr2O3-25%TiO2 25 269.9 µm 45,6 70,5 

Ruby L 24 265.5 µm 46,4 71,6 

Ruby S 27 284.1 µm 45,7 70,6 

Cr2O3-10%ZrO2 38 292.5 µm 45,5 70,2 

Cr2O3-20%ZrO2 36 292.2 µm 45,2 70 

 

Each cycle consisted of a single meandering pattern from the top to the button of the sample 

holders; power and voltage values were collected as well and are shown in Tab. 10; the values 

were provided by the plasma spraying control system.  

Deposition Efficiency (DE) has been estimated considering the mass effectively deposited on 

the substrate through the following formula: 
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𝐷𝐸 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑎𝑡𝑖𝑛𝑔

𝑠𝑝𝑟𝑎𝑦𝑒𝑑 𝑚𝑎𝑠𝑠
∙ 100 =

𝑉 ∙ 𝜌

𝑚 ∙ 𝑛 ∙ (
𝐿
𝑣) ∙ (

𝑙
𝑑

)
∙ 100 

 

Where: V=volume of coating, m=powder feed rate, n=number of passes, L=length of the 

substrate, v=gun speed, l= width of the substrate, d=step and ρ=density (assuming ρ-

Al2O3=3.987 g/cm3 [29], ρ-Cr2O3=5.220 g/cm3, ρ-TiO2=4.23 g/cm3, ρ-ZrO2=5.68 g/cm3 [30]) 

Moreover, during the spray sessions, a Fluke thermal camera imager Ti300 was directed to the 

samples in order to monitor the temperature; it permits to keep the temperature on the substrate 

around 100 °C between consecutive spray cycles. 

3.3 Specimens preparation for the tests and observations 

In order to avoid damage to the samples, the cutting operation were done carefully due to the 

brittle nature of the oxide coatings. Cutting operations were necessary to obtain specimens of 

suitable size for each test (Fig. 30). 

 

 

Figure 30 – Specimens preparation by metallographic cutter 

The samples were cut using an automatic cutting machine set with a disk rotation speed of 1200 

rpm and a feed speed of 0,25 mm/min to preserve the coating integrity and the adhesion to the 

substrate; water was used as lubricant during the cutting operations.  

The cross-sections for the observations have been derived by the central part of the main plate, 

cold mounted in epoxy resin and cured at room temperature; the cross-sections were then 

ground by SiC abrasive papers from 220 to 1200 mesh size and by using suspensions of 

diamond paste from 9 µm to 0,25 µm in order to achieve a mirror-polish finish. The detailed 

polishing procedure is listed in Tab. 11. 
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Table 11 - Polishing procedure of the mounts 

Step Surface Suspension Lubricant Load [N] Time [min] 

1 SiC 220 - Water 25 1 

2 SiC 500 - Water 25 1 

3 MD-Largo Allegro Largo 9 µm - 25 5 

4 MD-Dac Dac 3 µm - 25 5 

5 MD-Nap Nap 1/4 µm - 20 2 

 

Samples for the rubber-wheel abrasion test described in Section 3.5 had 20x50 mm size and 

were polished. The polishing procedures were conducted manually by employing abrasive SiC 

papers from 300 to 1200 mesh size and water as lubricant. After polishing, the samples were 

welded on a steel block support in four points. 

Ball on disc specimens were 23x23 mm squares, surface polished; the polishing procedure 

started with diamond papers from 400 to 1200 mesh size; 3 µm diamond suspension and 

colloidal silica (oxide polishing suspension, OPS) were successively employed during the last 

steps; the polishing procedure was made manually in order to avoid excessive thinning of the 

coating. 

3.4 Coatings’ thickness and porosity  

Coatings thickness was evaluated by optical microscope, the results are an average of four 

measurements took in different area for each coating. 

Porosity values were estimated by digital images analysis. The cross-section of the samples has 

been acquired with an optical microscope, after that by ImageJ analysis software, images were 

elaborated to make contrast between voids and other phases (Fig. 31); images were 20X of 

magnification, results are an average of four measurements on the same image. Void size 

average was registered as well. 

 

Figure 31 – Example of processing for void isolation in a chromia – 25 wt.% titania coating. 
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3.5 Microhardness testing 

A microhardness test was performed by a Micro-Combi tester (CSM Instruments) on the 

polished cross-section of the coating. The specimens were cold mounted sections prepared for 

the optical microscope observations as described in the previous section. The surface finish 

was mirror-like, Ra < 0,05 µm. The micro-indenter was a Vickers pyramid loaded with 300 g 

as mentioned for the HV0.3 procedure; the measurements were evaluated with 10 indentations; 

each indentation was conducted a certain distance away from substrate and the surface and 

followed a pattern as shown in Fig. 32. 

 

 

Figure 32 - Measurements pattern of Micro-Hardness test. 

 

The indentations were spaced of about 500 µm of distance between each other; moreover, pores 

were avoided as indentation targets. Through the instrument’s software the results were 

calculated from the measurements of the marks' diagonal. 

3.6 Rubber wheel wear testing procedure 

Wear behaviour was evaluated by using a modified version of ASTM G65 abrasion test 

standard. The wheel equipment permitted to run five tests simultaneously, one of the samples 

was always a reference made by SAE 316L stainless steel used to compare the results in case 

of abnormal findings (Fig.33, highlighted sample). 

The load applied to the samples was 23 N. As abrasive, SiO2 particles of 0.1 – 0.6 mm size 

were employed during the test with a feeding rate of 25 g/min. The feeding system was 

calibrated each time before testing. The surface speed of the rubber wheel was 1,64 m/s for a 

total covered distance of 5904 m during the 60 min test duration. 
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Figure 33 - Specimens abraded after the rubber-wheel test, reference sample highlighted. 

Test were conducted by weighing the specimens before and after every 12 min of test for a 

total duration of 60 min by using a laboratory balance with 0,001 g accuracy; samples' positions 

on the holder were shifted by one step every 12 min in such a way that every position was 

occupied and avoiding differences among results because of possible inhomogeneities in sand 

feeding system. Moreover, during each testing session, coatings having different composition 

were run together for better comparison. 

