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SUMMARY 

 

This thesis presents the results obtained through characterization techniques and 

wear tests for diverse kinds of cermet and ceramic coatings applied by APS and HVOF 

techniques. The Al2O3-13TiO2 and WC-12Co can be applied by high temperature 

spraying process allowing them to be deposited onto metallic surfaces with less 

tribological properties. The application of those coatings onto metallic surfaces of 

finished parts, increases their performance in industrial applications; reducing 

maintenance cost, and increasing its operating time.  

The actual methods to characterize these coatings are usually destructive methods. 

But with non-destructive tests like XRD and XRF it is possible to obtain important 

information and establish a standard quality.  

The most important characteristics of ceramic and cermet coatings are the crystal 

phase distribution, the amorphous bending phase and in the WC-12Co the 

decarburization.  Depending on the application processes, the original powder 

particles are altered, changing their particle size, creating new phases and producing 

residual stress and deformation of crystal structures by the loss or substitution of 

atoms in the original crystal structures. Analyzing the diffraction patterns it is 

possible to observe which changes occur after spraying processes and evaluate the 

effect of those processes on the coating. A mapping via XRD allows to observe how 

homogeneous is the coating applied and if specific uneven zones exist that will 

present lower wear characteristics.  
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RIASSUNTO 

 

Questo lavoro di tesi mostra il risultati ottenuti mediante tecniche di carcaterisazione 

e prove di usura per diversi  tipi di material tipo ceramico e cermet applicati mediante 

tecniche di spruzzatura tipo APS e HVOF.  

Il  Al2O3-13TiO2 e WC-12Co possono essere applicati mediante tecniche di spruzzatura 

ad alta temperatura permettendo di essere depositate sopra superfici metalliche, dove 

le sue proprietà tribologica sonno minori.  

La applicazione di questi ricoprimenti sopra superficie metallica di pezzi già finite, 

aumenta la sua prestazione nel ambito industriale, riducendo I costi di manutenzione 

e anche un aumento nella durata della sua vita utile  

Gli attuali metodi di caratterizzazione su questi rivestimenti sono di solito prove 

distruttivi. Ma  ci sono delle prove non distruttive fatte con XRD e XRF, è anche 

possibile ottenere informazioni importanti e stabilire uno standard di qualità. 

Le caratteristiche più importanti dei rivestimenti tipo ceramico e cermet sono la 

distribuzione di fase cristallina, la fase di incollaggio amorfo e nel WC e 12CO la 

decarburazione. 

A seconda del processi di applicazione, le particelle di polvere originali sono alterati, 

cambiando le dimensioni delle particelle, creando nuove fasi e producendo tensioni 

residue e deformazione delle strutture cristalline dovuto alla perdita o sostituzione di 

atomi nelle strutture cristalline originale. 

Analizzando il pattern di diffrazione è possibile osservare quali cambiamenti 

avvengono dopo i processi di spruzzatura e valutare l'effetto di tali processi sul 

rivestimento. 

Una mappatura tramite XRD permette di osservare come  omogeneo è il rivestimento 

applicato e se esistono specifiche zone irregolari che presentano caratteristiche di 

usura inferiore. 
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I  

INTRODUCTION 

 
The study of the materials used as resistant coatings has been carried out for a long 

time. Cermet and ceramic coatings are an important sector of the wear resistant 

materials. 

The cermet and ceramic coatings can protect surfaces against the wear produced by 

friction, abrasion, corrosion and their properties are improved by using diverse 

application processes. Usually, if the microstructure is similar to that of a sintered 

material, the wear behavior increases. But this compact characteristic is difficult to 

obtain with the actual coating processes, like APS and HVOF, which have many 

variables that can affect the final coating`s characteristics. The improvement of these 

processes, in the application of coatings from cermet and ceramic powders, is 

obtained by means of varying the application parameters such as distance, particle 

size, velocity, temperature, etc. 

According to the final microstructural characteristics, residual stress and porosity of 

the coating the tribological behavior can present different mechanisms. In this study 

an exhaustive characterization of coatings, basically via XRD in different modalities, 

has been carried out. In particular for the case of the ceramic coating material, wear 

tests have been carried out in order to understand its tribological properties. 

The studied materials were a ceramic coating: Al2O3-13TiO2 applied with the APS 

technique that provides lower porosity levels and higher coating density. The coating 

adhesion to the substrate is usually improved through the use of a bonding coat, in 

this case Ni-20Cr. The Al2O3-13TiO2 coating is used where wear resistance, good 

surface finish and precise dimensions are required.  

The other coatings used were cermets: WC-12Co, usually applied on cutting tools for 

machining. Their high wear, temperature and friction resistance make the WC-12Co 

one of the principals materials for this kind of application. Two different processes 

have been evaluated: coatings applied by APS and HVOF techniques. The differences 
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between these two application techniques on microstructure are wide which allows a 

comparative study with solutions proposed for particular applications.  

The thesis is divided in two main parts. The first one includes the State of the Art 

where the recent studies in Al2O3-13TiO2 ceramic and WC-12Co cermet coatings 

applied wit APS and HVOF process are considered; and a brief description of wear 

mechanisms.  

In the second part the main results of the research activity are reported in the form of 

scientific articles for publication. 
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 II  

STATE OF THE ART 

 

2.1. - INTRODUCTION 

2.1.1. - The Origin of Coatings  

The need to create materials more and more resistant is an ever-present fact in man 

history, from the Stone Age, evolving into the Bronze Age, the Iron Age, etc. and with 

the arrival of the industrial revolution the current production processes require 

greater productivity, which means less dead time, for example for preventive 

maintenance or replacement of parts. 

Modern equipment is highly sophisticated, mostly automated and expensive. This 

equipment is designed to sustain high production rates for a reasonable period of 

time. Advanced materials and surface engineering processes are used in 

manufacturing the equipment in order to minimize wear. 

A particular sector in wear resistance of the materials is the finishing surface where 

the material if is a metal is treated with a mirror finish surface or a particular surface 

treatment as carburized. Another important process is the electroplating addition of 

another kind of material to protect the core from corrosion.  

The coatings have been commercially used since 1920's [1]. 

The application processes, the materials used as a coating and substrate, the effects 

that are produced have been studied. 

The development of these materials as coatings create ceramic and cermets coatings 

that usually been applied onto a metal, to improve its wear, corrosion and 

temperature resistance.  

The application fields range from cutting tool inserts to the biomedical sector 

depending of the materials used. New applications have been found every day. 

The materials used in this study are composites; according to ASM a composite 

material is a macroscopic combination of two or more distinct materials, having a 
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recognizable interface between them. The resulting composite material has a balance 

of structural properties that is superior to either constituent material alone. [2] 

In this case a mix of powders and bond material are combined to create a coating to 

protect metal surfaces. 

The studied coatings are Al2O3-13TiO2 (ceramic coating), and WC-12Co (cermet 

coating) applied by APS or HVOF onto a steel surface. These techniques and the main 

characteristics of the bulk materials will be described. 

However, the study of these coatings is very interesting due to the versatility of 

application surfaces and the wear and corrosion resistance. There are also many 

troubles been related to the process and use of coatings. The microstructure is usually 

inhomogeneous and totally different from that of cast, rolled or sintered material. 

Discontinuities, such as pores, thermal stresses, induced cracks, oxide lamellas or 

incomplete molten spray particles are commonly present. 

  

2.2.- MATERIALS 

2.2.1 Aluminum oxide, (Alumina, Al2O3). 

It exists in many metastable polymorphs besides the thermodynamically stable α-

Al2O3 (corundum form). The metastable Al2O3 structures can be divided into two 

broad categories: a face-centered cubic (fcc) or a hexagonal close-packed (hcp) 

arrangement of oxygen anions. It is the distribution of cations within each subgroup 

that results in the different polymorphs. The Al2O3 structures based on fcc packing of 

oxygen include γ, η (cubic), θ (monoclinic), and δ (either tetragonal or orthorhombic), 

whereas the Al2O3 structures based on hcp packing are represented by the α 

(trigonal), κ (orthorhombic), and χ (hexagonal) phases. Some additional monoclinic 

Al2O3 phases have been identified recently. 

Because of their fine particle size, high surface area, and catalytic activity of their 

surfaces, the transition aluminas (especially the γ form) find applications in industry 

as adsorbents, catalysts or catalyst carriers, coatings, and soft abrasives. The excellent 

stoichiometry and stability of Al2O3 help to make it an important constituent of many 

protective oxide scales formed on the surface of high-temperature metals and alloys 

[3-4]. 
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If the bulk material is the stable form α-Al2O3 (corundum form) the polymorphs can 

be obtained by dehydration of different alumina hydroxides, rapid quenching from the 

melt, vapor deposition, thermal spraying and crystallization [5]. The standard 

transitions [4] are showed in the figure 1. 

 

Figure 1. - Thermal transformation sequence of the aluminum hydroxides [4]. 

 

Flame sprayed alumina coatings were reported to contain predominantly metastable 

γ-Al2O3 in addition to the equilibrium α-Al2O3 phase. Plasma as-sprayed alumina 

coatings from commercial α-Al2O3 feedstock additionally showed presence of δ-Al2O3. 

Recent studies show the presence of new phases after HVOF or APS, this phase is 

called U phase [5]. 

 

2.2.2. - Titanium dioxide, (Titania, TiO2). 

Titania exists mainly in two polymorphic phases, anatase and rutile, which crystallize 

both in tetragonal lattice. The rutile is the stable form of TiO2 and the other one is 

anatase (metastable), which irreversibly transforms to rutile during heating. 

Depending of the powders characteristics and application parameters it is possible to 

control the transformation between the anatase (low temperature) phase and the 

rutile (high temperature) phase [6-7]. 
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The importance of control transformation is dependent on the applications; one 

application of TiO2 is in photocatalysis where TiO2 in the anatase phase has shown the 

greater photocatalytic efficiency compared with rutile phase. The photocatalytic 

efficiency of the material depends on the cristallinity of the material, surface area, 

shape of the particle, band gap and the amount of electrons around the Fermi energy. 

Depending of the application parameters it is also possible to dissolve all the crystal 

phase of TiO2 [8-9]. 

 

2.2.3. - Tungsten carbide, (WC). 

The tungsten carbide is relatively hard and brittle, has highly corrosion-resistant 

properties, and shows a high-temperature stability, chemical inertness and good 

electrical conductivity. The coatings of pure tungsten carbide, or alloyed with cobalt 

or iron tungsten carbide, exhibit high wear resistance and low friction. Furthermore, 

their hardness at high temperatures is outstanding [10]. 

According with S. Kim et al, the WC grains change their shape with the C content 

depending on the preferred growth of the crystal structure and it is responsible for 

the appearance of new crystallographic planes [11]. 

 

2.2.4. - Cobalt, (Co). 

In coatings the Co is used as binder, based on considerations of strength, hardness, 

and toughness, cobalt is the best binder for tungsten carbide. The wetting of tungsten 

carbide by cobalt, the solubility of tungsten carbide in cobalt, the adhesion of cobalt to 

tungsten carbide and the strength characteristics of thin cobalt films containing 

carbon and tungsten all contribute to its performance [12]. 

 

2.3. - COMPOSITE MATERIALS FOR COATINGS.  

The powders for coatings are mixed and fused or sintered and crushed with 

micrometric dimensions and in some cases nanometric size. The particle size selection 

is in order to improve the final properties, cost and use. 

In the table I a summary of the material characteristics and the application technique 

is presented. 
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2.3.1 Al2O3-13TiO2 

Plasma sprayed ceramic coatings are used in the industry due to the high wear and 

corrosion resistance and thermal insulation. 

The mechanical properties of the coating are usually strongly dependent on their 

microstructure such as phase composition, grain size, porosity and its distribution. 

Microhardness and toughness values of the Al2O3 coating can be amended by changing 

its composition with addition of TiO2 in plasma spraying in a way that this contribute 

to increase the toughness and wear resistance values of the coating.  

R. Yilmaz et al. find that Al2O3 with addition of TiO2 lowered significantly the 

microhardness of the alumina coating. And a decrease in hardness values resulted in 

an increase in toughness values of the alumina coatings [13]. 

Depending of the material conditions process and composition a phase diagram for 

these composites is reported in figure 2, and tacked from a study where after APS of 

AL2O3-13TiO2 the particles have been cooled at different cooling range  the phase 

diagram present the possible structures that can be created at specific conditions. 

 

Figure 2.- Phase diagram for the system Al2O3-TiO2 
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2.3.2. - WC-12Co 

WC cermet carbides are used as tool and dies, depending of the application and cost 

the Co content has been controlled, but the effect about Co content on the cermet 

properties is still unclear [14]. The Co content and WC grain size influence the 

mechanical properties and wear behavior. Hsaito et al. find that increasing the Co 

content and WC grain size the specific wear rate increased [15]. 

The principal effect in the Co content is in the hardness of the material, increasing the 

Co content the hardness decrease. Also the sizes of the WC particles significantly affect 

the mechanical properties and wear behavior. The studies realized about the grain 

size and its effect tried to improve the parameters of the high temperature application 

techniques (APS and HVOF) to use particles with smaller dimensions and with 

adequate control of application parameters technique is possible obtain less 

decarburation of WC and change in properties. 

Li et al. find that the relative abrasive wear of WC-Co coating is proportional to the 

square root of relative carbide size [16]. 

 

2.4. - THERMAL SPRAY TECHNOLOGIES 

Thermal spray coating technologies have become indispensable in several high-tech 

areas such as aircraft and automobile manufacture, power engineering, heavy 

machinery manufacturing, electronics, the waste treatment industry, and medicine. 

Thermal spray technologies have bright prospects for the future as they have proved 

to be technically feasible and highly effective investments [17]. 

Materials applied with these techniques retain their properties, as in the case of 

ceramics low chemical reactivity and the thermal insulation capacity, or like cermet 

materials with super hardness, high temperature and wear resistance. 

 

2.4.1 APS (Air Plasma Sprayed) 

The Plasma Spray Process uses an electric arc that heats up to high temperature the 

flux or inert gas (pure Ar, and mixtures with He, H2, etc.) to generate plasma. The 

addition of He and in particular of molecular gases results in a drastic increase in the 

enthalpy of the plasma. The temperatures reached with this source are around 8300°C 
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(15000°F) and the velocities around 300-550 m/s, where the maximum velocity and 

temperature are functions of the design and the operating parameters. The powder 

material is injected into the plasma flame, then the material impacts on the substrate 

surface and solidifies almost immediately, creating the coating. If the process is 

carried out correctly, the substrate temperature remains low during the process, 

preventing mechanical and metallurgical changes in the substrate material. In figure 3 

a scheme of a Plasma spray operation is shown[18-19]. 

The control parameters as temperature and velocity and the particles size, shape, 

chemistry and the surface preparation for these depend on the finish surface. An 

example is the porosity control, for the lowest porosity, the particles should be 

relatively hot and not too fast. This ensures proper splat formation and flow of the 

splat material as individual thermal spray particles impact the surface. Once a coating 

is optimized in one location or with one gun, the temperature/velocity data can be 

transferred to other [19]. 

 

Figure 3. - Schematic illustration of Plasma Spray operation [18]. 

 

In the plasma spray torch a gas flows around the tungsten cathode and through a 

water-cooled copper anode which is shaped as a constricting nozzle. An electric arc is 

initiated between the two electrodes using a high-frequency discharge and then 

sustained using DC power. The arc ionizes the gas, creating high-pressure gas plasma. 

The resulting increase in gas temperature, which may exceed 30,000 °C, in turn 

increases the volume of the gas and, hence, its pressure and velocity as it exits the 

nozzle. Power levels in plasma spray torches are usually in the range of 30 to 80 kW, 

but they can be as high as 120 kW [19]. 
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An important advantage of Plasma spray is that this process can be used to produce 

coatings of virtually any metallic, cermet, or ceramic material. 

Disadvantages of the plasma spray process are a relative high cost and the complexity 

of the process. 

2.4.2 HVOF (High Velocity Oxygen Fuel). 

This system is a refined oxy-fuel burner which uses advanced nozzle design 

technology to accelerate the gas particle stream to achieve particle velocities in excess 

of 550m/s. 

 A torch for this process is shown in figure 4 Fuel (propane, propylene, MAPP, or 

hydrogen) is mixed with oxygen and burned in a chamber. The products of the 

combustion are allowed to expand through a nozzle where the gas velocities may 

become supersonic. Powder is introduced, usually axially into the nozzle, where it is 

heated and accelerated. The powder is usually fully or partially melted. Because the 

powder is exposed to the products of combustion, they may be melted in either an 

oxidizing or reducing environment, and significant oxidation of metal and carbides is 

possible. 

With appropriate equipment, operating parameters, and choice of powder, coatings 

with high density and with bond strengths frequently exceeding 69 MPa (10,000 psi) 

can be achieved. Coating thicknesses are usually in the range of 0.05 to 0.50 mm 

(0.002 to 0.020 in.), but substantially thicker coatings can occasionally be used when 

necessary with some materials. 

HVOF processes can produce coatings of virtually any metallic or cermet material and, 

for some HVOF processes, most ceramics. Those few HVOF systems that use acetylene 

as fuel are necessary to apply the highest-melting-point ceramics such as zirconium or 

some carbides. HVOF coatings have primarily been used for wear resistance to date, 

but their field of applications is expanding. [19] 
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Figure 4. - Schematic illustration of HVOF Spray operation [20]. 

The coatings produced by HVOF are similar to those produced by the detonation 

process. HVOF coatings are very dense, strong and show low residual tensile stress or 

in some cases compressive stress, which enable the application of very much thicker 

coatings than those previously possible with the other processes. 

The very high kinetic energy of particles striking the substrate surface does not 

require the particles to be fully molten to form high quality HVOF coatings. This is 

certainly an advantage for the carbide cermet type coatings and is where this process 

really excels. 

