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Abstract 

Titanium carbide (TiC) and titanium carbonitride (Ti(C,N)) are both common 

components in hard, wear resistant ceramic-metal composites, or cermets. In this study 

the intermetallic nickel aluminide (Ni3Al) has been used as a binder for the production of 

TiC and Ti(C,N) based cermets. These cermets offer several improved characteristics 

relative to conventional WC-based ‘hardmetals’, such as lower mass and improved 

oxidation resistance, which are also combined with high fracture resistance, hardness and 

wear resistance. The cermets were produced using an in-situ, reaction sintering procedure 

to form the stoichiometric Ni3Al binder, with the binder contents varied from 20 to 40 

vol%. However, for high N content Ti(C,N) cermets, the wettability of molten Ni3Al is 

relatively poor, which leads to materials with residual porosity. Therefore various 

amounts of Mo2C (1.25, 2.5, 5 and 10 vol%) were incorporated into the Ti(C0.3,N0.7)-

Ni3Al cermets, with the aim of improving the densification behaviour. Mo2C was found 

to improve upon the wettability during sintering, thus enhancing the densification, 

especially at the lower binder contents. The tribological behaviour of TiC and Ti(C,N) 

cermets have been evaluated under reciprocating sliding conditions. The wear tests were 

conducted using a ball-on-flat sliding geometry, with a WC-Co sphere as the counter-face 

material, for loads from 20 to 60 N. The wear response was characterised using a 

combination of scanning electron microscopy, energy dispersive X-ray spectroscopy, and 

focused ion beam microscopy. Initially, two-body abrasive wear was observed to occur, 

which transitions to three-body abrasion through the generation of debris from the cermet 

and counter-face materials. Ultimately, this wear debris is incorporated into a thin 

tribolayer within the wear track, which indicates a further transition to an adhesive wear 

mechanism. It was found that Mo2C additions had a positive effect on both the hardness 

and indentation fracture resistance of the samples, but had a detrimental effect on the 

sliding wear response of the cermets. This behaviour was attributed to increased 

microstructural inhomogeneity with Mo2C additions. 
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1 Introduction 

Titanium carbonitride (Ti(C,N)) is a ceramic material that has gained a lot of attention in 

recent years due to its excellent properties such as high hardness, chemical inertness, high 

thermal conductivity and high melting temperature. All the properties listed make 

Ti(C,N) an ideal candidate to be used in the ceramic-metal composite (or cermet) based 

family of materials, especially when coupled with the intermetallic nickel aluminide 

(Ni3Al). Ni3Al has many attractive properties including excellent oxidation resistance up 

to relatively high temperatures (~1100C) due to the formation of a protective Al2O3 

surface layer, along with the ability to retain its strength at elevated temperatures. 

Ti(C,N)-Ni3Al based cermets borrow the attractive properties from their constituents to 

give materials that are relatively low in mass, very hard, and  have good corrosion and 

wear resistance characteristics.  

The purpose of this project is to develop the bulk cermet material that is to be later used 

as a base material in thermal spray coatings. The cermets were manufactured through a 

reaction sinter process to create samples with 20 to 40 vol% Ni3Al, coupled with TiC, 

Ti(C0.7,N0.3), Ti(C0.5,N0.5), or Ti(C0.3,N0.7) as the ceramic matrix. For the high N ceramic 

phase (i.e. Ti(C0.7N0.3)), Mo2C was also added as an alloy addition from 1.25 to 10 vol% 

in order to correct the poor wettability those samples experienced. To characterize the 

various samples, the Vickers hardness and indentation fracture resistance (IFR) were 

assessed. For the main emphasis of the thesis, the specific wear rates of the cermets were 

determined, through application of reciprocating wear tests, using a ball on flat sliding 

geometry with a tungsten carbide-cobalt (WC-Co) counter face sphere. 

The present thesis is divided into seven chapters, which display the various stages of 

work completed throughout the project. In Chapter 2 the theory and literature review 

needed in order for the reader to fully comprehend the material presented in later chapters 

is presented. In Chapters 3 and 4 the materials, methods and results that are not presented 

in Chapters 5 and 6 are displayed. In Chapters 5 and 6 the manuscripts that are submitted 

for publication are presented, these manuscripts have not been altered in any way other 

than to display the correct page number in sequence with the remainder of the thesis. 

Chapter 7 provides an overview of all the work presented through the thesis, highlighting 



 

2 

 

several of the main conclusions, and also presents an outline of selected future work that 

should be considered for studies in similar areas. 
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2 Literature Review 

In the following chapter the background information that is needed to provide a basic 

understanding of the results presented in Chapters 4 and 5 is outlined. A brief overview 

of cermets and their applications is discussed, along with the properties of the 

constituents of the cermets used in this particular study, including the microstructural 

features and typical alloy additions added to the cermets. The basic theory of how such 

samples are manufactured is also provided, including powder compaction and sintering. 