3.7 Ball-on-disk test procedure 

All ball-on-disc tests were performed at room temperature with a THT tribometer (CSM 

Instruments, Switzerland) according to the ASTM G99 standard, using sintered alumina balls 

as counterparts, manufacturer’s nominal hardness: 19 GPa. The specimens were surface 

polished as described in Section 3.3 to eliminate any confounding effect of the surface 

roughness of as-deposited coatings on the friction and wear behaviour.  

The ball-on-disk parameters adopted are listed below in Tab. 12. 

Table 12 - Tribometer parameters 

Pin material Alumina 

Pin Load 10 N 

Pin Radius 6 mm 

Print Radius 5 mm 

Linear Speed 10 cm/s 

Total Distance 1000 m 
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For each test, the friction coefficient was measured by the instrument though a load cell 

attached to the ball-holding arm. The wear rate of the ball was determined from the worn 

diameter with an optical microscope; the wear rate of the sample was evaluated by measuring 

the volume loss on the wear track by a structured illumination profilometer (ConfoCam, 

Confovis GmbH, Jena, Germany) attached to a Nikon Eclipse LV150N optical microscope. 

 

 

Figure 34 – Worn surface of the Al2O3 ball after sliding wear testing against the chromia-10%zirconia 
coating. 

3.8 Scratch test procedure 

Scratch tests were performed by a Micro-combi tester (CSM Instruments, Switzerland), Fig. 

35. The samples were surface polished following the same procedure employed for the pin on 

disc test in order to avoid anomaly in material removal due to differences in surface roughness. 

Two different procedures were performed to evaluate the wear mechanism: 

• Multi-pass (4 times) and Constant load of 24 N  

• Single-pass and progressive load from 0.02 N to 30 N 

The common parameters of the procedures were the tip (conical Rockwell-C type with 120° 

angle and 200 µm tip radius), the tip speed of 1 mm/min and the scratch distance of 6 mm. 
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Figure 35 – Scratch test setup: the sample is clamped on a motorized table while the tip is applying 
the load 

 

3.9 Electron Microscope observations  

Several observations were performed by scanning electron microscopy (SEM) using a Field 

Emission Gun (FEG) source (Nova NanoSEM 450, FEI ThermoFischer Scientific, equipped 

with a Quantax-200 EDX system, Bruker) on samples' cross-sections, on scratch traces, and on 

wear scars imaged from both the surface and cross-section. 

Another SEM (Quanta-200, FEI ThermoFischer Scientific) was employed to acquire 

micrographs from the top surface of the powders and corresponding EDS analyses (INCA, 

Oxford Instruments Analytical, UK). 

A transmission electron microscope (TEM: Talos F200S G2, ThermoFisher Scientific) was 

employed to investigate the morphology of the wear debris collected after the ball-on-disc tests. 

 

 

Sample 
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4 RESULTS AND DISCUSSION  

4.1 Powders size distribution by laser diffraction 

Laser diffraction analysis revealed the particle size distributions of the adopted powders. The 

results are consistent with the datasheets of the supplier and are shown in Tab. 13 and Fig. 36. 

The analyses also provided the missing data of the ruby powders: their particle sizes are 

comparable to each other and to the other powders investigated in this study. 

Table 13 – Particle size distributions of the feedstock powders (values in μm). 

Powder +d10 -d90 

Cr2O3 21.7 53.5 

Cr2O3-25%TiO2 18.7 51.6 

Ruby L 20.5 42.4 

Ruby S 14.8 48.6 

Cr2O3-10%ZrO2 14.6 39 

Cr2O3-20%ZrO2 15.2 49.7 

 

 

 

Figure 36 – Comparison among particle size distributions: dark grey bars correspond to values 
obtained from the laser diffraction test and light grey bars show supplier’s data. 

 

0 10 20 30 40 50 60

Cr2O3

Cr2O3-25TiO2

Ruby "L"

Ruby "S"

Cr2O3-10ZrO2

Cr2O3-20ZrO2

µm

Particle size distributions



45 

 

4.2 Powders microstructure from FE-SEM image analysis  

Magnified micrographs of the feedstock materials were acquired in order to study the 

morphology of the powders; EDS analysis was performed as well, the compositions displayed 

are normalized stoichiometric percentage.  

Chromia powders consisted of a single homogeneous phase; the powders were obtained by 

fusing and crushing process as shown in Fig. 37A. EDS analysis was performed on the cross-

section of the powders as show in Fig. 37B, the results displayed in Fig. 37C exhibit metallic 

Cr area within the particles, as well as areas with locally different Cr/O ratios. 

 

 

 

Figure 37 – Cr2O3 powder surface morphology (A), cross-section detail (B), EDS results (C) 
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Chromia–titania powders were made by fusing and crushing as well; a cross-section 

micrograph of the powders shows the presence of at least two distinct phases with different 

shades of grey Fig. 38A; the darker phase analysed with EDS (Fig. 38B) consisted of a greater 

amount of Ti: approximately 54,04% TiO2 was estimated by considering the oxide 

stoichiometry. It is probably due to the presence of titanium oxide phases not in solid solution 

with chromia or a possible intermediate compound. 

 

 

Figure 38 - cross-section detail of the Cr2O3 - 25TiO2 powder (A) and relative EDS results (B) 

Ruby powders were made from an agglomeration and sintering process as can be seen from 

Fig. 41. The alumina content of the ruby powders was estimated by EDS analysis, averaging 

three sites of interest and converting the elemental analyses into oxide concentrations in wt.%: 

• Ruby S: Cr2O3 – 33,7%Al2O3 

• Ruby L: Cr2O3 – 14,9%Al2O3 
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The Ruby L powder exhibited denser aggregates (Fig. 40A) than did Ruby S (Fig. 40B), which, 

by contrast, tended to disaggregate to a certain degree. Moreover, differences in terms of phases 

were found: Ruby S consists of a mix of darker and brighter particles, the latter containing 

more intense peaks of chromium in EDS spectra. These particles, highlighted in Fig. 39B, look 

morphologically different and seem to have been added to the other, agglomerated and sintered 

particles. 