HVOF coatings are used in applications requiring the highest density and strength not 

found in most other thermal spray processes.  

2.4.3. - Differences between processes 

Plasma and HVOF processes are different with regard to two principal aspects: the 

thermal and the kinetic engines of sprayed particles.  A comparison of APS and HVOF 

spraying shows that the plasma processes offer higher plasma temperature at relative 

low velocities whereas in the HVOF process is the opposite. The temperature of the 

HVOF spray stream does have some dependence on the choice of fuel gas. In addition, 

it has to be taken into account that the HVOF spray distance exceeds the plasma spray 

distance and that when HVOF is used with at shorter spray distances it can lead to 

overheating of the substrate. But the HVOF process, because of the lower flame 

temperature and higher particle velocity, induces less phase transformation into the 



                                                                                                                  State of the Art      

12 

starting material and produces denser coatings with lower porosity and higher 

cohesive strength in comparison to those obtained with the APS process [21-22]. 

 

 

Figure 5. - Schematic illustration of differences in velocity and particle temperature in some 

spraying processes. 

 

It is possible to better understand the process technique in the next image according 

from Goberman. He applies this model toAl2O3-13TiO2 coating[9]. 

 

 

Figure 6. - A schematic illustration of phase transformations and microstructural 

development during the plasma spray deposition of reconstituted nanostructured Al2O3–

13wt.%TiO2 agglomerates [9]. 
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Table I. - Material characteristics and application techniques. 

Material Particle Size(μm) Application 

technique 

Bond Coat 

Al2O3-13TiO2 -45+15 APS --- 

WC-12Co -88+44 APS --- 

WC-12Co -45+15 HVOF Ni-19Cr 

 

A review has been carried out on all the recent studies involving materials and 

application techniques in the field of characterization, microstructure and wear 

resistance properties of coatings,. 

 

2.5. - WEAR 

2.5.1. - General concepts of wear process. 

The interaction of the surface with its interfacing environment produces damage and 

the progressive removal of material from surface; according to this concept is possible 

defines  wear. The study of this phenomenon is fundamental in the study of tribology; 

this term comes from the Greek word tribos, or rubbing, and is defined as the science 

of friction-wear-lubrication of interacting surfaces in relative motion.  

The study of tribology has an important effect in the industrial sector because the 

costs generated by degradation of materials are high, the industry invest an important 

part of resources in prevention and attenuation of its effects. 

The wear is classified mainly in four types based on mechanisms, this are adhesion, 

abrasion, surface fatigue, and corrosion [23-25,30]. Even the mechanisms may vary 

slightly depending on the approach from the area of materials being studied. In this 

study a brief description of the main four mechanisms has been done. Wear is not an 

intrinsic property of the material but a system property classification. In a wear 

process normally more than one of these mechanisms is present. 

The general form of the wear equation is based on the relationship: 
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The wear volume (V) is directly proportional to the sliding distance (d) and the 

applied normal force (FN) and inversely proportional to the hardness or yield stress 

(H) of the softer surface as follows: 

 (Eq. 2.5.1) 

 (Eq. 2.5.2) 

The wear coefficient K is a proportionality number equal to the wear volume per unit 

sliding distance with the applied normal force equal to the hardness or yield stress of 

the softer material, from eq. 2.5.1 adding the proportionality constant is obtained eq. 

2.5.2. 

To evaluate a wear process ASTM has standards to regulate the tests [26] as well as 

the results and some of them appear in Table II. 

The amount of wear in any system will, in general, depend upon the number of system 

factors such as the applied load, machine characteristics, sliding speed, sliding 

distance, the environment, and the material properties. 

 

Table II. - ASTM standards for wear and tribology tests. 

ASTM standard 

designation: 

Method for: 

G 99 Standard Test Method for Wear Testing with a Pin-on-Disk Apparatus 

D 4172 Standard Test Method for Wear Preventive Characteristics of Lubricating 

Fluid (Four-Ball Method) 

G 40 Terminology Relating to Wear and Erosion 

G 65 Standard Test Method for Measuring Abrasion Using the Dry Sand/Rubber 

Wheel Apparatus 

G 76 

 

Standard Test Method for Conducting Erosion Tests by Solid Particle 

Impingement Using Gas Jets 

G 102  Standard Practice for Calculation of Corrosion Rates and Related 

Information from Electrochemical Measurements 
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2.5.2. - Test configuration for wear process. 

Examples of some wear test geometries are briefly described bellow in order to have a 

general idea of the application and because is necessary to develop appropriate design 

systems to simulate the closest conditions to the real process. Fortunately, some work 

on the selection and standardization of wear test for coatings can be found in the 

literature[27]. 

 

a) Pin/ball/cylinder -on-disc test: two materials are tested under nominally non-

abrasive conditions; pin-on-disk wear test system consists of a driven spindle 

and chuck for holding the revolving disk, a lever-arm device to hold the pin, 

and attachments to allow the pin specimen to be forced against the revolving 

disk specimen with a controlled load. Another type of system loads a pin 

revolving about the disk center against a stationary disk. In any case the wear 

track on the disk is a circle, involving multiple wear passes on the same track. 

The pin can be: flat, radiused tip, an sphere or a cylinder [26].  

b) Block-on-ring test: A stationary block specimen is pressed with a constant 

force against a rotating ring specimen at 90° to the ring’s axis of rotation. 

Friction between the sliding surfaces of the block and ring results in loss of 

material from both pieces [26].  

c) Ball-on-balls/flat: Three balls are clamped together, a fourth ball, concerns to 

as the top ball is pressed into the cavity formed by the three clamped balls for 

three point contact, the top ball is rotated with a specific number of rpm. The 

contact surface formed by the three balls can be modified by three fixed flat 

surfaces and the track will be likewise circular [26]. 

 

The geometries discussed earlier are shown in figure 7 respectively. 
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a) Pin-on disk/ball/cylinder 

             
         

b) Block on ring c) Ball on balls/flat 

 

Figure 7. - Commonly wear test geometries. 

 

2.5.3. - Wear Mechanisms. 

2.5.3.1. - Adhesive wear 

In adhesive wear, the sliding surfaces under load adhere together through solid phase 

welding of asperities, as the figure 8 showed. Subsequent detachment from either 

surface results in loss of materials. It is caused when the yield strength is exceeded, 

and the contacting surface asperities has been deformed plastically until break point 

of material, producing wear particles that can be cold-weld.  

 

 

Figure 8. - Schematic of adhesive wear. 
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 The adhesive wear equation (Eq. 2.5.3) is: 

 (Eq. 2.5.3) 

Where Kadh = K/3 

This equation indicates that the wear volume for adhesion is proportional to the 

normal load and sliding distance and inversely proportional to the hardness of wear 

material. 

Three different set of conditions help to cause low adhesive wear:  

 Mating Pairs with a low wear ratio 

 Suitable surface finis of the mating components 

 Suitable surface coating is provided to the surface to be protected from wear 

 

2.5.3.2. - Abrasive wear 

As defined by ASTM [23], is due to hard particles or hard protuberances that are 

forced against and move along a solid surface. Wear, in turn, is defined as damage to a 

solid surface that generally involves progressive loss of material and is due to relative 

motion between that surface and a contacting substance or substances. 

Parallel grooves are formed on a wear surface. This means that hard abrasive 

asperities are formed on the wear surface because of e.g. such as work hardening, 

phase transitions and third body formation at the interface [28].  

The abrasive wear can be sub divided in two body low stress abrasion, and three body 

or high stress abrasion:  

Abrasive two-body wear occurs when a hard object ploughs through a softer object, 

due to an applied normal force and the relative movement of these objects, the stress 

involved normally does not cause fragmentation of abrasives[29].  

During three-body abrasive wear, the abrasive particles are forced between two 

mating surfaces, high stress abrasion occurs, leading to loss of materials from both 

component surfaces. Under extreme high-stress conditions is known as gouging.  

The schematic representation of two and three body abrasive process is represented 

in figure 9 a) and b) respectively. 
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A loss of material from the surface is caused by sliding abrasives under load. Both 

free-flowing particles and abrasive attached to the counterbody cause wear. 

a)  

 

b)  

 

 

Figure 9. -  Schematic representation for abrasive wear of two and three body process. 

 

The abrasive wear equation (Eq. 2.5.4) is: 

        (Eq. 2.5.4) 

Where Kabr =   

And α=+1 to 2. Equation 2.5.4 is derived from the action of a single particle with an 

angle of attack (2α) and load (FN) causing wear on a work hardened surface of 

hardness H as in figure 10 The sequence to obtain the coefficient`s value is explained 

between the eq. 2.5.5 to 2.5.9. [1] 

 

Figure 10. - Schematic abrasion model in which an ideal cone particle removes material from 

a surface. 
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 (Eq. 2.5.5) 

were ab = wear length = 2 . Now 

H=  or (Eq. 2.5.6) 

=wear length =  (Eq. 2.5.7) 

Or 

 (Eq. 2.5.8) 

Or 

 (Eq. 2.5.9) 

 

2.5.3.3. - Corrosion 

It takes place when a corrosive environment produces a reaction product on one or 

both of the rubbing surfaces and this reaction product is subsequently removed by the 

rubbing. For the most usually occurring environments such as air at room 

temperature containing humidity and other industrial vapors, corrosive wear is 

primarily important for  surfaces. [30] Reactions with oxygen, carbon, nitrogen, sulfur, 

or flux result in the formation of an oxidized, carburized, nitride, sulfurized or slag 

layer on the surface. Temperature and time are two important factors controlling the 

rate and severity of corrosive attack. 

The use of lubricants can protect the surfaces from the corroding environment, thus 

reducing or minimizing the corrosive wear that would otherwise result. But if the 

selection of lubricant is not appropriate it may react chemically with the surface, thus 

altering the type of compound and amount of wear that would otherwise occur. One 

form of wear corrosion is showed in the figure 11. The figure shows the severe case of 

wear for corrosion. 
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Figure 11. - Uncontrolled adhesive wear and rapid corrosion of the exposed surface. 

 

2.5.3.4. - Surface Fatigue 

The repetitive action of the counterbody, under a fluctuating load, causing wear of the 

main body, is more akin to fatigue process. Fatigue related wear not only results in 

material loss from the surface; it also can reduce the working life of the engineering 

component. 

The continuing friction between parts in contact causes the accumulation of local 

palstic deformation on the surface of material, creating cracks after a certain number 

of cycles. Primary cracks are generated at the surface inwards of material; the primary 

cracks can create secondary cracks or coalesce between them and thus generate wear 

particles. As is showed in figure 12. 

 

Figure 12. - Schematic representation for fatigue surface wear. 

 

As mentioned at the beginning, two or more of the independent wear mechanisms 

may occur simultaneously and interact. A significant example of this is fretting; it 

occurs between two interacting mating surfaces, which are subjected to an oscillatory 

motion of small amplitude. When corrosion products form at the interface of two 

mating surfaces, the process is also known as fretting corrosion. Fretting wear occurs 

through a combination of fatigue, corrosion and adhesion processes. 
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The principal types of mechanical wear has been explained before, however, a number 

of minor types wear mechanism like erosion, impact chipping are considered for other 

authors.[30] 

The wear mechanisms from its origins has been studied for metallic materials [30], 

but with the develop of new technologies and materials  applications in  the industry 

as ceramics and plastics that constitute two major groups of materials,  which, apart 

from metals, are used extensively in applications requiring wear and corrosion 

resistance. The wear behavior depending of the kind of material and its  properties. A 

brief description of the wear in ceramics is presented bellow. 

 

2.5.4. - Wear of ceramics.  

 Factors affecting the wear of ceramics include plastic deformation and fracture 

toughness. The plastic deformation in ceramic materials is negligible. The wear in 

crystalline ceramics arises from crack formation during deformation and subsequent 

growth of those cracks. 

Its well know that a fracture occurs when the stress intensity factor (KI) reach the 

fracture toughness(Kc) value of the material and exceeds the fracture toughness (Kc)  

of the material [23]; according to this wear in ceramics materials is normally divided 

in three regimes depending of the factor of tension intensity. 

If this factor is less than the toughness of worn material the regime is called mild 

wear, if the factor is greater than toughness the regime is called severe wear, and 

finally if the stress intensity factor is much higher than the toughness the wear regime 

is called ultra severe. The failure of brittle ceramic materials depends on the fracture 

toughness.  

 

2.5.5. - Wear Transitions  

A wear transition can be defined as a sudden change in the rate of wear. It can be 

produced by a minimal variation of the independent variables that affect the system, 

as time, load, velocity, temperature, and etcetera. And this transition occurs 

independently of the wear mechanism.   It can be divided in three basic types of 

behavior; Type a) Here the transition is from a severe wear to a mild wear (usually 
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observed in metals). Type b) the wear behavior is constant without transition in the 

wear regimes. Type c) The transition occurred from a mild wear to a severe wear 

(typical behavior of ceramic materials). The regime transition is accompanied by an 

abrupt change in the friction coefficient, it increase or decrease depend of the 

transition type. The graphic in figure 13 shows the wear behavior as a function of 

transitions. 

 

 

 

Figure 13.- Wear behavior as a function of transitions 

 

  

2.6. - PROPERTIES OF COATINGS 

2.6.1. - Al2O3-13TiO2 

The coatings realized with Al2O3-13TiO2 and applied with APS process exhibit 

important characteristics: a dense surface with low porosity and very uniform 

lamellar structure. The porosity is caused by the reactions occurred during the APS 

process like de-oxidation and thus the generation of new compounds; porosity 

distribution is uniform and is not interconnected. The intersplat adhesion is favored 

by the alumina-titania glassy phase formed during the process. The use of bond coats 

improves the adhesion of the coating to the substrate. Definitely these are the ideal 

characteristics; but as will be described below, they depend of many factors like: 

parameters used in the APS process, powder characteristics as the size and 

morphology of the particle powders and its composition. However, there are some 

aspects that can be improved, as the residual stresses. These are product of the fast 
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cooling rates that the particles experiment with the impact on the surface. Another 

research topic can be the heterogeneity of the material, due the process there are 

zones that have higher concentrations than others; in some applications these can be 

weakly zones and produce a failure in the component. 

One of the most interesting properties of Al2O3-13TiO2 applied with APS, is the wear 

resistance. Its tribological behavior is a continuous research topic. Tests to evaluate 

their properties have been carried out in a wide range of conditions; dry and wet 

friction, abrasion, and tribo-corrosion, to name a few. 

Usually the main factors that are correlated with the wear process are hardness, 

porosity and toughness; these parameters depend on the material composition, in 

particular the titanium content. The effect of TiO2 content increases the toughness, 

improve wear resistance but causes hardness reduction [32]. Many models try to 

explain the behavior of evolution in the microstructure. Actually, is considered that 

the phase transformation occurs from α (stable) to γ (metastable) Al2O3-13TiO2 and 

that TiO2 is in solution in gamma phase, after APS process [33]. The transformations 

occurred during the process are difficult to understand Goberman et al. [9] shows the 

distribution of the grain size and microstructure, and presents a scheme about 

particle behavior. The concentration and evolution of each particle depend on the 

cooling rate and the parameters of the process. Beyond the phase transformation 

many factors influence the behavior of a coating. Like the parameters used in the 

torch depending of the process, after these the final mechanical and tribological 

properties must be tested to obtain the best quality. 

The characteristics of a coating and the applications must consider all the 

aforementioned aspects.  In some cases, materials that usually present less properties 

can be processed in a different way, and improve the structure [34-35]. 

The most studied process is APS because it presents better applicative features for 

this particular mixture of powders, the use of different application processes found 

more porous coating structures and in dry sliding wear process the results are not 

satisfactory [36]. 

In APS the usual wear effects under dry sliding contact are: a plastic deformation, 

crack propagation and delamination [32]. 
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In the tribological study of coatings, recalling the aforementioned parameters, the 

application of specific factors, that can be calculated in order to get wear forecast can 

be useful; an example is clearly described and studied by Bolelli et al. [37] where 

introduce the use of  KIC-L  related to crack propagation resistance in a direction 

parallel to the substrate. And a combination between KIC-L and Vickers micro-

hardness has been suggested to predict the dry particles abrasion resistance of 

plasma-sprayed ceramics. 

In the case of composites that involve a large number of materials, a particular 

component can greatly affect the general properties of the material and in some cases 

also the application.  

As the bond coat performs the adhesion between the coating and the substrate 

depending of both; in the case of the coating the titania effect has great influence in 

the wear behavior of the material. To a certain extent the addition of titania in APS 

Al2O3-TiO2 coating has been demonstrated to increase the toughness and wear 

resistance [13]. 

Another particular field of interest in wear resistant coatings is the residual stress, 

due to the fact that the high temperatures, high cooling rates, and high particle impact 

velocity to which powders are subjected are the main factors to create it. The residual 

stress build-up process in thermally sprayed coatings involves several factors, the 

most relevant ones being connected to the quenching and cooling stages. Quenching 

stresses are due to the shrinkage of lamellae upon cooling from the solidification 

temperature to the overall system equilibrium temperature, whereas cooling stresses 

are due to the difference in thermal expansion coefficient between the coating and the 

substrate. Additional sources of residual stresses can be phase transitions in the 

deposited material [38]. 

New perspectives for the application of these materials arise day by day; one is in the 

Invar massive molds, the particular properties of these materials like low hardness, 

and poor wear behavior, make them ideal candidates to be coated with a wear 

resistant film, in the case of APS with Al2O3-13TiO2, the result shows a good wear 

resistance and an important hardness increase compared to that of the Invar mold in 

normal condition [39]. 
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More than wear resistance, these materials must be resistant to corrosive 

environments due to the ceramic properties like low reacting materials. The 

University of Ferrara in the Corrosion center realize tests to evaluate the tribo-

corrosion behavior of these coatings under severe environmental and load conditions, 

and the results show that depending on the material characteristics, the main 

application for these coatings is in wear resistance but with a moderate effect in 

corrosion resistance [40]. 