The methods used to characterize the materials upon fabrication, which include the 

hardness, indentation fracture resistance and wear response are discussed in detail, with 

the typical response seen in Ti(C,N)/TiC based cermets also presented. Finally, since the 

overall goal of this study is to produce bulk materials that will ultimately be developed as 

thermal spray coatings, a general background for thermal spray coatings is also presented. 

2.1 Introduction to Cermets 

Today’s aerospace manufacturing industry is demanding better materials constantly in 

order to increase productivity and reliability of their equipment, and thus lower 

maintenance costs.  In addition, there is a strong drive to lower operating mass and 

therefore make aircraft more fuel efficient. There are several key attributes that are 

desirable in the materials that will help realize these goals, such as high wear and 

corrosion resistance, good hardness and toughness, being environmentally friendly, high 

performance at extreme temperatures and relatively low manufacturing costs. 

Having high wear and corrosion resistance is crucial for a part to survive long periods of 

time in the high wear environments that the landing gear of aircraft are subjected to.  If 

the part is able to continually successfully survive during use at these conditions it not 

only reduces costs in repairing and replacement but it also increases the safety factor of 

the structure as a whole.  Although having a highly corrosive resistant material is very 

important, having a mechanically sound material is equally as essential.  Two key 

characteristics that one must consider when selecting a suitable material is therefore the 

hardness and toughness behaviour because without having respectable performances in 

these areas the integrity of the structure would quickly be compromised, especially at the 

extreme working conditions they are immersed in.  Finally, environmentally friendly 
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processes and materials are important, so as to not cause unneeded contamination to the 

working environment and to meet the strict rules and regulations set by the industry.  

There are many different types of materials that meet some combination of the required 

properties, but there are very few that meet all of the requirements together.  One family 

of materials that meets essentially all of these needs is ceramic-metal composites, which 

are often referred to as ‘cermets’. These composites were first developed by the allies 

during the Second World War in the search for a material that had the high temperature 

resistance of ceramics along with the toughness and ductility of cemented carbides (i.e. 

WC-Co).  The term ‘cermet’ comes from the combination of a relatively brittle but hard 

ceramic matrix with a tough metallic 'binder'.  Typical applications of cermets include 

use as a protective coating layer on the inside of pipelines that carry oil and gas, 

machining and tooling purposes (including cutting tools and compaction/forming dies), 

high performance braking systems for cars, and also as a form of ballistic protection for 

equipment and personnel in the military.  However the main focus of this study will be to 

study a cermet that is to be used as a replacement for the hard chrome components 

currently used in the landing systems of aircraft. 

There are numerous types of cermet systems that have had extensive research conducted 

upon them, including those based on titanium carbide (TiC) or titanium carbonitride 

(Ti(C,N)) as the ceramic phases. Traditional ‘hardmetals’, which are tungsten carbide 

(WC) embedded into a cobalt binder, serve the same purpose as cermets but have 

relatively poor oxidation and corrosion resistance, together with a high density, which 

prevents them from being used for most structural applications at high temperatures.  

Therefore they are primarily used for cutting and machining applications because of their 

combination of high strength, toughness and hardness, which leads to good wear 

resistance.[1]  For that reason a more promising base for a cermet system to be used as an 

aerospace coating are the lighter, more heat resistant TiC and Ti(C,N) families.  In 

Ti(C,N) based cermets, the hardness and toughness of the materials can be controlled 

considerably by the amounts of TiC and TiN present, because the hardness increases with 

TiC content, while the toughness increases with the fraction of TiN.  Typical metallic 

binders that have been used in these cermets include nickel, cobalt, stainless steels and 
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most recently nickel aluminide (Ni3Al).[2]  Ni3Al is of particular interest because of its 

high temperature resistance and high strength retention at elevated temperatures. 

2.2 Titanium Carbonitride 

Titanium carbonitride (Ti(C,N)) is a binary solid solution of titanium carbide (TiC) and 

titanium nitride (TiN).  Since both TiC and TiN are isomorphs of one another, the two 

can be substituted in the lattice framework while causing minimal strain on the system, 

therefore the behaviour of Ti(C,N) is very similar to that of TiC and TiN.[3]  

TiC has attracted a large amount of interest for a great number of structural applications 

because of its inherit physical properties as a refractory ceramic.  These properties 

include high hardness, good electrical conductivity, high chemical resistance and a 

relatively low density.[4]  These attractive properties make TiC an ideal choice for 

applications such as cutting tools, grinding wheels, wear resistant coatings and high 

temperature heat exchangers.[4]  It has also been employed as an additive to cemented 

carbides in order to make them harder.  Although TiC is ideal for the previously listed 

applications, it cannot be used on its own in most cases because it is highly brittle and 

would simply fail under many circumstances.  Therefore it is usually coupled with a 

relatively more ductile, tough material. 

TiN is very similar to TiC, in the sense that it is a very hard, light and a highly 

temperature resistant ceramic, with an electrical conductivity comparable to that of steel.  