 

 

Figure 39 – Morphology of the Ruby powders: ruby L (A) and on ruby S (B) 

 

 

Figure 40 – Comparison between the cross-sections of ruby L (A) and ruby S (B) 

Chromia-zirconia powders show distinct phases due to mutual immiscibility of zirconia and 

chromia [31]. Distinct phases sometimes co-exist within a single particle: magnified images 

displayed bright regions with high concentration of zirconium, Fig. 41, attached to darker, 

 

A B 

A B 
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chromia-based regions, as confirmed by cross-sections in Fig. 42. EDS analyses display small 

regions of metallic Cr (Fig. 43B det. 4), regions of pure chromium oxide (Fig. 43B det. 6) or 

zirconium oxide (Fig. 43B det. 5), and regions where both oxides co-exist in an intimate 

mixture (Fig. 43B det. 7). This looks like the outcome of a melting and crushing process. 

 

 

Figure 41 – Surface view of the Cr2O3 - 20ZrO2 powder 

 

Figure 42 – Powders sross-section of Cr2O3-10ZrO2 (A) and Cr2O3-20ZrO2 (B) 

A B 
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Figure 43 – Cr2O3 - 10ZrO2 powder cross-section (A) and relative EDS results (B) 

4.3 Powders' and coatings' phase composition by X-ray diffraction 

X-ray diffraction analysis was performed on both powders and coatings: eskolaite was the main 

phase in all powder samples, Fig 44. Slighted shifts in the peak positions were noticed among 

different materials, which is due to non-stoichiometry in the Cr2O3 compound and, most of all, 

to the formation of solid solutions. 

The Cr2O3-25TiO2 powder contains shifted Cr2O3 peaks due to the solid solution effect of TiO2; 

indeed, positions match with the ICDD reference pattern for a (Cr0.88Ti0.12)2O3 phase. 

Moreover, some additional peaks indicated the formation of an intermediate compound, 

CrTi2O5, as well as a low amount of rutile phase. This finding is consistent with the presence 

of Ti-rich secondary phases seen in SEM micrographs in Section 4.2.  

The Ruby powders, as expected, showed the same peaks of Cr2O3 but shifted to higher 

diffraction angles because of the presence of Al2O3 as solute element. Ruby S exhibits more 

shifted peaks due to the greater amount of Al2O3 in the powder; a component of non-shifted 
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peaks of Cr2O3 indicates the presence of an unalloyed phase as previously detected by ESEM 

micrographs.  

To the contrary, chromia-zirconia powders contained monoclinic ZrO2 phase, distinct from 

eskolaite, because of the immiscibility of ZrO2 and Cr2O3 [31] (Fig. 46).  

XRD patterns of the coatings show the presence of eskolaite as main phase in every 

composition (Fig. 47). When Cr2O3 is alloyed with oxides containing a cation with larger ionic 

radius than Cr3+, such as Ti4+ and Zr2+, peaks are shifted to lower diffraction angles as the cell 

parameters of the eskolaite structure are increased. Instead, with Al2O3 additions, peaks are 

shifted to higher diffraction angles, indicating a reduction in cell parameters through the partial 

substitution of Cr3+ with Al3+ having small ionic radius. 

In the XRD pattern of the Cr2O3-TiO2 coating, all of the secondary phases seen in the feedstock 

powder disappear, Fig. 45. It means most of the secondary phases dissolved in molten eskolaite 

during spraying, and quenching resulted in the formation of a single solid solution. 

In the XRD pattern of the Cr2O3-ZrO2 systems, peak shift indicates the presence of some Zr4+ 

as a metastable solid solute in the eskolaite structure; however, ZrO2 peaks still appear. More 

specifically, plasma spraying deposition induced the formation of the tetragonal phase of 

zirconia, which was retained as a metastable structure at room temperature (Fig. 46) [32]. 

 

 

Figure 44 - Comparison among XRD patterns of the feedstock powders 
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Partial reduction of Cr2O3 in the H2-containing plasma jet at high temperature is also possible 

and may contribute to peak shifting, especially in the unalloyed Cr2O3 coating. The 

thermodynamic possibility of reducing Cr2O3 at high temperature in an oxygen-poor 

environment is confirmed by the Ellingham diagram that shows the stability of oxides as a 

function of temperature and oxygen partial pressure [33]. 

 

Figure 45 - Comparison between the XRD patterns of the Cr2O3-25TiO2 powder and coating 

 

Figure 46 - Comparison between the XRD patterns of the Cr2O3-20ZrO2 powder and coating 
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Figure 47 – Comparison among the XRD patterns of the coatings: 1) Cr2O3, 2) Cr2O3-25TiO2, 3) Ruby 
L, 4) Ruby S, 5) Cr2O3-10ZrO2, 6) Cr2O3-20ZrO2 

 

4.4 Coatings’ thickness, porosity and deposition efficiency  

The cross-section of the coatings will be briefly introduced by observing low-magnification 

overviews by optical microscopy and further discussed in detail through the micrographs 

obtained with the scanning electron microscope in Section 4.6. Coatings' cross-section acquired 

by optical microscopy are shown in Fig. 48: all samples contain visible porosity although there 

are no major defects and no cracking occurs at the interface with substrate. No notable inter-

layer defects emerged from the plasma-spray deposition. Cr2O3-10ZrO2, Cr2O3-20ZrO2 and 

Ruby S display visible multi-phase structure, as it emerged from XRD analysis. This will be 

further discussed in Section 4.6. 

Coating thickness was evaluated by optical microscopy, the results summarised in Tab. 14 are 

the average of four measurements. Each coating was found have a thickness between 250-300 

µm, remaining within the limit of the desired thickness. Porosity results are listed in Tab. 15, 

void size measurements were registered as well. The following results can give a guidance to 

compare the differences among the distributions of voids in the various coatings.  
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Table 14 – Coatings thickness  

 Thickness [µm] St. dev 

Cr2O3 252.6 3.1 

Cr2O3-25%TiO2 264.0 4.9 

Ruby L 251.1 4.1 

Ruby S 280.6 7.7 

Cr2O3-10%ZrO2 290.6 1.6 

Cr2O3-20%ZrO2 271.7 3.8 

 

Table 15 – Coatings porosity and void size  

 Porosity [%] St. dev Void size AVG [µm] St. dev 

Cr2O3 7.7 0.9 2.3 0.2 

Cr2O3-25%TiO2 6.8 1.4 2.6 0.3 

Ruby L 8.8 0.6 3.0 0.2 

Ruby S 7.7 0.6 3.3 0.2 

Cr2O3-10%ZrO2 8.7 1.0 2.9 0.2 

Cr2O3-20%ZrO2 6.9 1.7 2.4 0.5 

 