2.6.2. - WC- 12Co. APS 

The APS process used to apply WC-12Co produces coatings where the presence of a 

porous surface is characteristic, due to the high temperatures and lower velocities 

than those produced by HVOF process. 

In some cases the control of the porosity produced in the coatings is an important 

parameter when the service is under lubricating conditions. 

Not many studies have been carried out with this particular kind of coating due to the 

structure characteristics. The main studies involve wear resistance in dry conditions 

and the chemical reactions that occur at high Plasma temperatures as decarburizing 

and dissolution of carbides.  

As described by Nerz et al. 

2WC→W2C+C 

W2C→2W+C 

This reaction is kinetically driven, i.e., time and temperature dependent, with the 

degree of decarburization being related to the manufacturing method of the starting 

powder and to the deposition process flame temperature and flame velocity [41].  

However, depending on the purpose, the WC-12Co applied with APS present 

advantages  over other process like HVOF; plasma and HVOF processes are 

characterized differently in regard to two principal aspects. These are the thermal and 

kinetic engines of the sprayed particles. A comparison of atmospheric plasma 

spraying (APS) and high velocity oxy-fuel (HVOF) spraying shows that the plasma 

processes offer higher plasma temperature at relative low velocities whereas in the 
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HVOF process is the opposite. The temperature of the HVOF spray stream does have 

some dependence on the choice of fuel gas. In addition, it has to be taken into account 

that the HVOF spray distance exceeds the plasma spray distance and when HVOF is 

used at shorter spray distances it can lead to overheating of the substrate. Another 

issue is the porosity that can be an important factor that can be exploited in 

infiltration of solid lubricant or others materials to increase wear properties [21]. 

As to wear mechanism such as particle erosion, adhesion and abrasion, some results 

have been presented in a general way by Kim et al. whom states that “Atmospheric 

plasma-sprayed WC-12%Co coatings are composed of individual splats with different 

chemical compositions as well as unmelted particles, porosity, retained carbides, and 

many transverse and lateral cracks. Porosity, hardness, surface roughness, and 

retained carbide of the coatings are not the principal factors for wear performance. 

The cohesive strength of the thermal spray coating is the most important factor 

affecting the wear performance of the material. As the cohesive strength of the coating 

increases, the wear resistance to abrasive, adhesive, and particle erosion also 

increases” [11]. 

The importance of wear in coatings, offer more opportunities to study its tribological 

behavior. Varying parameters and composition to improve the cohesion, and discover 

new properties of these composites. 

More tests have been carried out to evaluate the resistance of these kind of coatings 

and the use of diverse parameters like elastic modulus, residual stress, and the 

chemical reactions that occur when the powders transform during plasma process; 

the APS can be improved by changing some parameter in the process like the use of 

optimized Ar–He mixtures that reduced the influence of the spraying environment 

and the degree of decarburization, thus allowing the fabrication of cermets 

characterized by a higher content of retained WC; the amount of other brittle phases, 

crystalline and amorphous, can be minimized. by optimizing spraying parameters and, 

mainly, the plasma forming gas flow, APS can be approach to create WC–Co coatings 

characterized by high anti-wear performance, comparable to those produced by HVOF 

[42-43] 
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The developments in materials processing give the possibility to use  nanometric 

powders, increasing the applications in many fields like those described above for 

Al2O3-13TiO2. 

Nano-powders are also used in WC-12Co, where the tests results open its possible 

utilization in coating. In the high temperature spraying process application the 

presence of molten and unmolten areas depends largely on plasma intensity; at higher 

plasma intensity, the fully molten regions increase. For micrometric coatings, porosity 

changes drastically with plasma intensity but at low intensity plasma energy is not 

high enough to melt micrometric powder. In nanometric coatings, porosity is not 

significantly affected by plasma intensity; the porosity found is associated to that of 

the feedstock [44]. 

These results have a great influence on coating wear and erosion behavior. 

2.6.3.- WC- 12Co. HVOF 

The coatings produced with the HVOF technique present a surface where the porosity 

is caused by the gas produced during the process. The liberation of carbon through 

the decarburization reactions results in two possibilities: oxidation of the carbon 

according to 2C + O2 → 2CO (gas) or diffusion of carbon into the matrix material [41] 

The sample preparation (polishing) to observe the coatings, allows the pulling out of 

the carbide particles, creating more than the real porosity inside the coatings.  The 

porosity is not intercommunicated and the pulling out is moderate. The presence of 

the amorphous bending phase seems to have ductile properties. Decomposition of the 

carbides is the same reaction explained before for Nerz et al. [41] 

Many studies have been carried out in coatings applied with these process; the topics 

include particle effect, the effect of the Co quantity, the effect of nano-powders, etc. 

And many related with tribological properties. 

Some studies consider also the fuel gas selection and its effect on the microstructure 

and wear resistance; if the fuel gas power increases an overheating of the WC-Co 

powder, and the appearance of undesirable phases occurs, it will be enhanced by 

increasing the oxygen to fuel ratio [45]. 
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Some  particular models have been created to explain particles evolution during 

coating process and accurate studies have been carried out by Verdon et al. where the 

microstructural evolution, the decomposition and the amorphous phase have been 

consider. They proposed realistic phisico-chemical processes that take into account 

the microstructural changes in the material.  In figure 14 a schematically 

representation of the microstructure, on a cross section of the coating. It is made up of 

elongated islands parallel to the substrate, which contains various amounts of WC 

phase according to the extent of WC dissolution in cobalt. This dissolution produces a 

nanocrystalline binder phase after cooling. Therefore the composition of the binder 

fluctuates through the microstructure and the tungsten concentration in the binder 

increases at the expense of the volume fraction of the remaining WC grains. These 

phenomena account for the appearance of sub-carbide W2C, tungsten grains, and only 

small amount of metallic cobalt in a nano-crystalline matrix under cooling. The matrix 

contains cobalt, tungsten and carbon in proportions that fluctuate through the coating, 

in relation with the fluctuation of temperature and decarburization levels experienced 

by the impacting particles [46]. 

 

Figure 14. - Schematics of the coating microstructure perpendicular to the substrate. Each 

phase is represented by a different pictogram. (A) WC carbides. (N) Nano-crystalline matrix. 

(B) WC+W2C. W–W crystallites. (D) Co dendrites surrounding WC grains. (C) Splat 

boundaries. The different phases and crystallites are not drawn at the same scale for the sake 

of clarity. [46] 
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Considering the wear mechanism in abrasive tests, the performance of the coatings 

have been found to depend on the abrasive used to test the coatings, and the main 

mechanisms in these coatings resulting from micropolishing and gradual degradation 

of the lamellae include plastic deformation and interlamellae brittle fracture.  

The main conclusion for wear resistance under abrasion condition is that the 

interlamellae cohesion is critical for the coating resistance [47]. 

Other tests have been carried out to see the influence of the particle size in the 

abrasive wear resistance of the coatings.  The authors used different average sizes of 

the WC grains  powders and the results indicate that the WC carbide size influence 

greatly the abrasive wear,  establishing that the relative abrasive wear of WC-Co 

coatings is proportional to the square root of the relative carbide size.  The effect of Co 

has also been studied and shown that increasing the Co content reduces the hardness 

of the coating because it causes a reduction of WC and W2C phase.  But it is possible 

that, as in the Al2O3-13TiO2 coatings the toughness increases, also the wear 

resistance augments with a Co increase [14]. 

With the new process, many fields could take advantage of the nanoparticles that in 

many cases will improve the behavior of the same component processed just with a 

different size material.  

In the case of WC-12Co the characteristics of the coatings using normal and nano 

powders, under a wide range of abrasive test conditions, shows that wear rates of an 

HVOF-sprayed WC–Co nanocomposite coating were between 1.4 and 3.1 times higher 

than those of a coating sprayed from conventional powders. The increase in wear rate 

was attributed to the greater degree of decomposition suffered by the nanocomposite 

powder particles during spraying, which leads to a reduction in the volume fraction of 

the wear-resistant primary WC phase. Then for those cases in wear process the use of 

conventional powders is better than that of nanocomposites[48-50].  

The sequence of the process is very similar to that one proposed by Goberman just 

that in the WC-12Co case the cobalt particles are not fully melted. The two schemes 

presented in figure 15 have been proposed by Verdon et al. and Stwart et al. [46,48] 

respectively; their  sequences are very similar; in both cases a fully melted structures 
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did not appear, just a partial melting matrix and  a partial decomposition of carbides 

have been considered. 

 

  

 (a) A particle during flight. (b) Resulting 

islands in the coatings. The brighter color of 

the gray scale gradation corresponds to a 

lower W concentration in the liquid (a) and 

in the matrix (b), respectively [46].  

Processes involved in melting, WC 

dissolution and decarburization of a WC/Co 

powder particle. The expected changes 

during the HVOF process (a), (b) until  the 

formation of a lenticular splat on impact with 

the substrate is illustrated in (c) [48]. 

Figure 15.- Schematic illustration of the microstructure formation during spraying process 

 

2.6.4. - WC-12Co properties compared between APS and HVOF 

Attempts to compare the characteristics of the same materials processed in different 

ways and that present very different structures after being processed have been 

carried out. 

Some tests have been carried out on the wear phenomenon that occur in a surface 

during a friction process; the findings  depend on the final properties of the material, 

but the principal fact is on the material cohesion, if the cohesion between the splats 

and particles increases the abrasion resistance of those kind of materials also 

increases. Liao et al. established that it is very important to increase the cohesion 

between the carbide particles and the cobalt matrix; this cohesion is related to the 

amorphous or nano-crystalline phase interaction in the coatings at the interface 

between the carbides and the matrix [51]. 
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Some studies have been carried out in order to understand the effects of the 

application technique on microstructure, and tribological properties of different 

coatings; and the overall results indicate a porosity reduction for the coatings applied 

with HVOF process (which is significantly lower than, that of those applied with APS 

process), the interlamellar cohesion increase, and the grains in HVOF are smaller and 

more equiaxed; while, larger and mostly columnar  morphology of the structures are 

characteristic of the APS process. 

By the tribological side in abrasive test the HVOF sprayed coatings are superior to APS 

ones [52-53]. 
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III 

EXPERIMENTAL PROCEDURE 

In this chapter the equipment, materials and experimental conditions are presented. 

The materials have been characterized and tested to understand and document wear 

behavior. 

 

3.1. - COATINGS ON STEEL SUBSTRATE. 

The coatings have been realized by ZOCA industry on steel disks with the composition  

shown in the table I. Disk diameter is 75 mm with a thickness of 5 mm ±0.5 mm 

(depending of the kind of coating), the geometry is according with the tribometer 

equipment requirements with a design given by the equipment supplier. The coating 

thickness depends of process and materials used, the specific values are reported in 

table II. The studied coatings and its application technique and size particle as 

reported in the Materials chapter. The different disk surfaces are shown in figure 1; 

the color varies depending on the application technique and kind of material used. 

Three commercial coatings were prepared, two of WC-12Co coating applied one by air 

plasma spray technique (APS) and the other by high velocity oxi-fuel (HVOF) and one 

of Al2O3-13TiO2 applied by APS; in this case in order to improve the material adhesion 

onto the steel substrate the coating has been deposited onto a Ni-20Cr bond coat (also 

obtained by APS). 

The deposition parameters are confidential. 

 

Table I. - Chemical composition (wt.%) of disk´s steel. 

C Mn Ni Cr Si Cu Mo S Fe 

0.22 0.88 0.87 0.84 0.30 0.20 0.06 0.03 Balance 
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Al2O3-13TiO2 WC-Co (APS) WC-Co (HVOF) 

Figure 1. - Disk appearance in as received condition 

 

Table II. - Chemical composition (wt.%) of the feedstock powders. 

 Al2O3-13TiO2  WC-12Co (APS) WC-12Co (HVOF) 

Type FST C-335.23 by Flame 

Spray Technologies 

Amperit 515.2 by 

H.C. Stack 

WOKA 3102 by 

Sulzer 

Composition 13.12%TiO2, 0.22%ZrO2, 

0.15Nb2O5, 0.1%SiO2, 

0.09%MgO, 0.07%CaO, 

0.24% other oxides, 

balance Al2O3. 

4.2%C, 11.2%Co, 

0.8%Fe, balance 

W  

5.38% C, 11.99%Co, 

0.04%Fe, balance W 

Particle 

dimension 

-45+15 -88+44 -45+15 

Thickness* 200 ±25 μm 150 ±50 μm 150 ±25 μm 

* It can be vary because is also affected by the polishing process. 

 

3.2. - COATINGS CHARACTERIZATION. 

3.2.1. - Optical Microscope (OM) 

The first observations and measurement of surface and cross sections of the coatings 

were carried out in an optical microscope LEICA MEF4M equipped with image 

analysis software Archive4Images v.3.20b. The surface porosity has been calculated 

with the same software in a polished surface at 500X with a media value between the 

calculi of 20 images of the surface. 
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3.2.2. - Scaning Electron Micrpscope (SEM) 

The microstructure of the samples was observed in SEM, both on the surface and 

transversal section, in as received and polished conditions; the sample has been 

polished with abrasive paper from 800 to 1200 grid, and again with a polishing cloth 

with diamond solution from 9μm to 1 μm.  

The samples for SEM observation have been prepared metalizing the ceramic surface 

in order to make the sample conductive. The images have been obtained with 

secondary and retro-dispersed electron. The SEM equipped by Energy Dispersion 

Spectroscopy (EDS) was used to investigate the chemical composition of 

microstructures. 

 

3.2.3. - X-Ray Diffraction (XRD) 

The Diffraction analysis has been realized in Saltillo Coahuila, Mexico in Instituto 

Tecnológico de Saltillo, in Badajoz, Spain in Universidad de Extremadura. The XRD 

analysis realized in Mexico has been carried out in a PHILIPS* X`Pert  X-ray 

diffractometer (XRD) using Cu Kα radiation (λ= 1.54Å), with an intensity scanner vs. 

diffraction angle between 15° and 120° (step size of 0.06°), a voltage of 40 kV and 30 

mA filament current.  

The used equipment  in UNEX is a high-resolution diffractometer D8 ADVANCE  

Bruker using a Cu Kα radiation (λ= 1.50562Å), with an intensity scanner vs. 

diffraction angle between 20° and 80° (step size of 0.02° ), time count 3 s/step. 

Another XRD Analyses has been carried out in the University of Ferrara UNIFE. These 

analysis has been performed in a high resolution X-Ray diffractometer X'Pert Pro MRD 

XL PANalytical, with the next parameters: Cu Kα radiation (λ= 1.540598 Å), with an 

intensity scanner vs. diffraction angle between 15° and 80° (step size of 0.0001° ), 

time count 3 s/step. Voltage 40 kV, Current 40mA. 

 

3.2.4. – Instrumented Indentation Test (IIT) and Hardness 

To evaluate the hardness and elastic modulus of coatings an instrumented indentation 

testing (IIT) has been carried out.  The mechanics of IIT is like a hardness test, an 
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indenter with a well-defined geometry is forced into the surface of a sample using a 

known test force as shown in figure 1. Unlike a hardness test, where only the indent 

size or depth is measured after the total force has been removed, IIT utilizes high-

resolution instrumentation to continuously monitor and control the displacement of 

the indenter as it penetrates into and is withdrawn from the sample. The data points 

generated during the indentation process are stored together in the memory of a 

computer. A visual load/unload curve as presented in figure 2 is normally generated 

from the data. All of these data are then analyzed by any number of specifically 

developed algorithms to determine the desired material property of the sample [1]. 

The test has been carried out in a Nanotest, Micro Materials Ltd., Wrexham, UK, with a  

Berkovich diamond indenter. The equipment has a dual head accessory; one to apply 

nanometric loads (from 0.1 to 500 mN) and the other in the micrometric range (from 

0.1 to 20 N) from the slope of the unload section of the penetration depth curve vs. the 

applied load, the equipment provides the effective modulus of elasticity, Ee,  (equation 

3.1) defined as: 

υ υ
      Eq. (3.1) 

Where ν is the Poisson`s coefficient, E the Young´s modulus (from the sample), νi 

Poisson´s coefficient (0.07), E the Young´s modulus (1141 GPa) (from the indentor). 

From Eq. 3.2 is possible to obtain the reduced Young`s modulus  for the studied 

material as: 

     Eq. (3.2) 

The equipment also gives the material hardness H, defined as: 

       Eq. (3.3) 

Where P is the maximum applied load and A is the contact area projected on the 

tested surface. 

49 indentations in a matrix array of 7 x 7 have been performed on all materials; the 

indentations had a distance of 395 μm between them on the surface of each sample, 

the velocity of the applied load was 350 mN/s, the load was calculated by the machine 
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in order to obtain a depth impression not greater than 10 μm to avoid the substrate 

hardness influence; the maximum load permanence on the surface was 10s. 

For the AL2O3-13TiO2 the load was 8640±404 mN, for WC-12Co APS coating the 

applied load was 6214±1218 mN and for WC-12Co HVOF coating the applied load was 

9637±852mN. 

 

 
 

Figure 1. -  Mechanics of IIT. Figure 2. -  Load/unload example curves. 

 

Another hardness test has been carried out with a micro-hardness Tester FM Future-

Tech and with a load of 300 gr.  

 

3.2.5. - Wear.  

The wear test has been carried out in a multispecimen tester TR-750 DUCOM, with a 

pin on disc configuration according to ASTM G99 [2].  
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ABSTRACT 

 

The friction and wear behaviour of a carbon steel in sliding contact with a plasma-

sprayed ceramic coating (Cr2O3) is investigated under different conditions of normal 

load and relative humidity, through a pin-on-disk equipment. The samples are 

analysed by means of Optical Emission Spectroscopy (OES), Optical Microscope (OM), 

Scanning Electron Microscope (SEM) with Energy Dispersive Spectroscopy (EDS), X-

ray Diffraction (XRD), surface roughness, fracture toughness and microhardness. 