The coatings exhibit similar porosity values, which are due to the relatively low particles' 

velocity in the plasma spraying process and to the quenching-induced intra- and inter-lamellar 

microcracks typical of plasma sprayed ceramic coatings. The lower value of Ruby S compared 

with Ruby L can be due to the fused and crushed, pure Cr2O3 particles found in the former 

powder: they can contribute to enhance the overall melting degree of the splats and, 

consequently, to reduce the porosity value. Moreover, it seems that the amount of ZrO2 affects 

the porosity of the chromia-zirconia coatings. 
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Figure 48 – Coatings cross-section overviews  

Tab.16 lists the DE values, as expected, the pure chromia powder showed the lowest value due 

to its high volatility [26]. The addition of TiO2 and Al2O3 due to the formation of solid 

solutions contributed to the increase in deposition efficiency. The contribution of ZrO2 was 

not as appreciable as for the previous ones, this because of the immiscibility of the two oxides 

which did not consequently form solid solutions [31]. 

Cr2O3 Cr2O3-25TiO2 

Cr2O3-10ZrO2 Cr2O3-20ZrO2 

Ruby L Ruby S 
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Table 16 - Coatings' deposition efficiency 

 DE 

Cr2O3 30% 

Cr2O3-25%TiO2 43% 

Ruby L 50% 

Ruby S 57% 

Cr2O3-10%ZrO2 36% 

Cr2O3-20%ZrO2 33% 

 

4.5 Coatings' hardness 

Micro-hardness values are an average of 10 indentations performed on the cross-section of the 

coatings; results are listed in Tab. 17 and in Fig. 49. 

Table 17 - Micro-Hardness values (HV0.3) 

 min Max AVG St.dev Error range 

Cr2O3 1097 1385 1207 106 33.5 

Cr2O3-25%TiO2 849 1068 974 63 19.9 

Ruby L 1046 1418 1222 109 34.5 

Ruby S 998 1152 1076 46 14.5 

Cr2O3-10%ZrO2 940 1246 1107 107 33.8 

Cr2O3-20%ZrO2 935 1091 1010 53 16.8 

 

 

The addition of ZrO2 seems to contribute to decreasing hardness in the related chromia based 

coatings. The Cr2O3-TiO2 coating also had lower hardness compared to all other samples. 

Considerable differences emerged between the Ruby coatings: Ruby S exhibited a lower value 

compared to Ruby L, which, by contrast, had the highest hardness value among the coatings. 

This looks remarkably at odds with porosity data; indeed, Ruby L was measurably more porous 

than Ruby S. Therefore, the hardness values of the present samples seem to be influenced more 

by composition than by porosity. 
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Figure 49 - Micro-Hardness values measured on the coatings’ cross-section 

4.6 Coatings’ microstructures by cross-section analysis  

The chromia coating consists of a single phase containing lighter stringers (Fig. 50): these 

reflect sub-stoichiometric chromium oxide, as confirmed by the relatively higher amount of Cr 

measured by EDS in Fig. 51. The microstructure showed some interlamellar defects as well as 

intra-lamellar cracks, due to splat quenching, and more rounded pores, due to gas entrainment 

and/or imperfect stacking between splats. No unmelted particles were spotted, the lamellae 

seem to have been well melted and, in some cases, exhibit excellent cohesion. 

The coating containing titania displayed splats with different greyscale contrast levels (Fig. 

52): based on XRD patterns, they are assumed to be eskolaite-based solid solutions containing 

varying amounts of dissolved TiO2, which probably reflect compositional differences among 

distinct powder particles. EDS analysis confirmed the different compositions of splats having 

distinct contrast levels (Fig. 53A). Lighter regions are richer in Cr (detection site n.2 in Fig. 

53B) compared to darker ones (detection side n. 1). Quantitative EDS analysis on the cross-

section showed a 27.65±0.17% TiO2 content (normalized stoichiometric percentage), which is 

consistent with the composition of the powders and indicates no major compositional change 

occurred during spraying. Splats are tightly bound, with fewer interlamellar cracks than the 

pure Cr2O3 sample. This can be caused by the reduced melting temperature of the Cr2O3-TiO2 

mixture compared to Cr2O3, since TiO2 has lower melting temperature, 1857 °C, when 

compared to Cr2O3 (2300 °C). This might have helped splats to weld together improving bond 

formation. To the contrary, several intra-lamellar microcracks were observed as well: they are 

due to the quenching during the spraying operations, and they tend to cross multiple splats, 

consistent with their tight interface as mentioned above. EDS analysis of a non-flattened 

particle, which was partially re-solidified before impact (Fig. 53), accordingly reveals a well 

melted, dark, Ti-rich matrix (detection point 3) surrounding cellular or dendritic Cr-rich 

precipitations (detection point 4), which confirms that Ti-rich phases have lower melting point 

than Cr-rich ones. 
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Figure 50 - Cr2O3 cross-section 

 

Figure 51 - Cr2O3 cross-section (A) and related EDS results (B) 
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Figure 52 - Cr2O3 - 25%TiO2 cross-section 

 

Figure 53 - Cross-section of the Cr2O3 - 25%TiO2 coating highlighting compositional differences (A) 
and related EDS results (B) 
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The cross-sections of the Ruby samples displayed some unmelted particles in both coatings; in 

particular, Ruby S contains more unmelted particles, because of the slightly larger d90 value of 

the feedstock powder. Some big particles do not have sufficient time to be melted during the 

spraying process. Consistent with the greater chemical homogeneity of the Ruby L powder, the 

corresponding coating consists of a solid solution of chromium oxide and aluminium oxide 

with a small amount of darker grey phase made of Al2O3, Fig. 54. On the other hand, the Ruby 

S coating reflects the greater inhomogeneity of the feedstock: together with the solid solution 

as main phase, white regions contain high amounts of Cr2O3 and a small amount of darker grey 

regions suggest Al2O3 phases, Fig. 55. These observations are also consistent with the XRD 

patterns of the coatings discussed in Section 4.3. The Ruby L coating also seems to contain 

more interlamellar defects than does the Ruby S one. EDS analysis was performed on the cross-

section of both coatings in order to evaluate the Al2O3 content, which was found to be 

23.96±0,00% and 43.11±0.16% in Ruby L and Ruby S samples, respectively. The values are 

representative of a single acquisition for both, but they confirm the greater amount of Al2O3 in 

the Ruby S composition, consistent with the corresponding powders. 

 

 

Figure 54 - Ruby L cross-section, unmelted areas highlighted  
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Figure 55 - Ruby S cross-section, unmelted areas highlighted 

In the chromia-zirconia coatings, the two separate phases that compose them are clearly 

displayed in Fig. 56A and Fig. 56B; specifically, white regions represent pure ZrO2. Regions 

with intermediate greyscale contrast, however, indicate the presence of a metastable Cr2O3-

ZrO2 solid solution, as previously inferred from the shift of the eskolaite peaks in the diffraction 

patterns. This was also confirmed by EDS analysis (Fig. 57). Moreover, some sub-

stoichiometric areas are seen in pure chromium oxide-based splats (Fig. 57: compare detection 

points 6 and 7). The ZrO2 content of the coatings was investigated through EDS: 10.17±0.41 

wt.% and 19.47±0.01 wt.% for Cr2O3-10ZrO2 and Cr2O3-20ZrO2 respectively, confirming the 

powder composition. Intra-lamellar cracks were once again seen in all Cr2O3-ZrO2 coatings; 

moreover, some inter-lamellar cracks appear as well. 
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Figure 56 - Cr2O3 - 10ZrO2 cross-section (A) and Cr2O3 - 20ZrO2 cross-section (B) 

 

Figure 57 - Cr2O3 - 20ZrO2 cross-section (A) and related EDS results (B) 
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4.7 Abrasion resistance by rubber-wheel testing 

Rubber wheel tests highlight differences in terms of wear resistance: the comparison is made 

by considering the weight loss after each 12 min-run. Some samples, such as pure Chromia and 

Ruby L, failed before the test ended: it means the substrate showed up due to abrasion of the 

coating. 

It is important to consider the differences in coating thickness and surface lapping depth. In 

fact, the failures could be caused by a too low coating thickness. For these reasons, even though 

the test length was 60 min, the results showed here include only the first 36 min of the test, 

where every sample did not fail.  

Data was converted into volume loss for a more appropriate comparison between materials 

having different densities. Calculations were made by considering the actual porosity of each 

coating and the density of each oxide. Density values are summarised in Tab.18 together with 

volume loss results; the density of compounds was evaluated as the weighted average of the 

densities of individual constituents, specifically assuming ρ-Al2O3=3.987 g/cm3 [29], ρ-

TiO2=4.23 g/cm3, ρ-ZrO2=5.68 g/cm3 [30]. The Al2O3 fractions of the two Ruby coatings were 

the same as obtained by EDS analysis in section 4.6. 

Table 18 – Calculated density values and volume loss results of the coatings for a running distance of 
3542.4 [m] 

 Density 
[g/cm3] 

Volume Loss 
[mm3] 

Standard 
deviation 

Error 
range 

Cr2O3 5.220 43.15 3.68 2.13 

Cr2O3-25%TiO2 4.973 34.79 3.79 2.19 

Ruby L 4.925 45.61 1.17 0.67 

Ruby S 4.690 45.24 5.32 3.07 

Cr2O3-10%ZrO2 5.266 24.97 2.84 1.64 

Cr2O3-20%ZrO2 5.312 25.49 2.30 1.33 

 
 

Fig. 58 and Fig. 59 show volume loss data. Pure chromia and ruby coatings have similar volume 

loss, which is the highest among all samples. It seems that the Al2O3 content in the two Ruby 

samples does not affect the wear loss; instead, chromia-zirconia samples responded very well 

by displaying the best performance. The chromia-titania coating had an intermediate abrasion 

resistance. 
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It would therefore look like abrasion resistance is unrelated to hardness, as the ranking of the 

coatings in the two tests is largely different, and the most wear-resistant ones are among the 

softest samples. 

Abrasion mechanisms will be discussed in greater detail in Section 4.8 through the result of 

single-asperity (scratch) tests. 

 

 

Figure 58 - Volume loss over a total distance of 3542.4 m in the rubber-wheel test 
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Figure 59 – Final volume loss value over a distance of 3542.4 m in the rubber-wheel test 

 

4.8 Additional wear considerations from scratch tests 

Scratch tests simulate individual abrasive contacts as they occur in the rubber-wheel test; 

hence, they are useful for interpreting the particles' abrasion response of the coatings. 

SEM micrographs of each coating were acquired from the portion of the “progressive load” 

scratch tracks corresponding to a load of approximately 24 N, to be compared with the 

micrographs acquired on multi-pass runs performed at the same load. 

The chromia coating displayed severe damage and a quite irregular wear scar (Fig. 60); the 

debris consisted of abundant fine particles, which started to appear already during the first pass 

(see the micrograph from the progressive scratch in Fig. 62). All of this indicates severe brittle 

fracture in the contact area. Detailed views suggest that cracks propagate both along lamellar 

boundaries (Fig. 61) and across grain boundaries (Fig. 62 and Fig. 63), within lamellae, thus 

leading both to the direct formation of very fine debris fragments, as well as coarser particles 

(Fig. 64), which are subsequently broken down to smaller pieces through repeated contact.  
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Figure 60 – Cr2O3: multi-pass scratch trace, overview 

 

 

Figure 61 - Cr2O3: inter-lamellar fracture detail (multi-pass scratch) 
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Figure 62 - Cr2O3: intergranular fracture detail in a single-pass scratch trace 

 

 

Figure 63 - Cr2O3: intergranular fracture detail (multi-pass scratch) 
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Figure 64 - Cr2O3: coarse particles detail (multi-pass scratch) 

As expected, the Cr2O3-TiO2 coating exhibited somewhat less scratch damage than did the 

Cr2O3 sample. Fig. 65 shows a compacted layer of debris and fragmented material on the wear 

scar. Its repeated deformation has led to the delamination of the surface layer; however, the 

occurrence of this phenomenon is less frequent than on the Cr2O3 sample. Interlamellar fracture 

is not suppressed in this sample (Fig. 66), but detailed views confirm that the Cr2O3-TiO2 

coating suffered less intergranular fracture than did the pure Cr2O3 coating after both 4 (Fig. 