During tests, friction was continuously monitored while the wear rate of coatings was 

evaluated by measurements of wear scar profiles after the tests. The wear rate of the 

pins was determined by weighting them before and after the wear tests. For all the 

normal loads applied in dry conditions, the metallic film transfer onto ceramic surface 

was observed. In wet conditions, metal transfer was greatly depending on the normal 

load applied. On Cr2O3 wear scars microcracks along splat and columnar grains 

boundaries were distinguished. The observations of the worn surfaces of the pins 

indicate a mild-oxidational wear mechanism with the appearance of ploughing and 

plastic deformation 

 

 

 

 

 

 

 

 

 

 

KEYWORDS: Diesel engine; Steel; Plasma-spray coating; Friction; Wear; Metal 

transfer. 
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1. INTRODUCTION 

 

In the last decade many efforts are made to improve the performance of diesel engine 

in terms of fuel efficiency and low emissions. These include the possibility to operate 

on engine subsystems like the engine block with its pistons and cylinders, the 

transmission, fuel system, the valve train and the exhaust system. Many studies 

concern the use of multi-component alloys in valves and valve seats [1-3]. Such alloys 

are resistant to high temperatures and in corrosive environment of combustion gases 

but are very expensive. For example, Stott et al. investigated the effect of high-

temperature oxidation on the sliding wear of superalloys [4-6]. They dealt with the 

ability of so-called ‘glaze’ layers to protect the surfaces during sliding wear at high 

temperatures and under relatively low loads and sliding speeds.  

It is well-known that heat, either frictional or externally applied, has a great influence 

on the wear processes of metallic components. High temperatures can facilitate 

oxidation of the contacting surface, causing considerable decrease in wear rate and 

giving a transition from severe to mild wear. This change is usually associated with 

the generation of oxide and partially-oxidized metal debris on the mating surfaces. At 

higher temperatures a glaze, a top layer of compacted particles, can form on the 

surface reducing friction and wear rates. However, when the sliding speed at room 

temperature is very high, the removal of the oxide glaze can occur, leading to severe-

oxidational wear [7-10]. The capability of this oxide to give protection against the 

wear damage by acting as a barrier is due to the rate of diffusion of the reactants 

across the barrier layer. On exposure to air at temperatures upward of 500°C iron and 

mild steel form protective glazes (tribo-layers) of Fe3O4. These are effective barriers 

to diffusion, but the phase FeO becomes stable at higher temperatures. It develops at 

the metal/ Fe3O4 scale interface and is a poor barrier to diffusion of reactants [11, 12]. 

The effects of oxygen in reducing wear of metallic components have been investigated 

for many years. However, in practical applications also the humidity greatly affects the 

wear rates of metals. Some authors proposed that increasing humidity inhibits the 

delamination and adhesion wear of steels. They suggested it is due to the reduction of 
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the oxidation rate on the steel worn surface and to the formation of iron hydroxide 

and ferri-oxide-hydrate. These oxides and the water adsorption act as protective 

layers preventing metal/metal interaction [13, 14]. Goto and Buckley found the 

opposite, which is a direct correlation between wear and humidity: the lack of oxygen 

adsorption in the presence of water vapour can reduce the rate of oxidation and thus 

increase the wear [15]. On the other hand, Bregliozzi et al. found both the wear and 

friction coefficient for un-lubricated sliding of stainless steel significantly dropped, 

though the oxidation rate reduces with increasing humidity [15, 16]. Finally, other 

authors demonstrated that the sliding speed significantly influences the effect of 

humidity in sliding wear of steels: at high sliding speed, the wear increases with 

humidity, while a converse of this situation is observed at low sliding speed [17]. 

An interesting alternative to the use of ferrous alloys or superalloys in engine 

subsystems is the employment of ceramic coatings thermally sprayed on cheaper and 

shock resistant materials, such as carbon steels. Some ceramics have already found 

engineering applications as tribological components like cutting tool inserts, rolling 

bearings, braking devices, water pumps, ash scrapers, cylinder head fire decks, piston 

crowns, exhaust valve faces and so on [18]. Moreover, thermal-sprayed coatings are 

resistant to many corrosive environments, they possess chemical stability and very 

high hardness and they can stand high temperatures. However, the choice of suitable 

coatings is difficult. In literature many studies investigated the friction of hard 

materials, such as ceramics against steels [19-23]. They examined the existence of 

many cracks at the metal surface or the formation of grooves and wear debris with 

subsequent metal removal. The metal particles were transferred onto the ceramic by 

adhesion. Only scratches due to plastic deformation were seen on the ceramic surface. 

It was also shown that the transfer between metal and ceramic depended on the load 

(more precisely on the Hertzian pressure) and on the temperature at the interface. It 

also depended on the specific properties of the ceramic, like its hardness, its 

roughness, its affinity with the metal, the cohesion among grains and the tensile 

strength of the antagonist. Fernandez et al. evaluated the wear behaviour of plasma-

sprayed Cr2O3 coatings against steel in a wide range of loads and sliding speeds. The 

results demonstrated the wear of the coatings increased with increasing load. 
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Moreover, in dry sliding of the Cr2O3 coating there existed a minimum-wear sliding 

speed (about 0.5 m/s) and a maximum-wear sliding speed (about 3 m/s) [24]. 

The aim of this work is to evaluate the tribological behaviour of the plasma-sprayed 

Cr2O3 coating against a carbon steel under different sliding wear conditions, through 

pin-on-disk testing. Compared to the loads that occur in diesel engine applications, 

relatively low normal loads are used because of the limitations of the test equipment. 

However, this can provide useful indications of the potential of the coating for use in 

sliding wear services. All tests are carried out at room temperature and at 15% and 

95% of relative humidity. The effect of both the environmental conditions and the 

applied load on the wear mechanisms is discussed. 

 

2. MATERIALS AND EXPERIMENTAL DETAILS 

 

A plasma-sprayed Cr2O3 ceramic coating with a thickness of 150 µm (powder: 

Amperit®, -45 +22.5 µm, fused and crushed) on an about 20 µm-thick Ni-20%Cr bond 

coat (powder: Metco 43CNS, -106 +45 µm) to improve the ceramic material adhesion, 

are deposited onto circular steel plates (80 mm in diameter and 6 mm in thickness). 

The spray parameters are confidential. The chemical composition of the steel plates 

was determined by Optical Emission Spectroscopy (OES), whereas the composition of 

the feedstock powder was directly provided by the manufacturer. Details of the steel 

plates and feedstock powders chemical composition are reported in Table I. 

 

Table I - Steels and feedstock powders used to produce top and bond coatings. 

Composition 

Cr2O3 0.06% SiO2; 0.03% Fe2O3; <0.02% TiO2; balance Cr2O3 

Ni-20%Cr 19.07% Cr; 1.1% Si; 0.4% Fe; 0.02% C; balance Ni 

Disk 
0.22% C; 0.88% Mn; 0.87% Ni; 0.84% Cr; 0.30% Si; 0.20% Cu; 

0.06% Mo; 0.03% S; 0.02% V; 0.02% P; balance Fe 

Pin 
0.23% C; 0.86% Mn; 0.95% Ni; 0.91% Cr; 0.26% Si; 0.10% Cu; 

0.06% Mo; 0.02% S; 0.02% V; 0.01% P; balance Fe 
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The coating microstructure was investigated by a Philips X’PERT PW3050 

diffractometer, using Cu Kα radiation (λ=1.54 Å), with an intensity scanner vs. 

diffraction angle between 15° and 120° (step size of 0.06°, scanner velocity of 2 s/step 

and 1.5 grid), a voltage of 40 kV and a 30 mA filament current. The LEICA MEF4M 

Optical Microscope on properly polished cross-sections was also employed. The 

micrographs were elaborated by means of Image-Pro Plus v6.0 image analysis 

software to evaluate coating porosity. Roughness parameters (Ra and Rz) were 

calculated by the portable Handysurf E35_A ZEISS-TSK rugosimeter. Before each 

measurement all the coating surfaces were cleaned by ultrasonic bath. Microhardness 

(3 N load and 15 s loading time) and fracture toughness (10 N load) measurements 

were performed on polished cross-sections of the coating by means of a Future-Tech 

FM-model Vickers microindenter. A mean of 15 indentations were carried out for each 

microhardness and toughness measurement. In particular, fracture toughness was 

evaluated by measures of the indentation diagonals and crack lengths from optical 

micrographs, employing the Evans-Wilshaw equation: 

 

KIC = 0.079(P/a3/2)log(4.5a/c)                                                                                                  (1) 

 

where a is the half diagonal of the indentation (µm), c is the crack length (µm) and P is 

the load (mN). This formula is developed for “half-penny-shaped” cracks, but in 

literature is reported it is valid also for Palmqvist cracks. Unique limitation is that the 

ratio between the crack and the half diagonal length must be between 0.6 and 4.5 [25, 

26]. 

Pin-on-disk dry sliding tests were performed with a Multispecimen Tester tribometer 

produced by DUCOM Instruments, in accordance with ASTM G99-05 “Standard test 

method for wear testing with a pin-on-disk apparatus”, using cylindrical steel pins of 6 

mm in diameter and 22 mm in height as counterpart material. The chemical 

composition of the pin is listed in Table 1. All the surfaces of the pin were cemented 

for about 500 µm in thickness. The Vickers microhardness of the pins was determined 

(1 N load and 15 s loading time) on cleaned cross-sections, at a distance of 100 µm 
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from the coupling surface. Four different sets of tribological parameters were 

employed, varying the normal load and relative humidity (RU). In particular, normal 

loads were fixed at 450 N and 650 N respectively, whereas the values of 15% and 95% 

of the relative humidity were selected. For each test, the sliding speed of 1 m/s and 

the sliding distance of 7500 m were maintained constant. All tests were carried out at 

room temperature. Equipment directly calculated the friction coefficient. The wear 

rates of pins were evaluated by weighting the specimens before and after the tests. 

Weight loss was converted to volume loss by dividing it by the density of the material. 

Wear rate of disks were evaluated by measuring the area of the wear track cross-

section by a Hommelwerk T2000 profilometer. Each area, obtained as an average 

value of four measurements along the wear circumference, was used to calculate the 

wear volume. In order to understand the main wear mechanisms, the coating worn 

surfaces were investigated by means of X-ray Diffraction (XRD), Scanning Electron 

Microscope (SEM) and Energy Dispersive Spectroscopy (EDS) microprobe. The pin 

worn cross-sections were characterised by OM and SEM analyses and Vickers 

microhardness measurements. 

 

3. RESULTS AND DISCUSSION 

 

3.1 Microstructure and mechanical properties 

In Figures 1a and 1b are reported two optical micrographs of the investigated Cr2O3 

coating showing the typical lamellar microstructures of a plasma-sprayed ceramic 

coating. It is characterised by a homogeneous microstructure with a prevalence of 

inter-lamellar cracks and uniformly distributed pores. Inter-lamellar cracks, caused by 

thermal residual stresses, are the main reason for the low intersplat cohesion 

exhibited by the coating. The Ni-20%Cr bond coat is markedly irregular in order to 

facilitate the adhesion of the coating to the substrate (Figure 1a). At higher 

magnification the optical micrograph of the steel/bond coat interface shows the 

evidence of pores and sandblast residues (Figure 1b). The coating porosity 

determined by image analysis is about 9%, due to splat stacking faults and gas 

entrapment [27]. The XRD analysis of the coating cross-section, depicted in Figure 2, 
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reveals it is fully consisted in eskolaite phase (Cr2O3). Hardness, roughness 

parameters and fracture toughness of the coating are listed in Table 2. After the 

Vickers indentations for the measurement of fracture toughness, micrographs of the 

coating cross-sections showed that crack preferentially propagate along splat 

boundaries, parallel to the substrate interface. It is a further evidence of the low 

intersplat cohesion. 

 

  

Figure 1. - Optical micrographs showing cross-sections of Cr2O3 coating and Ni-20%Cr bond 

coat. 

 

Micrographs collected in Figures 3a and 3b describe the microstructure of a steel pin 

near the coupling surface. Figure 3a allows to evaluate a thickness of the hardened 

layer of about 500 µm. At higher magnification the cemented layer exhibits a 

martensitic microstructure with a little amount of carbides (Figure 3b), whereas the 

unaffected material possesses a homogeneous lower bainitic microstructure. Vickers 

microhardness of the martensitic + carbide microstructure, near the coupling surface, 

is listed in Table II. 

(a) (b) 
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Figure 2. - XRD pattern of Cr2O3 coating. 

Table II– Mechanical properties and roughness of the ceramic coating and of the steel 

pins. 

 HV1N [GPa] HV3N [GPa] Ra [mm] Rz [mm] 
KIC 

[MPa×m1/2] 

Cr2O3 ----- 11.88 ± 0.45 0.15 ± 0.02 1.78 ± 0.19 3.07 ± 0.71 

Pins* 6.70 ± 0.05 ----- ----- ----- ----- 

* Vickers microhardness is evaluated on the pin cross-section, at a distance of 100 µm from the coupling surface. 

 

  

Figure 3. - Optical micrographs showing cross-sections of the steel pins in the cemented zone: 

(a) 50x, (b) 500x. 

(a) (b) 
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3.2 Pin-on-disk wear tests 

Figures 4a and 4b depict the friction coefficient calculated by the equipment during 

the tests. When a 650 N normal load is applied in dry and wet conditions (Figure 4a), 

the friction coefficient shows many fluctuations around the average value. These 

fluctuations are associated with high frequency squeaky noise developed concurrently 

with the rise of friction coefficient and the metallic film deposition on the ceramic 

surfaces. Both curves follow the same pattern. At the beginning of each test the 

friction coefficients are quite low (µ@0.1÷0.2) and then progressively increase as the 

test proceeds. After about 2000 m, values reach a quasi steady-state (µ@0.3÷0.4). 

These values remain constant until the end of the tests. When a 450 N normal load is 

applied in dry condition (Figure 4b) the friction coefficient rises rapidly during the 

first few minutes and reach the quasi steady-state at only 500 m. The increasing of 

friction coefficient is due to the continuous generation of wear debris in the form of 

hard particles entrapped between the worn surfaces. Plastic deformation process 

during friction also increases hardness of these particles, so they scrape the 

surrounding material. When a 450 N normal load is applied in wet condition the 

tribological behaviour is very different. The friction coefficient remains constant at 

very low value (µ@0.1) until the sliding distance of 3000 m. Then rises slowly until it 

reaches the value of about µ@0.2 at the end of the test. 

Figure 5a shows total wear when a 650 N normal load is applied, in dry and wet 

conditions. Also in this case, both curves follow the same pattern. Wear is negative up 

to a sliding distance of about 3500 m in dry conditions, and then progressively 

increases as the test proceeds. At the end of the tests wear is positive and equal to 

0.45 mm. In wet conditions wear reverses its trend for a sliding distance of about 

2500 m and reaches at the end of the test approximately the same value as the 

previous case. When a 450 N normal load is applied in dry conditions (Figure 5b) the 

wear rises rapidly after about 2500 m up to the positive value of 0.29 mm. As for the 

friction coefficient, when a 450 N normal load is applied in wet conditions the 

tribological behaviour is very different. The total wear remains negative and gradually 
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decreasing. Negative wear in Figure 5a for both wet and dry conditions and negative 

wear in Figure 5b only for a relative humidity of 15% indicate material build-up on 

the coating surface; this is caused by the formation of a thick oxide layer under 

condition of high surface temperatures (e.g. due to high load and sliding speed) and 

subsequent wear debris transfer from pin onto the disk. The oxide developed on the 

surface may be partially removed or retained as freely-moving particles between the 

contacting materials, acting as three-body abradents. If the oxide layer is well-

adherent to the metal substrate, it can continue to thicken and can reduce 

metal/ceramic contact, providing protection against wear damage [11]. The positive 

wear during the second part of the tests is due to fragmentation of tribolayer and to 

abrasion damage of coating surface. When a 650 N normal load is applied at the 

humidity of 95% wear reverses its trend for a sliding distance less than in dry 

conditions. The increasing of relative humidity reduces surface temperatures by water 

adsorption on ceramic coatings. In wet conditions the tribolayer is thinner than in dry 

condition, providing a less effective wear protection. As the test proceeds, the water 

desorption on Cr2O3 coating and the partially removal of oxide layer determine the 

progressive increase of total wear. When a 450 N normal load is applied in wet 

conditions (Figure 5b) the water adsorption on ceramic coating and the lower contact 

pressure prevent the increase of surface temperature. It is well-known that oxide 

surfaces adsorb water either dissociatively or molecularly. If water is dissociatively 

adsorbed many strongly bound surface hydroxyl groups are formed to the surface. 

The water desorption on Cr2O3 occurs above 500°C and leads to a surface structure, 

which cannot be recovered by rehydroxylation of the surface [28, 29]. In this case the 

surface temperature is widely lower than 500°C and the total wear remains negative 

for the duration of the test. Some authors also suggest that the reduction of the 

oxidation rate is due to the formation of iron hydroxide and ferri-oxide-hydrate [13, 

14]. These oxides can act as protective layers preventing metal/ceramic interaction. 
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Figure 4.  - Friction coefficient variation in different conditions for (a) 650 N and (b) 450 N 

normal loads. 

 

  

Figure 5.  - The amount of wear in different conditions for (a) 650 N and (b) 450 N normal 

loads. 

 

Figure 6a shows the wear scar profiles of the disks under different normal load and 

relative humidity conditions. It can be seen that the depth of wear track increases in 

the following order 450N_RU95% < 450N_RU15% < 650N_RU95% < 650N_RU15%. 

When a normal load of 450 N is applied in wet conditions, no wear damage is found 

and the wear scar profile (blue line in Figure 6a) is comparable with the roughness of 

the ceramic coating. In contrast, when the same load is applied in dry conditions, 

metallic film transfer occurs on the Cr2O3 coating due to localised melting of oxide 

interlayers. Correspondingly, isolated peaks are observed inside the wear track (green 

line in Figure 6a). When a 650 N normal load is applied in dry and wet conditions, a 

greater quantity of peaks inside the wear tracks is observed (red and black lines in 

Figure 6a). Moreover, some others peaks can be seen at the edges of the wear tracks. 

(a) (b) 

(a) (b) 
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The sliding motion between metal and ceramic is accompanied by the formation of 

wear debris. Some of these particles are thrown out from the contact area and 

accumulated along the sides of the sliding tracks. 

 

  

Figure 6. - (a) Wear scar profiles of the disks under different normal load and relative 

humidity conditions. (b) Wear rate of pins and disks under the same different conditions. 

 

Figure 6b depicts the wear rate of pins and disks under the same different normal 

load and relative humidity conditions. In any case, the pin undergoes a significant loss 

of material. Except for a 450 N normal load applied in wet conditions, the wear rate is 

approximately 5 x 10-6 mm3/(Nm). When a 450 N load is applied in wet conditions, 

the wear rate is one order of magnitude lower than those for the other pins. Many 

studies concerning the tribological behaviour of high carbon steels in dry sliding 

suggested that if the wear rate is greater than 1 x 10-8 mm3/(Nm), the wear can be 

considered as severe wear. Moreover, they found the greater wear rate corresponds 

to the higher friction temperature [30-33]. The wear rate of the disks decreases in the 

following order 650N_RU15% > 650N_RU95% > 450N_RU15%. However, when a 450 

N normal load is applied in dry conditions, the wear rate is comparable with the value 

obtained when a 650 N normal load is applied in dry conditions. No wear rate is 

indicated for the disk when a 450 N normal load is applied in wet conditions, because 

the wear damage is three orders of magnitude lower than all the others. 

The SEM micrographs of the coating worn surface, for a 650 N normal load applied in 

dry conditions, are shown in Figures 7a, 7b and 7c. It can be seen the material transfer 

from metallic pin onto the ceramic surface (Figure 7a). In particular, the wear scar 

(a) (b) 
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with metallic film deposition could be divided into two zones. The first one is covered 

by a smooth iron oxide layer (Figure 7b). It is in good agreement with previous 

studies, which show that, if the thermal conductivity of a material is not sufficiently 

high, the surface temperature can exceed melting temperature. Consequently, the 

melting of local areas on the worn surfaces and in the subsurface layers can be 

observed. Some works indicate localised melting occurs not only at higher normal 

loads and sliding speeds, but even at sliding speeds as modest as 1 m/s [20, 33, 34]. 

Metallic film is firmly attached to the Cr2O3 coating, because of the strong adhesion 

between the sliding surfaces: it is plastically deformed and oriented in the direction of 

the sliding motion. Scratches and local plastic deformations are indicated in Figure 7b. 

This adhesive metal transfer justifies the peculiar pattern of the ceramic wear scar 

profile observed in Figure 6a. In the second zone, many pits are uniformly distributed 

over the wear track (Figure 7c): wear debris in the form of flakes is also generated. 

During sliding in dry conditions, microcracks and dislocation networks can produce 

fine wear debris as observed in the worn surface. Some wear particles are entrapped 

in the contact interface and subjected to continued fracture, deformation or chemical 

reaction, producing microsized powders. It can be demonstrated that at higher loads, 

wear debris can not be taken away and the amount of wear particles deposited on the 

worn surface increases with normal load applied. Moreover, smooth oxide layers are 

bigger and scratches are deeper in higher loading conditions [23, 35]. 

 

(a) (b) Scratches and deformation 
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Figure 7 - SEM micrographs of the Cr2O3 worn surface for a 650 N normal load applied in dry 

condition: (a) overview of the wear scar, (b) detail of the metallic film transfer, (c) details of 

cracks and wear debris. 

 

Figure 8 shows the SEM micrograph of the worn coating surface and corresponding 

EDS analyses results, when a 650 N normal load is applied in dry conditions. EDS 

analysis on the metallic film indicates the presence of a great amount of iron and 

traces of other alloying elements such as chromium and nickel, transferred onto the 

ceramic coating. In contrast, EDS analysis of the original ceramic surface indicates the 

presence of a great amount of chromium and traces of iron as wear particles. A 

subsequent X-ray diffractometry examination enabled the type of film to be 

distinguished (Figure 9). It is a Fe2O3 compound, which generally forms when the 

contact temperature rises over about 200 °C. A comparison between Figure 9 and 

Figure 2 shows that Cr2O3 coating does not change its chemical composition after the 

wear test.  

When a 650 N normal load is applied in wet conditions and for a 450 N normal load 

applied in dry conditions (Figure 10), the morphology of the coating worn surfaces 

and the wear mechanisms are similar to the previous case. The SEM micrograph in 

Figure 10a depicts an overview of the wear scar. The amount of smooth oxide layers 

can be compared to metal transfer observed in Figure 7a, but scratches are shallow. 

Figure 10b shows the details of fracture on the original ceramic surface. In agreement 

with the microstructure of the coating, it can be seen that microfractures develop 

along the columnar grains in perpendicular direction to the surface and along splat 

(c) 

Debris 

Crack

s 
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boundaries since their strength usually is not high enough. At higher magnification, 

pits are also visible (Figure 10c). 

 

 

Figure 8. - SEM micrograph and EDS analyses’ results of Cr2O3 worn surface, when a 650 N 

normal load is applied in dry conditions. 

 

Figure 9. - XRD pattern of Cr2O3 worn surface for a 650 N normal load applied in dry 

condition. 
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Figure 10 - SEM micrographs of Cr2O3 worn surface, when a 450 N normal load applied in dry 

condition: (a) overview of the wear scar, (b) detail of cracks and wear debris, (c) detail of a 

pit. 

 

When a 450 N normal load is applied in wet conditions, no wear damage is observed 

on the ceramic coating (Figure 11a). The surface appears smoother without evidence 

of significant wear and pores remain open in the flattened surface (Figure 11b).  

 

(a) (b) 

(c) 

Pit 
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Figure 11 - SEM micrographs of Cr2O3 worn surface for a 450 N normal load applied in wet 

condition: (a) overview of the wear scar, (b) detail of open porosity. 

 

The SEM micrographs of a pin worn surface for a 650 N normal load applied in dry 

conditions and when a 450 N normal load is applied in wet conditions are shown in 

Figure 12a and 12b, respectively. In the first case (Figure 12a), the surface is very 

rough and plastically deformed with the ploughing appearance typical of adhesive 

wear. A thick film of iron oxide covers the worn surface with a mainly dark grey 

colour as revealed by optical microscopic observations (Figure 13). The metallic film 

is discontinuous, indicating the wear mechanism involves both the removal and re-

formation of the oxide film and wear of free metallic surface. Many studies suggest 

that, in the mild-oxidational wear regime, oxidation is caused by frictional heat. The 

oxide film grows until it reaches a critical thickness (about 10 µm for steel), then it 

spalls off as wear debris. For high normal loads and sliding speeds a transition to 

severe-oxidational wear can occurs. This is associated with the localised melting of the 

oxide layer to a viscous liquid that can flow under the sliding action. At this time, the 

melt-dominated wear replaces adhesion and delamination-dominated mechanisms 

[10, 11, 31-33]. When a 650 N normal load is applied in wet conditions and for a 450 

N normal load applied in dry conditions, the morphology of the pin worn surfaces and 

the wear mechanisms are similar to the previous case. When a 450 N normal load is 

applied in wet conditions, no significant wear damage is observed (Figure 12b). Only a 

(a) (b) 
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little amount of metallic oxide appears on the pin worn surface. Moreover, the 

working marks are still visible.  

 

Figure 12 - SEM micrographs of pins worn surface: (a) for a 650 N normal load applied in dry 

conditions, (b) when a 450 N normal load is applied in wet conditions. 

 

For a 650 N normal load applied in dry conditions, optical microscope observations of 

the pin cross-sections can provide information about the dynamic changes in worn 

surface layers (Figure 13). The sliding wear between metal and ceramic surfaces 

results in a laminated structure. In particular, it consists of an about 10 µm-thick iron 

oxide layer (A); a layer of a very fine structure without a defined position and 

orientation (B); a fine structure with a clearly defined position and orientation (C); a 

plastically deformed layer (D) and the unaffected structure (E). It is well-known that, 

for a given material, the characteristic structural layers appear depending upon test 

conditions. In general, the thickness of the plastically deformed layer is related to the 

properties of material itself. Structures with low plasticity and low thermal 

conductivity (e.g. martensite) are difficult to deform. It results in a higher surface 

temperature and a thinner plastically deformed layer. In contrast, structures with 

good plasticity and high thermal conductivity (e.g. pearlite) are easier to deform and 

less heat accumulates at surface. Accordingly, a thicker plastically deformed layer can 

form. The morphology of the material build-up, accumulated at the edge of the pin 

worn surface, is observed in Figure 14a. It is plastically deformed due to the sliding 

(b) (a) 
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motion and the highest surface temperature. It also consists of a very fine sorbitic 

microstructure with a great amount of carbides uniformly distributed (Figure 14b). 

Optical microscope examinations of the pins’ cross-sections, for a 450 N normal load 

applied in wet conditions, show the same microstructure found before the wear test 

(Figure 15). No evidence of a laminated structure and of the material build-up, 

accumulated at the edge of the pin worn surface, are observed. 

 

Figure 13 - Optical micrographs of a pin worn surface, when a 650 N normal load 

is applied in dry conditions. 

 

  

Figure 14 - Optical micrographs of a pin worn surface, when a 650 N normal load is applied in 

dry conditions: (a) detail and (b) microstructure of the material build-up at the edge of the 

sliding surface. 

 

(a) (b) 

A B C D E 
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Figure 15 - Optical micrographs of a pin worn surface, when a 450 N normal load 

is applied in wet conditions. 

 

Figure 16a shows the microhardness profiles of the pin worn surfaces, when a 650 N 

normal load is applied in different conditions. It can be seen there is a very narrow 

region just below the worn surface with high microhardness. Both curves rapidly 

decrease and reach values comparable to the microhardness of the base un-cemented 

material. During sliding wear, friction energy is used to produce plastic deformation 

and heat. Strain gradient and temperature gradient in worn surface layers affect the 

hardness distribution. Many internal factors affect the hardness of worn surface layers 

of a steel, such as strain hardening, recovery and recrystallization, precipitation 

hardening, thermal martensitic transformation tempering and so on. Therefore, the 

hardness profiles measured after wear tests reflect the competition between the 

factors that cause hardening and those that cause softening. It can be also 

demonstrated that a originally softer microstructure, which has a higher value of the 

work hardening coefficient (e.g. pearlite), is likely to show hardening. An originally 

harder microstructure, which has a lower value of the work hardening coefficient (e.g. 

martensite), is likely to show softening. This is in accordance with drop of the 

microhardness profile observed in Figure 16a. The wear volume is also related to the 

hardening and softening behaviour resulting from dynamic changes in worn surface 

layers. Generally, a smaller softening response corresponds to a better wear 

resistance [31-33]. When a 450 N normal load is applied in dry conditions the 
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softening trend of surface layers is the same as the previous cases (Figure 16b). For a 

450 N normal load applied in wet conditions, the microhardness profile is typical of a 

steel subjected to an hardening surface treatment. There is no evidence of strain 

hardening or softening due to the sliding wear.  

 

  

Figure 16. - Microhardness profiles of the pins’ worn surfaces when: (a) a 650 N and (b) a 

450 N normal load are applied in different humidity conditions. 

 

 

4. CONCLUSIONS 

 

Based on the results obtained regarding friction and wear behaviour of a carbon steel 

in sliding contact with a Cr2O3 plasma-sprayed ceramic coating, the following 

conclusions can be drawn: 

 

· In dry and wet conditions, wear rates of the ceramic coating decrease with 

normal load. In dry conditions, wear rates of pins are independent of the 

normal loads applied. For a lower normal load applied in wet conditions, the 

wear rate of pins is reduced of about six orders of magnitude. 

· For all the normal loads applied in dry conditions, metal/ceramic sliding 

contact produces a metallic film transfer onto the ceramic surface. Metallic film 

consists of a Fe2O3 compound usually formed at temperatures over about 200 

°C. The presence of this oxide suggests a progressive increase in the contact 

(a) (b) 
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temperatures as wear tests proceed. The observations of pins’ worn surfaces 

indicate that the principal involved wear mechanism is the mild-oxidational 

wear, with ploughing and a plastic deformation appearance. The dynamic 

changes in the surface layers of the material also result in a laminated 

structure. The subsequent transition to severe-oxidational wear is associated 

with the localised melting of the oxide layer and its spreading on the ceramic 

surface. As concern the ceramic coating, the observations of Cr2O3 worn 

surfaces indicate it undergoes microfractures along splat and columnar grains 

boundaries. 

 

· In wet conditions, the normal load applied influences the tribological 

behaviour of metal/ceramic sliding couplings. For the highest normal load the 

wear mechanisms are the same involved in dry conditions. For the lower 

normal load the reduction of the surface temperatures, and consequently of the 

oxidation rate, is due to the water adsorption on the worn surfaces. The 

moisture adsorbed can act as a protective layer preventing metal/ceramic 

interaction. 
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ABSTRACT 

Ceramic and cermet coatings are widely used in many industrial applications due to 

their friction and wear resistance, high hardness, chemical stability, oxidation-

resistance at high temperatures and thermal barrier properties. In particular, it is a 

generally accepted practise to coat high temperature components in civil and military 

aero, marine and industrial gas turbines. The coatings can be deposited on the high 

temperature components such as liner, nozzles, first stage turbine blades and vanes in 

order to increase the firing temperature and subsequently the efficiency of the 

turbine. A variety of coatings and coating processes are available for protecting 

components in gas turbine engines operating in a variety of conditions. With reference 

to coated turbine blades and vanes the philosophy is that the base component 

material is developed to possess optimised mechanical properties whilst the coating is 

selected to achieve maximum protection from the service environment. Accordingly, 

the properties required by a surface coating system for blade and vane applications 

are high corrosion, oxidation and erosion resistance, good interfacial adhesion to the 

metallic substrate, as well as high mechanical and aerodynamic properties.  

In this paper is reported a research activity carried out in order to evaluate the 

tribological behaviour of four types of advanced ceramic coatings, Al2O3-13TiO2, 

Cr2O3, WC-12Co and Cr3C2-37WC-18Me, deposited onto cemented steel plates. The 

ceramic coatings are applied by plasma-spraying (APS), while the cermet coatings are 

deposited by HVOF-spraying technique. Pin-on-disk wear tests are performed by 

means of a DUCOM tribometer in accordance with ASTM G99-05 standard, using 

alumina pins as counterpart material. The tests are carried out under different 

conditions of relative humidity (20% and 70%); other test parameters, such as normal 

load, test duration, sliding speed and temperature, are maintained constant. Optical 

Microscope (OM) and Scanning Electron Microscope (SEM) observations of the worn 

surfaces show the interaction of different wear mechanisms, confirming the 

importance of relative humidity in relation to the nature of the coatings employed. In 

particular, the ceramic coatings (Al2O3-13TiO2 and Cr2O3) are more sensitive to 

moisture than the cermet coatings (WC-12Co and Cr3C2-37WC-18Me), as highlighted 
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by both the friction coefficient and wear rate results. Moreover, comparing the 

behaviour of the investigated coatings, the cermets present the best wear resistance. 

The SEM observations of the Al2O3-13TiO2 worn surface show a non-protective 

tribolayer and the generation of surface microcracks with the consequent removal of 

wear debris in the form of flakes. The Cr2O3 worn surface appears smoother without 

evidence of significant wear and the pores remain open in the flattened surface. Many 

cracks are also propagated in the same direction as the applied normal load. WC-12Co 

coating is less sensitive to moisture due to the formation of oxide layers acting as a 

solid lubricant. Finally, the morphology of Cr3C2-37WC-18Me does not clarify the 

influence of relative humidity on the tribological behaviour of this coating. In this case, 

further analyses by X-ray diffraction (XRD) could provide others information about 

the involved wear mechanisms. 
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1. - INTRODUCTION  

The ceramic and cermet materials are widely used in industrial applications that 

require high resistance to friction and wear, thanks to their high hardness, good 

chemical inertness, resistance to oxidation at high temperatures and their properties 

of thermal barrier [1]. However, the high cost of production and the fragility limit the 

application of bulk ceramics, which is why these types of materials are most 

frequently used in form of coatings that are applied onto less expensive materials, 

including steels. These types of coatings such have been used as an example, in the 

production of dies for hot extrusion, drying cylinders for paper mills, bearings and 

valves [2-7]. 

Compared to traditional coating techniques, thermal spraying is often considered a 

valid alternative for the realization of wear resistant surfaces. In fact, many materials, 

including ceramics and cermets, can be deposited on various substrates in order to 

obtain coatings characterized by high hardness, without altering thermally the coated 

material; the advantage is significant in cases where you need to respect stringent 

design tolerances and coating thin components or materials susceptible to thermal 

alteration (like Al and Mg). In general, the formation of the coating has been using 

powder particles of varying sizes, including nanometric size, which are melted in a 

torch, ejected and projected at temperature and velocity variables in form of droplets 

on the substrate to be coated. Compared with bulk materials, the presence of porosity, 

oxide inclusions and any other phases or partially molten particles that may form 

during the deposition, may reduce the tribological performance of the coating. In 

addition, the low adhesion coating-substrate that characterizes the obtained coatings 

by thermal spraying, severely limits technological applications. For these reasons in 

recent years intensive research has been aimed at assessing the influence of such 

typical defects on the performance and quality of these types of coatings. 