67) and 1 (Fig. 68) scratch pass. 
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Figure 65 – Cr2O3-25TiO2: multi-pass scratch trace, overview 

 

Figure 66 - Cr2O3-25TiO2: fractures detail (multi-pass scratch) 
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Figure 67 - Cr2O3-25TiO2: intergranular fracture detail (multi-pass scratch) 

 

Figure 68 - Cr2O3-25TiO2 intergranular fracture detail in a single-pass scratch trace 
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Ruby coatings also showed wear by brittle fracture, involving interlamellar and intergranular 

crack propagation, which affect these samples more severely than it is seen in the Cr2O3-TiO2 

one (Fig. 69-71). Accordingly, significant interlamellar damage is seen even after only one 

scratch pass (Fig. 72), just as it happened with the pure Cr2O3 sample. Detailed views of the 

multi-pass tracks also reveal extensive intergranular failure (Fig. 73). The action of fatigue 

contributes to further fragmentation and particles' extrusion in multi-pass tracks. Pull-outs by 

interlamellar fragmentation were spotted on the track border. 

 

 

Figure 69 – Ruby S: multi-pass scratch trace, overview 
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Figure 70 – Ruby L: multi-pass scratch trace, overview  

 

 

Figure 71 – Ruby L: multi-pass scratch trace, alternative overview 
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Figure 72 – Ruby S: inter-lamellar fracture detail (multi-pass scratch) 

 

 

Figure 73 – Ruby S: intergranular fractures detail (multi-pass scratch) 
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Chromia-Zirconia coatings performed better than the others. After one scratch pass, only few 

superficial cracks and occasional pull outs were spotted. Fig. 74 and Fig. 75 show the overview 

of multi-pass scars. Repeated abrasive contacts clearly extended the occurrence of brittle 

fracture damage. Crack propagation mechanisms are identical to the other samples, namely 

both interlamellar (Fig. 76-79) and intergranular fracture (Fig. 80 and Fig. 81) are seen, but the 

overall damage to the sample surface is comparatively rather limited, which is consistent with 

the higher abrasion resistance of these samples in the rubber-wheel test. Moreover, detailed 

views show that chromia-rich splats are more affected by intergranular fracture than ZrO2-rich 

ones, which confirms that zirconia acts as a toughening agent for these samples (Fig. 82-84: 

the latter also confirms that bright regions are zirconia-rich), as it could have been expected 

based on the high toughness of this material. 

 

 

Figure 74 - Cr2O3-10ZrO2: multi-pass scratch trace, overview 
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Figure 75 - Cr2O3-20ZrO2: multi-pass scratch trace, overview 

 

Figure 76 - Cr2O3-10ZrO2: debris detail (multi-pass scratch) 
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Figure 77 Cr2O3-10ZrO2: interlamellar fracture detail (multi-pass scratch) 

 

 

Figure 78 Cr2O3-10ZrO2: cracked lamella detail (multi-pass scratch) 
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Figure 79 Cr2O3-20ZrO2: interlamellar fractures detail (multi-pass scratch) 

 

 

Figure 80 Cr2O3-20ZrO2: intergranular fractures detail (multi-pass scratch) 
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Figure 81 Cr2O3-20ZrO2: cracked region due to intergranular failure (multi-pass scratch) 

 

 

Figure 82 Cr2O3-10ZrO2: intergranular fracture network detail (multi-pass scratch) 
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Figure 83 Cr2O3-20ZrO2: intergranular fractures detail (single-pass scratch) 

 

Figure 84 – Cr2O3-20ZrO2 multi-pass wear scar (A) and relative EDS results (B) 

Overall, it is concluded that the scratch test effectively simulates single abrasive events of the 

same kind as they occur in the rubber wheel test, so that the qualitative ranking in terms of 

scratch damage corresponds to the rubber-wheel abrasive wear rates. It is therefore inferred 

that abrasive damage always occurs by brittle fracture, both inter-lamellar and inter-granular 

(intra-lamellar), and the differences among the various samples depend on the ability to resist 

fracture. Forming a TiO2-containing solid solution seems to be partially effective to this end. 

The addition of tough ZrO2 splats seems to be even more conducive to high abrasion resistance, 

as splats based on t-ZrO2 (as inferred by coupling EDX spectra to XRD patterns) seem less 

prone to crack propagation than are Cr2O3-rich ones. To the contrary, alloying with Al2O3 

seems not to be a good means to improve the resistance against abrasion by brittle fracture. 
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4.9 Wear rates from pin on disc and wear scar analysis 

The ball on disc wear test was carried out using an alumina ball, the hardness of which is greater 

than that of all samples. In fact, the hardness of the alumina ball is 1900 HV against 1222 HV 

of Ruby L, the hardest among the tested samples. Fig. 85 compares the specific wear rates of 

the coatings and corresponding balls; complete results are also listed in Tab. 18. 

The ranking of the different coatings in terms of sliding wear resistance is conspicuously 

different from that under abrasive wear conditions. Pure Cr2O3 and the Ruby L coating, which 

exhibited the worst abrasive wear resistance, exhibit (by contrast) the best sliding wear 

resistance, whereas Cr2O3-TiO2 and Cr2O3-ZrO2 samples had worse sliding wear performance 

whilst they exhibited the best abrasive wear resistance. 

 

 

Figure 85 - Specific wear rate comparison after ball-on-disk testing on all coated samples 

Pin images in Fig. 86 show how the coatings behave against the respective pins: when tested 

against chromia and Ruby L coatings, the pins exhibit regular, shallow abrasive grooves along 

the sliding direction. Pure chromia generates less material removal from the pin; chromia-
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10%zirconia, by contrast, produces deeper grooves on the pin probably due to the pull-out of 

bigger fragments from the coating. Cr2O3-25TiO2 imparted even more damage to the pin 

surface, it causes severe material removal and deep grooves, and significant transfer of wear 

debris. 

Table 19 - Wear rates and friction results from abrasion test  

 

Coating Pin   

Wear 
Rate 

Error 
range 

Wear 
Rate 

Error 
range 

Friction 
coeff. 