The most commonly techniques used in thermal spraying are the APS (Air Plasma 

Spray) and HVOF (High Velocity Oxygen Fuel), as they allow obtaining high-quality 

anti-wear coatings. The HVOF was developed to overcome the limitations of plasma 
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spraying. And  is well known that this technology, when is used for the production of 

cermet coatings, is more powerful than APS, because the higher speed deposition and 

lower spray flame temperature allows to create coatings with low porosity, limited 

oxidation of fused particles and low decomposition particle and / or carbides 

dissolution  [8-11]. However, the HVOF has some limitations mainly related to the cost 

and difficulty of preparation of the starting powders and the lack of commercial 

availability of torches used for the deposition on the substrate. The APS is still the 

most widely used technique for the production of ceramic such as Al2O3 and Cr2O3;  

APS coatings are more porous and fragile than HVOF sprayed cermet, due mainly the 

lower speed of impact of particles [12 -15]. Nevertheless, the APS coatings have very 

high hardness and low susceptibility to corrosion in many environments and can 

resist high temperatures. 

A precise evaluation of the wear mechanisms that occur in APS and / or HVOF 

coatings can enable their correct use in many applications, even when the 

environmental conditions of humidity are critical to the proper functioning of the 

tribological system [2, 3]. In particular,  ceramic or cermet are currently used as 

thermal protection as coating components of gas turbines for civil, military, marine 

and industrial; they are deposited on the "hot" parts as the turbine liners, nozzles and 

vanes of the first stage, allowing to raise the operation temperature and, 

consequently, the efficiency of the machine. The required properties of these coatings 

are highly resistant to corrosion, oxidation and erosion, good stability, and interfacial 

adhesion to the metal substrate, as well as high mechanical and aerodynamic [16]. 

The performance of gas turbine machines degrade with increasing temperature of the 

air flowing from the external. At higher temperatures, the efficiency of the gas turbine 

is closely related to the use of specific methods of cooling air inlet; for example, by the 

controlled injection of droplets of water in the form of fog, through the inlet air (a 

process known as wet compression). The amount of water injected into the inlet of the 

compressor, at close range from the admission of the outlet, can reach up to about 2% 

of the mass flow of air processed by the compressor. This is a superior amount of the 

sufficient saturation state that takes place at external environmental conditions. The 

rapid evaporation of the droplets of water helps to reduce the inlet temperature to the 
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compressor and the engine inlet air humidity increases... The temperature reduction 

results to the increase of power and efficiency, while the humidity increase results to a 

power increase but to an efficiency decrease. The temperature effect is greater than 

the humidity effect resulting to the improvement of the engine performance with inlet 

air cooling. [17]. This technology is therefore one of the most effective method to 

recover efficiency because it allows to obtain, rapidly, a significant proportion of 

additional power (15-20% of nominal power). In general, the benefits of the use of 

wet compression, mainly the increase in power output of the turbine, the 

improvement of the specific heat consumption of the plant and the reduction of NOx 

produced by the combustion system. Although these factors make it very attractive 

from the technological point of view, several authors have shown that the 

introduction of water in the early stages of the compressor is the main cause of the 

intense wear of the blades against erosion [18-20]. It was shown that the damage is 

closely related to the size, and velocity dispersion of droplets injected [21]. The use of 

wet compression also results in a range of issues related to the effect of excessive 

humidity within the lines of draining the compressor and the use of deminerelized 

water into the inlet. In relation with this application and the deposition of ceramic and 

cermet coatings on the vanes of the first stage of the compressor, in the research 

presented in this paper have been investigated four types of coatings, applied on a 

case-hardened steel substrate, in particular , were taken into consideration the 

coatings Al2O3-13TiO2  and  Cr2O3, applied with APS technique, and WC-12Co and 

Cr3C2-37WC-18Me, applied with HVOF technique. The main objective of the study is to 

assess their resistance to wear under a load of 50 N and two different values of 

relative humidity (20% and 70%). It 'has been observed that this parameter can 

significantly influence the tribological behavior of the system. 

 

2. - MATERIALS AND METHODS 

Four types of coating, namely Al2O3-13TiO2 (powder: FST C-335.23, -45 +15 μm), 

Cr2O3 (powder: AMPERIT® 707.001, -45 +22.5 μm), WC-12Co (powder: WOKA 3102, 

-45 +15 μm) and Cr3C2-37WC-18Me (powder: WOKA 7505, -38 +10 μm), were 

deposited onto cemented steel plates (75 mm in diameter and 6 mm in thickness). 
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Chemical composition of the steel substrate was evaluated by Optical Emission 

Spectroscopy (OES) and the main results are collected in Table I. A bond coat Ni-

20%Cr was applied between the steel substrate and the first two ceramic coatings, in 

order to improve adhesion. All ceramic and cermet coatings were made by a company 

specialized in industrial applications of coating of metal surfaces; the spraying 

parameters are therefore confidential.  

 

Table I. - Chemical composition (wt.%) of the steel substrate. 

C S Mn P Si Cr Ni Mo Cu V Fe 

0.22 0.033 0.88 0.021 0.30 0.84 0.87 0.06 0.202 0.022 bal. 

 

The coatings were characterized by Vickers microhardness measurements (300 gf 

load and 15s loading time) carried out by means of a Microhardness Tester FM 

Future-Tech. Roughness parameters (Ra and Rz) were calculated by the portable 

Handysurf E35_A ZEISS-TSK rugosimeter. Before each measurement all the coating 

surfaces are cleaned by ultrasonic bath. The LEICA MEF4M optical microscope, 

equipped with Archive4Images v.3.20b software for image analysis, was also 

employed on properly polished cross-sections to analyse the coatings microstructure. 

Image-Pro Plus v6.0 software was used in order to quantify coating porosity. Pin-on-

disk dry sliding tests were carried out with a Multispecimen Tester tribometer 

produced by DUCOM Instruments, in accordance with ASTM G99-05 “Standard test 

method for wear testing with a pin-on-disk apparatus”, using cylindrical alumina pins 

of 6 mm in diameter and 22 mm in height as counterpart material. Normal load 

(5÷1000 N), sliding speed (20÷1400 rpm), temperature (≤ 200°C), relative humidity 

(0÷100%), test duration and total wear were continuously monitored during the tests. 

For each test, an applied normal load of 50 N, a sliding speed of 100 rpm and test 

duration of 1 h were maintained constant, whereas 

the values of 20% and 70% of relative humidity were selected. Moreover, a mean of 

10 tests for each coating were performed to verify the results. Wear rate of disks was 

evaluated by measuring the area of the wear track cross-section by an Optacom VC-10 
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profilometer. Each area, obtained as an average value of four measurements along the 

wear circumference, was used to calculate the wear volume. In order to understand 

wear mechanisms the coating worn surfaces were investigated by means of Optical 

Microscope (OM), and Scanning Electron Microscope (SEM). 

 

3. - RESULTS AND DISCUSSIONS 

3.1 Microstructure and mechanical properties 

Optical micrographs in Figure 1 show the microstructure of the four examined 

coatings. The Al2O3-13TiO2 possesses a lamellar microstructure characterized by the 

presence of titania lamellae well-melted and partially mixed with alumina (Figure 1a). 

Moreover, pores and coarse particles can be seen at the steel/bond coat interfaces; 

these residues are probably resulting from the sandblasting process, normally 

performed before thermal spraying in order to improve the coating/substrate 

adhesion. As concern the Cr2O3 coating, also the optical micrograph in Figure 1b 

depicts a lamellar microstructure typical of coatings produced by plasma spray 

technique. Microstructure of both WC-12Co and Cr3C2-37WC-18Me coatings (Figure 

1c and Figure 1d, respectively), consists of carbide particles embedded into a metallic 

matrix; at higher magnifications the carbides appear non-uniformly distributed and 

variable in size, generally in the range of 1÷10 μm. Moreover, for WC-12Co coating, 

micro-cracks developed in parallel direction to the coating surface generate 

interconnecting porosity. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 1 .-  Optical micrographs of the examined coatings: (a) Al2O3-13TiO2, (b) Cr2O3, (c) WC-

12Co, (d) Cr3C2-37WC-18Me. 

 

The mechanical properties of each coating are investigated by Vickers microhardness 

and roughness measurements; in addition, the porosity is evaluated by image analysis 

performed by Image-Pro Plus v6.0 software. The main results are collected in Table II. 
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Table II. – Mechanical properties, roughness and porosity of the coatings. 

 
Thickness 

[µm] 

Hardness 

HV0.3 
Ra [mm] Rz [mm] 

Porosity 

[%] 

Al2O3-13TiO2 200 778 ± 53 
0.25 ± 

0.01 

2.66 ± 

0.23 
13.7 

Cr2O3 110 1188 ± 45 
0.15 ± 

0.02 

1.78 ± 

0.19 
10.8 

WC-12Co 150 1076 ± 186 
0.35 ± 

0.04 

2.65 ± 

0.27 
14.7 

Cr3C2-37WC-

18Me 
300 1181 ± 260 

0.41 ± 

0.03 

2.93 ± 

0.21 
9.2 

Pin in Al2O3 ----- 1500¸1650 ----- ----- ----- 

 

 

3.2 Tribological behaviour 

The wear tests highlight the influence of relative humidity on the tribological 

behaviour of the examined advanced ceramic coatings. In Figure 2 are reported the 

mean values of the friction coefficient calculated at the end of the wear tests. For Cr2O3 

and Cr3C2-37WC-18Me coatings the friction coefficient decreases as the relative 

humidity increases. In both cases, this behaviour can be attributed to the boundary 

lubrication due to water adsorption on coating surfaces; the “lubricant” is interposed 

between the coupling surfaces, reducing friction and wear [22]. The wear tests also 

suggest that the Cr2O3 is more sensitive to water adsorption, it improves the 

tribological behaviour. The coating Cr3C2-37WC-18Me shows that the relative 

humidity seems to lead to a slight decrease in the coefficient of friction. 

Friction coefficients obtained for the WC-Co coating are comparable for both values of 

the relative humidity. It is caused by two opposing phenomena: at low relative 

humidity the generation of a protective tribolayer, acting as solid lubricant, greatly 

reduces the friction coefficient. At high relative humidity the tribolayer is less 
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adherent to the substrate; consequently, the predominant mechanism is the water 

adsorption [8, 23]. 

The tribological behaviour of Al2O3-13TiO2 coating is very different: the friction 

coefficient increases as the relative humidity increases. The lower microhardness (see 

Table II) and the presence of an alumina-titania glassy phase weaken the ceramic 

material. Moreover, this coating does not form an adequately compact tribolayer and 

therefore shows unfavourable properties in terms of friction coefficient and wear rate 

(see Figure 4) [7]. 

 

 

Figure 2. - Mean values of friction coefficient. 

 

Figure 3 shows an example of a wear scar profile of the Al2O3-13TiO2 coating. The 

profiles are used to measure the area of the wear track cross-section; each area, 

obtained as an average value of four measurements along the wear circumference, is 

then employed to calculate the wear volume. 

Wear rate is obtained dividing loss volume [mm3] by the product of normal load 

applied [N] and sliding distance [m]. Mean values of the wear rate calculated at the 

end of the wear tests are reported in Figure 4. 
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Figure 3. – Wear scar profile of the Al2O3-13TiO2 coating after a wear test carried out under 

an applied normal load of 50 N and relative humidity of 70% 

 

As can be seen, cermet coatings possess the highest wear resistance, typical of 

carbide-based coatings, with a wear rate in the range of 10-6 mm3/Nm. The wear rates 

of plasma-spraying coatings at the two different humidity conditions are the highest, 

with the maximum values corresponding to the Al2O3-13TiO2 coating. 

 

 

Figure 4. – Mean values of wear rate. 
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3.3 Analysis of worn surfaces 

 

SEM micrographs in Figure 5 depict the Al2O3-13TiO2 worn surfaces when the wear 

tests are performed under 20% and 70% relative humidity conditions. As can be 

noted, the worn surfaces are composed of smooth regions and rough regions. On the 

rough areas (Figure 5a) many microcracks and the removal of micro-sized sheet 

debris can be observed. It is also confirmed that the surface microfractures take place 

along the columnar grains and splat boundaries, since their strength is usually not 

high enough. The smooth areas (Figure 5b) are characterised, particularly in wet 

conditions, by the presence of small debris due to the removal of a thin aluminium 

hydroxide film, produced by tribochemical reactions between water vapour and the 

coating surface. The tribolayer is softer than the coating and is therefore able to 

reduce the wear damage, limiting the generation of surface microcracks [24-26]. 

 

 

(a) 

 

(b) 

Figure 5. -  SEM micrographs of Al2O3-13TiO2 worn surfaces, after the wear test (a) under a 

relative humidity of 20%, (b) under a relative humidity of 70%. 

 

SEM micrographs of Cr2O3 worn surfaces are shown in Figure 6. In both dry and wet 

conditions open pores and wear particles are visible; many cracks are also developed 

from the open porosity in perpendicular direction to the coating surface, generating 

interconnecting porosity (Figure 7). 
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(a) 

 

(b) 

Figure 6. - SEM micrographs of Cr2O3 worn surfaces, after the wear test: (a) under a relative 

humidity of 20%, (b) under a relative humidity of 70%. 

 

 

Figure 7. – Optical micrograph of Cr2O3 coatings ´cross-section after a wear test carried out 

under a relative humidity of 70%. 

 

In Figure 8 are reported the SEM micrographs of WC-12Co worn surfaces. For this 

coating, the wear mechanism that can explain the low friction coefficient and the low 

wear rate is the formation of lubricant oxides, such as CoO and WO3. At the beginning 

of the test the material loss mainly comes from the Co matrix removal. The removal of 

the metallic binder is followed by a decrease of the adhesion of WC particles, which 

are pull off giving as a result the formation of wear debris. The wear particles are 

subsequently flaked and oxidized, promoting the generation of lubricant oxides which 



                                                                                                              Article B               

83 

are retained between the coupling surfaces [27, 28]. As the wear test proceeds the 

tribolayer is cracked and progressively removed (Figure 8a). In particular, for the 

highest value of relative humidity the tribolayers appears more discontinuous, 

confirming that the presence of water particles reduces the adhesion of the oxide film 

(Figure 8b). 

 

 

(a) 

 

(b) 

Figure 8. - SEM micrographs of WC-12Co worn surfaces, after the wear test: (a) under a 

relative humidity of 20%, (b) under a relative humidity of 70%. 

 

Figure 9 shows a SEM micrograph of the Cr3C2-37WC-18Me worn surface, after a wear 

test carried out under a relative humidity of 70%. In any case, no wear damage is 

observed on this cermet coating. The Scanning Electron Microscope (SEM) 

observation is not clarifying of the wear mechanism that seems compatible with both 

the formation of a protective tribolayer and the plastic deformation of the asperities 

due to the high surface roughness that characterizes this coating (see Table II). 

Further analyses by X-ray diffraction (XRD) could provide others information about 

the involved wear mechanisms. 
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Figure 9. - SEM micrograph of Cr3C2-37WC-18Me coating after a wear test carried out under a 

relative humidity of 70%. 

 

4. - CONCLUSIONS 

The analyses performed in this research activity demonstrate the importance of 

relative humidity on the tribological behaviour of ceramic and cermet coatings 

realised by means of plasma-spraying and HVOF-spraying techniques. In particular, 

the ceramic coatings (Al2O3-13TiO2 and Cr2O3) are more sensitive to moisture than the 

cermet coatings (WC-12Co and Cr3C2-37WC-18Me), as highlighted by both the friction 

coefficient and wear rate results. 

Moreover, comparing the behaviour of the investigated coatings, the cermets ones 

present the best wear resistance. The SEM observations of the Al2O3-13TiO2 worn 

surface show a non-protective tribolayer and the generation of surface microcracks 

with the consequent removal of wear debris in the form of flakes. The Cr2O3 worn 

surface appears smoother without evidence of significant wear and the pores remain 

open in the flattened surface. Many cracks are also propagated in the same direction 

as the normal load applied. WC-12Co coating is less sensitive to moisture due to the 

formation of oxide layers acting as a solid lubricant. Finally, the morphology of Cr3C2-

37WC-18Me does not clarify the influence of relative humidity on the tribological 

behaviour of this coating. 
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ABSTRACT 

A wear study using air plasma sprayed technique (APS) on Al2O3-13TiO2 coating 

against carbon steel in a pin-on-disk configuration using two different loads was 

carried out, in order to evaluate the effect of the amorphous-glassy TiO2 phase. 

Surface analyses were carried out by Optical Microscope (OM), Scanning Electron 

Microscope (SEM) with Energy Dispersive Spectroscopy (EDS), X-ray Diffraction 

(XRD); surface roughness, and Instrumented Indentation Testing (IIT) have been used 

to evaluate hardness and elasticity modulus. The surface structure presents a not full 

transformation of α→γ Al2O3 and an amorphous phase of TiO2. The wear process 

results in an adhesive mechanism from the steel pin to the ceramic surface. The EDS 

present different Ti concentration depending on the damage to the surface. The 

hardness considered for this material was lower than the one reported by other 

authors; in our case, considering that the instrumented indentation testing (IIT) and 

the elastic modulus were lower than in a ceramic material, nearer to that of glass, the 

amorphous glassy phase of the matrix is confirmed. Also through micro-XRD was 

possible to identify non crystalline zones.  

Metal transfer and wear, were greatly dependant on the load applied. The 

observations of the worn surfaces of the pins indicate a mild-oxidation wear 

mechanism with the appearance of ploughing and plastic deformation. 

 

 

 

 

Keywords: crystal, amorphous phase, powder transformation. 
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1. - INTRODUCTION 

Ceramic coatings are widely used to protect softer and reactive materials from wear 

and corrosion even at elevated temperatures; due to their resistant and inert 

properties the main industries that apply this technology are chemical, naval and oil 

industries [1,2]. 