Error 
range 

[mm3/(N·m)] [mm3/(N·m)] µ 

Cr2O3 4.32×10-8 1.14×10-8 1.14×10-8 5.05×10-9 0.495 0.003 

Cr2O3-25%TiO2 6.55×10-5 2.33×10-6 4.16×10-6 2.76×10-7 0.771 0.006 

Ruby L 8.03×10-7 1.83×10-7 1.17×10-7 1.93×10-8 0.534 0.008 

Ruby S 2.30×10-6 5.87×10-7 1.97×10-7 6.28×10-8 0.610 0.000 

Cr2O3-10%ZrO2 9.63×10-7 3.89×10-7 1.86×10-7 6.45×10-8 0.505 0.008 

Cr2O3-20%ZrO2 8.82×10-6 3.06×10-6 9.08×10-7 8.72×10-8 0.588 0.018 

 

 

 

Figure 86 – Sliding wear scars produced on ball tested against 1) Cr2O3, 2) Ruby L, 3) Cr2O3-10ZrO2, 
4) Cr2O3-25TiO2. 
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The wear scars of the coatings in Fig. 87 show that pure chromia shows a quite smooth wear 

scar, consistent with the smoothness of the wear scar on the pin. This is due to compacted fine 

debris that filled the open porosity on the coating surface. This is confirmed by observing the 

surrounding surface, where open porosity appears. Other coatings suffered greater material loss 

and exhibited deeper, rougher wear scars, which again match with the worn surfaces of the 

corresponding balls. Extensive failure affected the chromia-titania coating. The Ruby and 

Cr2O3-ZrO2 coatings exhibited smooth scars with localized spallation: the severity of spallation 

and depth of the resulting pits control the overall wear loss. In the chromia-zirconia coatings, 

differences in the zirconia content seem to affect the wear behaviour: greater amounts of ZrO2 

cause more extensive spallation. Higher coating wear also results in greater pin wear (Fig. 86) 

and causes the build-up of debris clusters. 

 

 

Figure 87 – Compared wear scars of coatings 
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Cr2O3-10ZrO2 Cr2O3-20ZrO2 

Ruby L Ruby S 
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On the Cr2O3 coating, according to the SEM micrographs, a tribo-film was formed in the wear 

scar; it consists of plastically deformed debris and splats. This tribo-film was smoother than 

the original surface and protected the surface from further wear.  

Instead, the chromia-titania sample suffered severe wear due to the detachment of splat 

fragments which, in turn, cause the formation of a large amount of fine debris, part of which is 

attached to the worn surface and part, as noted above, to the counterbody surface. Accordingly, 

the top surface view of Fig.88, apart from the large amount of fine debris fragments, clearly 

shows the surface of a lamella, which was left uncovered by the detachment of the lamellae 

located just above it. The cross-sectional view of Fig. 89 shows that the worn surface follows 

the profile of lamellar boundaries, suggesting that interlamellar failure was the main reason for 

the high-volume loss, although interlamellar cracks do not extend deep below the worn surface. 

EDS analysis conducted on the debris in Fig. 90 does not show a composition far from the 

stoichiometric one; aluminium debris was also, found due to the material transfer from the 

counterpart. The highest value of friction coefficient can also be related to energy dissipation 

by extensive brittle fracture, as well as to the large amount of debris particles sticking to both 

mating surfaces. 

 

 

Figure 88 – Cr2O3-25TiO2 wear scar magnification  
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Figure 89 – Cross-section of the worn Cr2O3-25TiO2 coating, showing accumulation of debris and 
interlamellar delamination. 

 

Figure 90 – Cross-section of the worn Cr2O3-25TiO2 coating with debris layer on the surface (A) and 
related EDS measurements (B) 

Ruby S has undergone more damage compared with Ruby L: this can be ascribed to differences 

between their respective microstructures. Specifically, the greater inhomogeneity of the Ruby 

S samples and the presence of more unmelted aggregates due to the bigger particle size could 

be the reason for its slightly more severe wear loss.  Debris analysed by EDS in Fig. 92 and in 

Fig. 94 exhibit a quite homogeneous composition attesting to the mixing of debris fragments 

coming from all types of splats. Mixing is particularly obvious for the Ruby S sample, where 



84 

 

unalloyed Cr2O3 phase was detected from XRD analysis. In any case, both coatings exhibit 

brittle fracture wear due to interlamellar crack propagation, just as the Cr2O3-TiO2 sample also 

did. The surface micrograph of the wear track shows interlamellar crack propagation (Fig. 91) 

and the sub-surfaces (Fig. 93) confirm this phenomenon.  

 

 

Figure 91 – Ruby L wear scar seen from surface and cracking details 

 

Figure 92 – Ruby L debris detail (A) and related EDS results (B) 
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Figure 93 – Wear scars cross-section of Ruby L (A) and Ruby S (B) 

 

Figure 94 - Ruby S debris detail (A) and related EDS results (B) 
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The same interlamellar failure mechanism also explains the spallation events in the Cr2O3-ZrO2 

samples (Fig.95). In this case, it would look like a lower amount of zirconia, resulting in higher 

hardness, improves the sliding wear resistance; Cr2O3-20ZrO2 (Fig. 96) exhibited more intra-

lamellar cracks compared with Cr2O3-10ZrO2 (Fig. 97) probably due to quenching effects in 

the highly refractory zirconia splats. 

Overall, it is observed that sliding wear resistance ranks with hardness. It is possible that the 

hydrostatic confinement produced in the sub-surface layers of the coating during a sliding 

contact restrains crack propagation, which indeed does not extend below the worn surface. At 

the same time, individual asperities and/or debris particles are of micro- or submicrometric 

size; hence, their penetration into the surface is of the same order as the thickness of a single 

lamella. In this case, the likelihood of causing brittle detachment of a lamella from the surface 

depends on the depth to which asperities or debris particles can penetrate, which is dependent 

on hardness. If asperities are not allowed to penetrate the surface, they cannot uplift and detach 

splats. The situation is largely different from the contact with large abrasive particles in the 

rubber-wheel test, since, in that case, localized indentation by a single, large particle stresses 

the material to a greater depth without the simultaneous help of hydrostatic contact 

confinement. 

 

 

Figure 95 – Cr2O3-10ZrO2 wear scar surface 
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Figure 96 – Cr2O3-20ZrO2 wear scar cross-section 

 

 

Figure 97 - Cr2O3-10ZrO2 wear scar cross-section 
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Fig. 98 compares the friction progression between the coatings and the counterpart during the 

test; friction seems to increase with wear, in fact the increase in the friction coefficient in the 

ceramic / ceramic contact is caused by the dissipation of energy due to brittle fracture [34]. 