Ceramics are the principal materials applied with the APS technique because their 

final structure; the ceramic powders can be even mixtures of several ceramics. The 

Al2O3-13TiO2 is widely used by the industries mentioned above and in biocompatible 

applications it is used also in pharmaceutical and food industries due to the absence of 

heavy metal contamination [3]. 

The wear process in ceramic coatings has been extensively studied. But the effect of 

the amorphous glassy phase has not been studied in detail. The large contact area of 

the substrate associated with the lamellae facilitates rapid heat transfer which may be 

sufficient to form the amorphous phase. Rapid solidification, arising from the high 

cooling rates in APS produces amorphous phases from ceramics such as Alumina [4]. 

APS coating application technique affects the initial composition of the powders as in 

the case of Al2O3 which transforms from α→γ Al2O3 where the hardness of each phase 

is different; the γ phase is softer than α, and the distribution of the crystal phase 

affects the wear properties of the coating. TiO2 is also dissolved into α phase and 

transformed into an amorphous matrix that contains the remainder crystalline phase 

[5]. The final phases in coating depend of the parameters in the APS. Understanding 

the amorphous phase formation can help to produce coatings with less variability. 

2. - MATERIALS AND METHODS 

The materials used in this study are composites; In this case a mix of powders and 

bond material are combined to create a coating to protect a steel surface.  

The coated geometry is a cemented steel plate (75 mm in diameter and 6 mm in 

thicknesses) the composition of the disk is showed in the Table I.  The pin is a carbo-

cemented steel cylinder with a length of 22mm, diameter of 6mm and weight 4.78 ±0 
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.01 gr The studied coating is Al2O3-13TiO2 applied with APS technique with the 

powder described in Table II. The powders for coatings are mixed, fused and crushed 

to dimensions around -45+15μm. The bond coat is a Ni-20Cr to improve the ceramic 

material adhesion onto the steel substrate (also obtained by APS). Deposition 

parameters are confidential. 

 

Table I. - Chemical composition (wt. %)  of the steel substrate and pin. 

  C Mn Ni Cr Si Cu Mo S Fe 

Coated 

plate steel 
0.22 0.88 0.87 0.84 0.30 0.20 0.06 0.03 Balance 

Pin steel 0.23 0.86 0.95 0.91 0.26 0.10 0.06 0.02 Balance 

 

 

Table II. -  Chemical composition of the feedstock powders. 

 Al2O3-13TiO2 

Type 
FST C-335.23 by Flame Spray 

Technologies 

Composition 

13.12%TiO2, 0.22%ZrO2, 0.15Nb2O5, 

0.1%SiO2, 0.09%MgO, 0.07%CaO, 

0.24% other oxides, balance Al2O3. 

Particle 

dimension 
-45+15 

 

The microstructural characterization of the coatings has been carried out in an optical 

microscope LEICA MEF4M equipped with image analysis software Archive4Images 

v.3.20b. The microstructure of the samples were, also observed in Scanning Electron 

Microscope (SEM) the samples were observed in as received and polished conditions. 

For the last condition the samples were prepared using abrasive paper from 800 to 

1200 grid and after the samples have been polished with a cloth and diamond solution 

from 9μm to 1μm, the samples were observed in surface and transversal sections. The 

SEM equipped with Energy Dispersion Spectroscopy (EDS) has been used to analyze 
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the chemical composition. Diffraction analysis has been realized in Saltillo Coahuila, 

Mexico at Instituto Tecnológico de Saltillo in a PHILIPS* X`Pert  X-ray diffractometer 

(XRD) using Cu Kα radiation (λ= 1.54Å), with an intensity scanner vs. diffraction angle 

between 15° and 120° (step size of 0.06°), a voltage of 40 kV and 30 mA filament 

current. and in Badajoz, Spain at Universidad de Extremadura in a high-resolution 

diffractometer D8 ADVANCE  Bruker using a Cu Kα radiation (λ= 1.54183Å), with an 

intensity scanner vs. diffraction angle between 20° and 80° (step size of 0.02° ), time 

count 3 s/step. To evaluate the hardness and elastic modulus of coatings an 

instrumented indentation testing (IIT) has been performed.  The test has been carried 

out in a Nanotest, Micro Materials Ltd., Wrexham, UK, with a Berkovich diamond 

indenter; 49 indentations in a matrix array of 7 x 7; with a distance of 395 μm 

between them, on the surface of each sample, the velocity of the applied load was 350 

mN/s, the load was calculated by the machine in order to obtain a depth impression 

not greater than 10 μm to avoid the substrate hardness influence; the maximum load 

permanence onto the surface was 10 s. For the AL2O3-13TiO2 the load was 8640±404 

mN. Another hardness test has been carried out with a micro-hardness Tester FM 

Future-Tech and with a load of 300 gr. The wear test has been carried out in a 

multispecimen tester TR-750 DUCOM, in a pin on disc configuration according to 

ASTM G99 [6]. The applied loads were of 450 and 650N with a sliding velocity of 160 

RPM in absence of humidity (relative humidity 15%). The sliding distance was 7500m. 

 

3. - RESULTS AND DISCUSSION 

 

3.1 Microstructural Characterization 

The microstructure of the as-received condition is shown in the figure 1. The SEM 

micrograph a) shows the surface where is possible to appreciate the removal of 

material due to the surface finishing process; this image is obtained with the back 

scattered electrons and shows a good distribution of the elements in the surface. 

Micrograph b) shows with more detail the surface where is possible to observe a not 

fully molten particle and the pores produced by the gas during the APS process, 

weakly attached small crystals and a dense matrix are also visible. 
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(a) (b) 

Figure 1. -  Coating In as received condition, SEM image at 1000X (a) and 2500X (b). 

Detail of the finishing process, porosity and chipping. 

 

The microstructure of the surface and transversal section after polishing is shown in 

figure 2; in the optical micrograph (a) is possible to observe zones where chipping has 

been produced by polishing; this effect is more evident in the light grey areas where a 

considerable crystal concentration is possible. The matrix around these crystal 

concentrations is pour and the binder effect is not so effective. The more stable zones 

appear to be those where the surface shows uniform color that indicates a full 

solution of the crystalline phase into the amorphous binder phase;  it is also evident 

that the crystal richer zones are the prone areas where the pulling out start. 

The transversal section; figure 2 b) shows the lamellar structure, the presence of 

partially melted particles and a less porous surface are observable; the presence of 

crystals in the TiO2 rich matrix is evident. In transversal section the visible porosity is 

produced by deoxidation during the process. Image 2c) shows zones in which the 

microstructure was 1) a fully melted structure composed by melted TiO2 and the 

gamma alumina phase, 2) a partially melted structure with bright white particulates 

embedded in a splat melted structure with a morphology that can vary from round to 

splat. 
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The EDS analysis confirms that the morphology changes as the concentration of Ti is 

reduced, as shown in figure 3, where in the flat zones (point number 3) the Ti 

concentration is higher than in the zones with crystals; the second Ti concentration is 

the less damaged zone (point number 2); and in the more damaged zone the Ti 

concentration is considerably lower (point number 1). This can be explained as the 

amorphous phase is a glassy phase basically formed by melted TiO2 with solution of γ 

Al2O3 crystals, the best surface properties have been considered in the Ti rich zones; a 

 

(a) 

  

(b) (c) 

Figure 2.- Optical and SEM micrograph of  polished surface (a) and transversal section (b 

and c) 
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good distribution of the crystals into the amorphous phase increase the wear 

resistance of the material as is evident in the polished surface picture of the optical 

microscope where the susceptible zones are those where the Al2O3 crystals are 

concentrated; this is also evident in the pictures of the transversal section. It is 

because the harder phase (γ Al2O3) is well anchored to the matrix that the wear 

resistance increases in those zones. 

 

 

EDS Analysis 

point 
% Ti 

1 4.11 

2 11.52 

3 18.08 
 

Figure 3.- SEM micrograph of the particular points analyzed via EDS. 

 

  The powder with original α phase after being subjected to high temperatures 

undergoes a transformation of α → γ (and others) depending on the time and 

temperature at which the powders are exposed. [3,5]. 

 

3.2 X-Ray Diffraction analysis 

Figure 4 present the diffraction patterns obtained by XRD analyses and shows a 

partial transformation of the α- Al2O3 to γ- Al2O3 phase due to the APS process.  The 

powders used for this process usually have an α phase but the alumina is a 

polymorphic material, and high temperatures favor phase transformation; high 

temperature into the flame provides the energy to carry out this transformation. It is 

possible that, depending on these conditions, other phases may appear [5]. 

2

3

1
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The transformation from α→γ Al2O3 is due that the nucleation energy of γ-Al2O3 is 

lower than that of α-Al2O3, the gamma phase is a meta-stable form of Al2O3 and can 

exist due the melting and fast quenching. 

As hardness of α- Al2O3 is higher than that of γ- Al2O3 it is possible that, by a partial 

transformation of this phase, wear resistance can increase when compared with 

coatings that present a full transformation. 

The most representative peaks shown by this coatings through a general diffraction 

pattern (UNEX and ITS) are the peaks of γ-Al2O3 phase; the morphology of these peaks 

shows a high intensity and they are wider than the others; this is associated with a 

small crystal size. The peaks corresponding to the α-Al2O3 phase are narrower, 

indicating that the crystal dimension is bigger, this is due to the powders used to 

create the coatings; it is also possible that this powders grow when are subjected to 

high temperatures is in the sintered materials that shows a wide variation in carbide 

grain size with no apparent porosity. The larger carbide grains are due to coarsening 

that occurred during liquid phase sintering. [7, 17]. Other authors indicate that the 

size of the γ- Al2O3phase is smaller than α-Al2O3; according to this, it is also possible 

that the α-Al2O3 phase remains without transformation into a partially melted matrix  

of TiO2 as the melting point of TiO2 is lower than that for α- Al2O3 (1854 ºC y 2040 ºC 

respectively) [8]. TiO2 does not appear in crystalline form after been applied as a 

coating with the APS technique; but the small peaks of AlTiO2 and Al2TiO5 have been 

analyzed before by other authors. [3,8-9]. 

The contact areas between both powder oxides (Al2O3 y TiO2) are important to be 

considered (it depends of the size particles); due to this a reaction between the 

components during the APS process, and the result of that reaction is AL2TiO5 .That is 

according with the phase diagram for Al2O3–TiO2  but the creation of that phase has a 

negative effect in the hardness and toughness. [3,9-10]. 

 According with the melting point of each phase and amount, usually TiO2 melts first 

and due to the high cooling rate of the process is transformed in the amorphous phase 

that contains the crystalline particles of Al2O3. 
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The small quantity of TiO2 indicates that it dissolves into Al2O3, contributing to the 

glassy phase with a lower melting point that results in the good inter-splat cohesion. 

[11]. 

A graphics presents the punctual analysis of the results of the amorphous and crystal 

concentration in the coating; an example of the diffraction patterns obtained in this 

study is shown in figure 4, where the micro-domains of crystal and amorphous phase 

can be appreciated. 

 

 

(a) 

 

(b) 

Figure 4. - XRD patterns realized with PHILIPS* X`Pert (a) and D8 ADVANCE Bruker (b). 
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3.3 Instrumented Indentation Test IIT 

3.3.1 Hardness 

The hardness values reported by other authors [2-3,8-9,11-12] present diverse 

grades, in a range from 10.78 GPa to 7.84 GPa (1100Kg/mm2 -800Kg/mm2). The most 

common value for these coatings is between 7.84 GPa - 8.82 GPa (800-900 Kg/mm2), 

the reported hardness is usually performed with a Vickers indenter, where the 

geometry of the mark must satisfy some characteristics according with the ASTM 

C1327-03 [13]. The results found with IIT are reported in Table III, showing the used 

load, indentation depth, hardness and elastic modulus. This technique allows to avoid 

the substrate effect and gives a general idea of the material hardness. Since the 

standard deviation is within the tolerance these values must be considered for these 

kinds of coatings.  

 

Table III.- Load conditions and results of IIT. 

Depth of 

indentation mark 

(nm) 

Applied Load  

 

(mN) 

Hardness  

 

(GPa) 

Elastic 

Modulus  

(GPa) 

8697 ±155 8640 ±404 6.5 ±0.7 120 ±3 

 

The results shows a lower hardness than that one reported by other authors which is 

coherent because the material is not a full sintered material and the presence of 

porosity and splat adhesion influence the real hardness of the material.  Kear [9] 

reports a value around 8.33 GPa (850 Kgf/mm2) for α Al2O3 phase; considering  the 

partial transformation from α → γ Al2O3  after APS process,  where the γ Al2O3 phase 

is softer than α phase. The TiO2 percent mixed in these coatings (Al2O3-13TiO2) caused 

a decrease in hardness [8]; so the value may be appropriated. 

The hardness value with IIT is lower than the one found by the classic microhardness 

Vickers technique (according to the ASTM C1327-03 standard), the found value after 

25 indentations is 7.96 GPa (812 Kgf/mm2).  
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3.3.2 Elastic modulus 

With the IIT the elastic modulus has been calculated considering the general surface; 

the resulting 120 GPa is not so different from those reported earlier: 141 GPa and 100 

GPa  [1,11]. Then, considering the general surface the elastic modulus is close to the 

elastic modulus of glasses as is shown in table IV [14, 15]; this is another important 

remark as Young’s modulus for ceramics is higher than that for glasses, therefore 

confirming the existence of a glassy (Amorphous) phase. 

 

Table IV. - Room-Temperature Elastic Moduli, for Various Materials [14] 

 

Material Modulus of 

Elasticity 

(GPa) 

 Metal Alloys 

Tungsten 407 

Steel 207 

Nickel 207 

Titanium 107 

 Ceramic Materials 

Aluminium oxide (Al2O3) 393 

Spinel (MgAl2O4) 205 

Mullite (3Al2O3-2SiO2) 145 

Glass-ceramic (Pyroceram) 120 

 

 

4. - WEAR TEST  

In the case of study at 650 N , the surface analysis at low magnifications, shows an 

apparently homogeneous surface. In a specific area where the surface presents a 

particular adhesion a semi-quantitative analysis has been carried out with the EDS 

(point 1), where the presence of iron on the surface confirms the adhesion of the pin 

to the coating. 
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(a) (b) 

Figure 5.- SEM micrograph of the damaged surface after the wear test. 

    

Table V. - EDS Punctual Analysis of the wear surface. 

EDS Analysis 

point 
% O %Al %Ti %Cr %Fe 

1 27.33 5.46 1.03 0.74 65.44 

2 51.34 39.74 6.88 0.01 2.02 

 

Another punctual analysis has been realized in a zone where the coating has been 

detached (point 2), and the results are reported in table V; the microanalysis confirms 

that the Al content is low, therefore, alumina crystals have been removed, and the Ti 

content is slightly lower than the nominal content, indicating that after crystal 

removal can exist zones where the surface has a good distribution of alumina and 

titania phases.   

The presence of debris of a weak tribofilm [11] has been found in the surface, an 

image is presented in figure 6 where the main composition of this debris is Al. This 

shows evidence that the Al2O3 crystals are removed trying to create a tribofilm and 

that the possibility to interact with the Ti matrix and create a strong bond is not 

possible under sliding conditions. 

 

1

2



                                                                                                               Article C              

101 

 

EDS Analysis 

O 49.84 (% Wt.) 

Al 45.62 (% Wt.) 

Ti 0.48 (% Wt.) 

Fe 4.06( % Wt.) 
 

Figure 6.- SEM micrograph of a wear debris analyzed via EDS. 

 

In order to understand the effect of the load, the wear scar profiles on the disks have 

been analyzed and are presented in figure 7.  The difference between the two tests is 

easy to appreciate in the figure where the load at 650N shows a deeper profile than 

450 N. The peaks in the profiles manifest the presence of material derived from the 

steel pin adhered onto the surface; previously analyzed with SEM. 

The evidence of the loose material from the pin is presented in the table VI where the 

differences of length (Δl) and weight, before and after wear test were measured. 

 

 To calculate the wear rate the used relation appears in eq (1):  

 Wear rate =          (1)  

That is the ratio between the volume of material removed by wear (Vloss) and the 

product of the normal load applied on the specimen (Fn) and the sliding distance (d) 

[16]. 

 

Table VI. - Mean values of losing material of the pin and wear rate 

Test Δl (mm) Lose weight 

(g) 

Wear rate 

(mm-3/Nm) 

650N 1.36 0.29 7.835E-6 

450 0.48 0.1 3.994E-6 
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Figure 7. - Wear scar profiles of the disks under different normal load conditions. 

 

5. - CONCLUSIONS 

The material analysis shows that a good distribution of the crystalline phase into an 

amorphous matrix presents a homogeneous surface that looks more resistant than the 

crystal rich zones; the zones where the amorphous matrix is pour are the zones prone 

to start the pull out of a coating. The differences in intensity and peaks between 

diffraction patterns, show the presence of zones where it is possible to find different 

concentration phases, and these differences in structure and composition affect the 

wear behavior of the coating, demonstrating the existence of weaker areas.  

The wear behavior of Al2O3-13TiO2 under dry conditions, depend on the applied load. 

The main process is an adhesive wear from the pin to the surface. At high loads the 

coating undergoes abrasive wear trying to create a weak tribo-film. 
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ABSTRACT 

 

WC-12Co coatings applied by APS and HVOF have been studied in order to understand 

the heterogeneity in its microstructure. Two coatings has been applied on steel plates, 

using APS and HVOF technique, the size particle of the feedstock powders vary 

depending of  application technique, between -88+44μm to -45+15μm respectively. 

The used techniques for characterize the coatings were: Optical microscopy (OM), 

Scaning Electronic Microscopy (SEM), X- Ray Diffraction  (XRD). The analysis shows 

that the coatings present zones with  different crystal concentration. The importance 

of this studio can help to establish levels of efficiency and quality of the coatings. 
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1.- INTRODUCTION 

The industrial coatings used for a wide range of applications that includes the 

aerospace and other industrial markets serves several purposes; like wear, thermal 

and corrosion protection [1].  They also permit to lighten the materials in order to 

improve quality and extend the operative life. In particular WC-12Co coatings have 

been used extensively in many applications as a wear resistant surface. One of the 

main uses is on die casting molds.  Many studies have been carried out studying the 

coating properties depending on particle size, parameters of application, and 

application technique. The results indicate that depending on the final use of coatings 

the microstructure is the responsible for the service conditions. [2]These kinds of 

coatings due to the characteristics of the feedstock powders, application and process 

present many imperfections like: porosity, internal stress, thickness control, etc. that 

can affect the failure of the part.   This study can help to select the best coating option 

according to characteristics dependent on the application. In friction processes it has 

been found that the WC-12Co applied with HVOF process presents the best results 

due to the uniform distribution of the coating onto the applied surfaces [3], even when 

in these cases the microstructure is not perfectly uniform.  

2. - MATERIALS AND METHODS 

The materials used in this study are composites; In this case mixtures of powders are 

combined to create a coating to protect a steel surface. The coated geometry is a 

cemented steel plate (75 mm in diameter and 6 mm in thicknesses) the composition of 

the disk is shown in Table I.  The studied coatings are WC-12Co applied with APS and 

HVOF techniques. The feedstock powder characteristics are given in Table II.  

 

Table I. - Chemical composition (wt. %)  of the steel substrate and pin. 

  C Mn Ni Cr Si Cu Mo S Fe 

Coated 

plate steel  

0.22 0.88 0.87 0.84 0.30 0.20 0.06 0.03 Balance 

Pin steel 0.23 0.86 0.95 0.91 0.26 0.10 0.06 0.02 Balance 
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Table II. -  Chemical composition and characteristics of the feedstock powders. 

 WC-12Co APS WC-12Co HVOF 

Type Amperit 515.2 by H.C. Stark  WOKA 3102 by Sulzer Meteco 

Forming Process Sintered Agglomerated and sintered 

Composition 4.2 %C, 11.2 %Co, 0.8 %Fe, 

balance W 

5.38 %C, 11.99 %Co, 0.4 %Fe, 

balance W 

Particle 

dimension (μm) 
-88+44 -45+15 

 

 

The microstructural characterization of the coatings has been carried out in an optical 

microscope. The microstructure of the samples were also observed by Scanning 

Electron Microscope (SEM), samples were observed in as received and polished 

conditions, for the last condition the samples were prepared using abrasive paper 

from 800 to 1200 grid and after the samples had been polished with a cloth and 

diamond solution from 9μm to 1μm, the samples were observed in surface and 

transversal section. The SEM equipped with Energy Dispersion Spectroscopy (EDS) 

has been used to analyze the chemical composition. The Diffraction analysis has been 

realized in Badajoz, Spain in Universidad de Extremadura in a high-resolution 

diffractometer D8 ADVANCE  Bruker using a Cu Kα radiation (λ= 1.54183Å), with an 

intensity scanner vs. diffraction angle between 20° and 80° (step size of 0.02° ), time 

count 3 s/step. A micro XRD analysis has been carried out in Ferrara Italia in a high 

resolution X-Ray diffractometer X'Pert Pro MRD XL PANalytical, with the next 

parameters: Cu Kα radiation (λ= 1.540598 Å), with an intensity scanner vs. diffraction 

angle between 15° and 80° (step size of 0.0001° ), time count 3 s/step. Voltage 40 kV, 

Current 40mA. This analysis has been carried out on the entire surface creating a 

matrix array of 49 points (7x7). 

To evaluate the hardness and elastic modulus of coatings an instrumented indentation 

testing (IIT) has been performed.  The test has been carried out in a Nanotest, Micro 

Materials Ltd., Wrexham, UK, with a Berkovich diamond indenter; 49 indentations in a 
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matrix array of 7 x 7; with a distance between them of 395 μm were made on the 

surface for each sample, the velocity of the applied load was 350 mN/s, the load was 

calculated by the machine in order to obtain a depth impression not greater than 10 

μm to avoid the substrate hardness influence; the maximum load permanence onto 

the surface was 10 s. Another hardness test has been carried out with a micro-

hardness Tester FM Future-Tech and a load of 300 gr. 

  

3. - RESULTS AND DISCUSSION 

3.1 Microstructural Characterization 

The microstructure of these two coatings applied with APS and HVOF process at 

glance present very different structures as shows in the images (a) and (b) of figure 1 

respectively. The microstructure belongs to the surface of the coatings in as received 

condition. 

The microstructure of thermally sprayed WC-Co is strongly dependent on powder 

characteristics and processing conditions [4]. Due this the coatings present a great 

differences in the surface since the presence of  an important porosity and low dens 

surface in the APS case; while in the HVOF process the surface present a very dense 

surface with a minimum porosity almost not visible in image b. 

At higher magnifications the discontinuities in the surface for APS case are more 

evident also the presence of fractures and the presence of molten and unmolten areas 

that depend of the plasma intensity [5].  While in the HVOF case, also, at the same 

magnifications, the surface present a uniform and dense microstructure with a low 

porosity and where the finishing signs are still evident as in the image b.  
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(a) (b) 

  

(c) (d) 

Figure 1. -  Coating In as received condition, OM image (a and b) and SEM images (c and 

d). Detail of the finishing process, porosity and chipping in the surface of coatings, for APS 

(a and c) and HVOF (b and d) process. 

 

The transversal section after polishing showed in figure 2 (a and c) for APS and (b and 

d) for HVOF respectively present in both cases an excellent adhesion with the steel 

surfaces. Some impurities due the previous process of the surface preparations are 

visible in the boundary between the metal and the coating. 

The coatings present the same characteristics as in the surface for APS; and an 

important interconnects porosity and discontinuities in thickness of transversal 

section. In the HVOF in image (d) the porosity is visible but in less quantity than in 

APS process; some of the voids are due the sample preparation, presenting the 

chipping phenomena.  
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In the image (d) is possible to observe the typical microstructure, of lamellar splats for 

WC-12Co coatings applied with HVOF process. 

 

  

(a) (b) 

  

(c) (d) 

Figure 1. -  Coating In as received condition, OM image (a and b) and SEM images (c and 

d). Detail of the transversal section, porosity and chipping, for APS (a and c) and HVOF (b 

and d) process. 

 

At higher magnifications in the transversal section it is possible to observe that the 

microstructure is constituted by WC grains embedded into the Co-rich binder phase. 

The grains in the WC-Co material exhibit various shapes of WC, from truncated 

trigonal prism to triangular prisms, which are growth morphologies kinetically 

determined depending on the C content. The dependence of WC grain shape on the C 

content is attributed to an asymmetric occupation of carbon atoms in the crystal 
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structure of WC [6].  In figure 2, images (c) and (d), is easy to appreciate the 

differences in morphology of the carbides, between the round carbides in APS, and 

angular ones in HVOF. According to that is possible to hypothesize that the degree of 

decarburization is lower in the second process. 

The APS process shows round pores due to the gas produced during the application 

process [7]. The limits between the not fully melted particles are also visible and the 

carbide morphology present a columnar and deformed morphology, in figure (c) the 

partial dissolved carbide morphology varies in size and shape. 

The HVOF process shows large surfaces with densely packed fine carbide particles in 

the binder phase, smaller areas present an imperfection of a low concentration of the 

amorphous phase that can be produced for a lack of fusion during the spraying 

process. 
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An EDS analysis for APS coating has been performed, the results has been presented 

in the table III and it shows that in the point 1 the crystal composition is almost fully 

WC. The low Co content can be the background influence. The general analysis in the 

point 2 shows that the microstructural composition is rich in the Co content and the 

WC is lower than the nominal, it can be due that the selected area has not a uniform 

distribution of crystals and the Co concentration is higher than in other zones. 

  

(b) (c) 

  

(c) (d) 

Figure 2.- SEM micrograph of  polished surface of the transversal section for APS (a) and 

HVOF (b) process 



                                                                                                                   Article D          

114 

 

Figure 3.- SEM micrograph for WC-12Co APS process for the particular points analyzed 

via EDS. 

 

Table III. - EDS analysis for APS coating. 

EDS Analysis 

point 

% C %O %Co %W 

1 13.39 3.16 2.58 80.87 

2 3.56 0.47 15.43 80.54 

 

 

 

Figure 4. - SEM micrograph for WC-12Co APS process for the particular points analyzed 

via EDS. 

 

 

1

2
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Table IV. - EDS analysis for HVOF coating. 

EDS Analysis  % C %O %Co %W 

 3.90 0.96 12.20 82.94 

 

The results of the analyses carried out for the HVOF process show a more 

homogeneous composition, closer to the nominal one. The results are reported in 

Table IV and the selected area for the analysis is pictured in figure 4. 

 

3.2.- X-Ray Diffraction analysis 

The XRD analyses presents the general diffraction patterns in figure 5 that shows 

decomposition due decarburization of the WC-12Co.  WC contains 6.13% C and has a 

microhardness of about 24 GPa, while W2C contains 3.16% C and has a microhardness 

of about 30 GPa, but is more brittle than WC [8]. The importance in the decarburizing 

control is clearly related to the foregoing.  

The decarburization increases, in a significantly way, in the APS coating, due to the 

higher temperature used in the process. 

 According to Verdon et al. an index of crystallinity I can be defined, connected with 

the fraction of the crystalline phases. I= 100% in the powder grains and it is smaller in 

the coatings in which a nanocrystalline binder has appeared during spraying The 

higher the amount of transformation, the lower the index of crystallinity.  

The intensity in peaks is lower for APS than for HVOF process. The relative intensity of 

the diffraction peaks is determined from the structure factor of the unit cell.  A 

reduction in the intensity of the peaks of WC denotes a reduction in the volume 

fraction of the primary carbide. Thus, a higher decomposition of WC, in the APS 

process. The W2C/WC ratio increases as decarburization increases [9]. And a 

diminution in the intensity of the peaks and the increase of peaks quantity for W2C in 

the APS process compared with HVOF; just with the analysis of diffraction patterns, 

confirms a greater decarburization for APS process. 

The type and amount of structural disorder can greatly affect the relative intensity of 

the diffraction peaks. Doing a comparison between the differences in intensity is 

possible to do an estimation of proportions of different phases [10]. Thus the higher 
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intensity in HVOF shows more order in the distribution of phases in the coating and 

according with the identified peaks less transformation and higher crystal content. 

The mix of the Co amorphous phase with a mix of decomposed carbides weakens the 

binder phase. In rolling contact fatigue (RCF), an increase in Co content applied by 

HVOF process present good surface characteristics and results in the best coatings for 

applications involving RCF [11]. 

The absence of the Co peaks is related to almost all the metallic cobalt transformed 

into amorphous / nanocrystaline binder phase, diffraction haloes in 2θ values of 

approximately 34° and 50° indicate its presence. [3,7,12-16]. 

As has been explained above, the final characteristics of those materials depend on 

many parameters, like APS and HVOF spraying conditions, powder characteristics, 

size particle characteristics, etc. 

In order to analyze the characteristics of the material with a non destructive 

technique is possible to analyze the samples creating a mapping of the surface in 

order to observe the surface homogeneity. With the XRD patherns reported in 

appendix ii for APS and iii for HVOF it is possible to observe the microstructural 

situation and establish the grade of microstructural uniformity. 

The XRD patterns for APS show a lower intensity in all cases, as expected. In other 

cases, the presence of W2C and the differences in microstructure are considerable, 

while for HVOF the analysis shows less dispersion in intensity and broadening. 
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(a) 

 

(b) 

Figure 4. - XRD patterns realized with D8 ADVANCE Bruker. For APS (a) and HVOF (b) 

process. 

 

3.3 Instrumented Indentation Test IIT 

3.3.1 Hardness 

The hardness values reported for other authors [5-7, 11,17] for the APS process and [ 

11-14, 16, 18,]  for HVOF process varies from 6.17-9.86 GPa (630-1000 Kg/mm2), and 

10.75-14.70 GPa (1097-1500 Kg/mm2) respectively; the reported hardness is usually 

performed with a Vickers indenter, where the geometry of the mark must satisfy some 

characteristics according with the ASTM C1327-03 [19].  For both processes is 
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possible to follow the standard but in the case of APS process the porosity influence 

greatly the hardness behavior. Following the ASTM standard the hardness found for  

APS was around 1076.3 and for HVOF 1047.6.  

For measurements were APS process was employed, to find proper zones for 

measurements is complicate due do to the surface characteristics; an image of the 

Vickers test in APS is showed in the figure 5. In the image it is possible to appreciate 

the influence of porosity, cracks and the amorphous bonding phase that shows a 

ductile behavior by not developing cracks after indentation test. The results found 

with IIT are reported in Table III, which shows the load used, the indentation depth, 

the hardness and elastic modulus. This technique allows avoiding substrate effect and 

gives a general idea of the material hardness.  The standard deviation is considerable 

for the APS process but it is clearly influenced by the morphology of the very porous 

surface 

  

Table III. - Load conditions and results of IIT. 

Process Depth of 

indentation mark 

(nm) 

Applied 

Load  

(mN) 

Hardness  

 

(GPa) 

Elastic 

Modulus  

(GPa) 

APS 9770 ±513 6214 ±1218 3 ±1 101 ±18 

HVOF 8280 ±343 9637 ±852 8 ±2 171 ±11 

 

The results for APS process shows an important lower hardness than that one 

reported for other authors but is coherent because the material is inhomogeneous 

with an important porosity, and splat adhesion that influence the real hardness of the 

material.  For HVOF process the Hardness is lower but the differences with those 

reported for other authors the difference can be attributed to the parameter’s process 

The hardness value with IIT is lower than that one find it using the classic 

microhardness Vickers technique (according to the ASTM C1327-03 standard), the 

found value after 25 indentations for APS is 10.55 GPa (1076.3 Kgf/mm2) and for 

HVOF is 10.27 GPa (1047.6 Kgf/mm2).  

The hardness of coatings is related to decarburization, were WC  transforms to W2C. 
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On melting, the Co would wet the WC grains thus preventing direct contact with the 

gas phase. As a WC-Co powder particle enters the hot gas its temperature increases 

and the Co phase will begin to melt (pure Co melts at 1768 K) after a relatively short 

time. Once the Co is molten WC will begin to rapidly dissolve in it and the 1773 K 

isothermal section of the Co- W-C phase diagram calculated by Guillermet [20] 

indicates that at this temperature approximately 30 wt% W and 2.5 wt% C can 

dissolve. Furthermore, as a particle's temperature continues to increase more WC will 

dissolve. The liquidus surface projection calculated by Guillermet is shown in figure 6, 

and the estimated isotherms shown suggest that at 2273 K molten Co in equilibrium 

with WC could contain 50±60 wt% W and 3±3.5 wt% C. [stewart microstructural 

evolution] 

 

 

Figure 5. – Micrograph of hardness indentation after the hardness Vickers test for APS 

(500X). 

 

Stewart et al. discus about that, the oxidation of carbon to CO is the most favorable 

reaction at temperatures when the Co phase is molten (i.e. > 1768 K). Therefore, the 

decarburization of a powder particle will be expected to proceed as follows: the cobalt 

will melt and WC will dissolve into the liquid as the temperature rises. Carbon will be 

removed from the melt either by reaction with oxygen at the melt/gas interface or 

through oxygen diffusion into the rim of the molten particle, leading to CO formation. 

However, removal of carbon, locally, from the melt will drive further dissolution of 

WC grains in this shell region as the system attempts to re-establish local equilibrium 
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at the WC-melt interface. The overall result will be WC grains which are considerably 

less angular in the outer shell regions (due to dissolution), a reduced WC volume 

fraction compared with the central regions of the particles, and a W:C atomic ratio in 

the melt greater than the unity. 

 

 

Figure 6.- The projection of the liquidus surface of the Co-W-C system.  

 

3.3.2 Elastic modulus 

With the IIT the elastic modulus has been calculated considering the general surface; 

the result is 101 GPa  for the APS process and 171 GPa for the HVOF process, in both 

cases lower than  that for ceramics.   Then, considering that the elastic modulus for the 

general surface is closer to the elastic modulus of glasses and metals like aluminum 

[21-22]; is another important remark because of the Young’s modulus for ceramics is 

higher than for glasses, thus confirming the existence of a glassy (Amorphous) phase. 

 The images for the IIT for both processes are shown in figure 7. The differences in the 

hardness marks show in a clear way the differences in the homogeneity of the two 

surfaces and the influence of the porosity in order to find specific areas as was done 

with the Vickers hardness test. 
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(a) (b) 

Figure 7.- Micrograph of part of the matrix array for IIT for APS (a) and HVOF (b) process 

(100X) 

 

4. - WEAR TEST  

A wear test using a pin in Al2O3-13TiO2 has been carried out just on the HVOF coating. 

The wear mechanism found, according to the morphology of the wear scars, was fully 

abrasive due the pin of agglomerated structure. A particular analysis of the worn 

surface with XRD shows the micro-domains in the coating. A specific analysis using 

particular points before and after the wear test can give more information in the 

structure deformation after a wear process. 

 

5. - CONCLUSIONS 

The material analysis shows that a good distribution of the crystalline phase into an 

amorphous matrix presents a homogeneous surface that looks more resistant than the 

rich crystal zones. 

The differences between diffraction patterns, in intensity and peaks, show the 

presence of zones where micro-domains with higher transformation exist, particularly 

in the APS process and those zones depend on the application parameters used. 

For these kinds of coatings, is important to control the transformation of the primary 

WC crystals as it improves the wetting and grip effect for the crystals into the binder 

amorphous phase. Also, the presence of W2C contributes to create a fragile coating. 

When less pure Co is used as a binder matrix, the properties of the coating decrease. 
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With the improved Micro-XRD technique an analysis of a wear surface can be useful to 

see the effect of wear mechanisms. 
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