Both Cr2O3-25TiO2 and Cr2O3-20ZrO2 display a wider fluctuation of friction during the steady 

state, which can be correlated to the large amounts of debris due to the higher values of wear 

rate. The debris tends to build up on the mating surfaces, as observed in SEM and optical 

micrographs of worn surfaces on the coatings and the balls (respectively): periodic detachment 

and reformation of such debris layers result in instantaneous fluctuations of the friction 

coefficient. 

 

Figure 98 – Friction over distance comparison in the ball-on-disc test 
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4.10  Wear debris analysis from TEM observations 

Loose debris collected after the pin on disc test was observed by TEM to verify its morphology 

and structure; selected area electron diffraction (SAED) patterns were acquired as well. It was 

not possible to collect the Cr2O3 debris because of its low amount after the test. 

The debris of the Cr2O3-25TiO2 coating displayed very fine polycrystalline nature, Fig. 99: it 

probably consists of aggregates of extremely fine, crystalline fragments from the coating and 

the counterpart, consistent with the occurrence of extensive brittle fracture. Ruby powders 

exhibited both amorphous (Fig. 100) and crystalline debris (Fig. 101). It is likely that some 

amorphous phase was originally contained within the Ruby coatings; indeed, it is known that 

Al2O3 can promote the formation of some amorphous phase when cooled rapidly under plasma 

spray conditions [27]. Fig. 102 shows the chromia-20%zirconia debris, which consists of a 

polycrystalline structure as well. EDS analysis performed on the debris (Fig.  103) shows a 

quite uniform distribution of chromia and zirconia together with some alumina fragments from 

the pin, again testifying to the formation of aggregates of extremely fine fragments resulting 

from brittle fracture. 

  

 

 

Figure 99 – Cr2O3-25TiO2 debris  
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Figure 100 - Ruby L debris 

 

Figure 101 - Ruby S debris 
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Figure 102 - Cr2O3-20ZrO2 debris 

 

Figure 103 - Cr2O3-20ZrO2 TEM-EDS analysis 



92 

 

5 CONCLUSIONS 

The present work aimed to assess how the wear resistance of Cr2O3-based, plasma-sprayed 

coatings is affected by changes to their chemical composition through the addition of various 

amounts of Al2O3, TiO2 or ZrO2. All coatings were prepared by identical plasma spraying 

parameters and using feedstock powders with similar particle size distributions, in order to 

limit the effects due to processing and microstructure, instead focusing on composition. 

Coatings microstructures resulted quite dense, no major defects and no cracking occurs at the 

interface with substrate, rounded pores formed due to gas entrainment and/or imperfect 

stacking between splats. Cr2O3-10ZrO2, Cr2O3-20ZrO2 and Ruby S displayed visible multi-

phase structure, in the case of chromia-zirconia because the oxides didn’t form solid solutions. 

The ranking of the different coatings in terms of resistance to sliding wear was considerably 

different from that in abrasive wear conditions. The contrasting results obtained from the 

abrasion and sliding tests suggest a poor correlation between them: the coatings that obtained 

excellent abrasion results were among the poorest under sliding wear conditions. In all cases, 

brittle fracture phenomena occurred, but to different extents.  

In the ball-on-disc test, the extent of brittle fracture phenomena is limited to near-surface areas; 

cracks do not extend deep into the coating. This might follow from the compressive sub-surface 

stresses resulting from the Hertzian contact. As brittle fracture is somewhat restrained, sliding 

wear resistance correlates well with hardness, which indeed is a measure of the resistance 

against localized penetration of small asperities, such as those encountered in a sliding wear 

process. In fact, the Cr2O3-25%TiO2 sample, which possessed the lowest hardness, showed low 

sliding resistance. The overall ranking among wear resistances is also consistent with hardness 

for all coatings. In the case of pure chromia, fine debris particles formed a protective tribo-film 

formed that protected the coating against further wear. The wear rate was 4.32×10-8 

mm3/(N·m). When alloyed with other oxides, chromium-based coatings were shown to suffer 

more severe sliding wear. Coatings with a higher percentage of alloyed oxides showed worse 

sliding behavior. For example, the specific wear rate of the Cr2O3-20ZrO2 coating was 3.06×10-

6 mm3/(N·m) while that of the Cr2O3-10ZrO2 coating was 3.89×10-7 mm3/(N·m). 

On the other hand, Cr2O3-10ZrO2 and Cr2O3-20ZrO2 coatings exhibited the best resistance 

against abrasion by coarse, dry particles, whereas the hardest and more sliding wear resistant 

samples (Cr2O3 and Ruby L) exhibited the highest wear rates. In order to assess the fundamental 

wear mechanisms affecting the coatings when abraded by a large, hard asperity, scratch tests 

were performed using a Rockwell C-type diamond tip with 200 μm radius. In all cases, the 

response to single abrasive contacts is larger-scale brittle fracture than it happens in sliding 

contacts. Fracture proceeds both along interlamellar boundaries and across grain boundaries 

within lamellae, and damage increases significantly under repeated abrasive contacts, since 

cracks triggered by previous contacts act as starting points for further, unstable crack 
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propagation. The overall extent of damage, however, varies significantly among the various 

samples, with pure chromia suffering the most extensive brittle fracture. In fact, the pure 

chromia coating, which exhibited excellent results during the sliding test, was the most 

damaged one under repeated scratch testing conditions and returned one of the greatest volume 

losses during abrasion testing (43.15 mm3, together with Ruby coatings. In this case, the 

zirconia-containing coatings showed less damage during the scratching and a smaller volume 

loss during abrasion testing (24.97 mm3 for Cr2O3-10ZrO2 and 25.49 mm3 for Cr2O3-20ZrO2, 

which correspond to ≈2.4×10-4 mm3/(N·m)). Detailed inspection of the samples after scratch 

testing suggest that zirconia-rich splats develop much fewer intergranular cracks than do 

chromia-rich ones, which suggests higher toughness. 

Future developments include abrasion traces investigation through scanning electron 

microscopy in order to confirm the abrasion mechanism previously discussed. 
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