Although it does have a rather high melting temperature of around 2400°C it begins to 

form oxides in air at temperatures close to 800°C.  Similar to TiC, TiN is chemically 

resistant and thermally stable but unlike TiC it is an excellent diffusion barrier.[3]  It is 

also used as an additive to plastics like polyethylene terephthalate (PET), up to a certain 

content, because it improves the thermal properties of PET bottles.[5] 

2.2.1 Production of Titanium Carbonitride 

For the most part, refractory carbides and nitrides such as TiC and TiN do not exist in a 

natural state.  In addition, their synthesis is generally expensive and time consuming 

since these materials are highly refractory and inert, with strong covalent bonds that 

decompose or sublime upon melting.  As a result they cannot be obtained through the 
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more traditional paths.  It is because of this issue that they have not been extensively used 

until recently.[3]  In general, refractory carbides and nitrides are available in several 

different forms including powders, monolithic shapes, coatings, fibers or whiskers.  

However, the form that is to be discussed further in the present work is the powdered 

TiC, TiN and Ti(C,N) materials, and there are presently several techniques that are used 

to produce them.  

TiC, TiN and Ti(C,N) can be produced by direct carbonization or nitridation of elemental 

titanium metal or hydride.  This process is very energy intensive because it requires 

temperatures between 1900°C and 2900°C, and times from 5 to 20 hours.[3] The final 

product is an extremely agglomerated powder, which requires further milling to produce 

fine particles, so additional chemical purification is then necessary to remove impurities 

picked up from the milling equipment.[6]  Therefore, this method is very costly not only 

because of the price of pure titanium but also from being extremely energy intensive.[7]   

The oldest and most common process that is used to produce TiC and TiN is to use TiO2 

as the starting reactant.  Carbothermal reduction produces large quantities of powder, 

while making use of relatively inexpensive stating materials.  If TiN is desired, a 

carbothermal reduction of TiO2 is conducted in a nitrogen rich atmosphere, while if TiC 

is required, the reduction is performed with excess carbon.[8]  These reactions are 

typically very slow, taking between 10 to 20 hours to go to completion; the chemical 

reaction equations for the reduction to produce TiC and Ti(C,N) are presented 

below:[8,9] 

TiO2(s) + 3C(s) = TiC(s) + 2CO(g)                                  Eqn 1 

TiO2(s) + 3C(s) + 0.5N2(g) = 2CO(g) + Ti(C,N)(s)                     Eqn 2
 

However, much like direct carbonization this method produces particles that are not 

uniform in size, and there is currently no commercial process that produces consistent 

submicron particles.[9] Therefore further milling is required to obtain fine particles. In 

addition, since oxygen is present in the starting material, it always contaminates the final 

product.[8] 
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Another technique that can be used to produce TiC powder can be to avoid the reaction 

step with TiO2 and actually go directly to the source of it.  Ilmenite (FeTiO3) is the main 

source of TiO2, which by itself is a useful material that is used in paint pigments and 

welding rod coatings.[10]  Work has been done to test the feasibility of the carbothermal 

reaction of carbon with ilmenite and it was proven that it is possible to produce fine 

particles of TiC at a size around 12.8µm.[4]  The reaction that takes place between the 

carbon and ilmenite can be seen in the equation below. 

FeTiO3(s) + 4C(s) = Fe(s) + TiC(s) + 3CO(g)                   Eqn 3 

The previously described techniques, which are used to produce TiC, TiN and Ti(C,N) 

powders, have several key flaws in the products they produce; mainly the large particle 

size and high amounts of impurities present in the final product.  To tackle these 

problems another technique has been devised that produces oxygen-free powder particles 

that are consistently between 0.1µm and 0.5µm in size.  This is done by a gas phase 

reaction that consists of a mixture of titanium halide (TiCl4), a reductant vapour (Na or 

Mg) and a reactive gas (CH4 or N2) between the temperatures of 800°C and 1100°C.[8]  

The chemical formation of the TiC, TiN and Ti(C,N) powders can be seen below in 

several different examples: 

Carbide Formation:[8] 

TiCl4 + 2Mg + CH4 = TiC + 2MgCl2 + 2H2                                                                                                 Eqn 4 

TiCl4 + 4Na + CH4 = TiC + 4NaCl + 2H2                                                                    Eqn 5 

Nitride Formation:[8] 

TiCl4 + 2Mg + 0.5N2 = TiN + 2MgCl2                                                                        Eqn 6 

TiCl4 + 4Na + 0.5N2 = TiN + 4NaCl                                                                            Eqn 7 

Carbonitride Formation:[8] 

TiCl4 + 2Mg + CH4 + 0.5N2 = Ti(C,N) + 2MgCl2 + 2H2                                             Eqn 8 

TiCl4 + 4Na + CH4 + 0.5N2 = Ti(C,N) + 4NaCl + 2H2                                                                        Eqn 9 
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Another widely used technique to produce titanium carbonitride powders that are 

essentially free of impurities is self-propagating high temperature synthesis (SHS).  There 

are two types of combustion reactions, either propagating or bulk reactions.[11]  In 

propagating reactions powered compacts are ignited, usually near the top, which in turn 

creates a combustion wave that then passes through the entire compacted sample.  While 

in a bulk reaction scenario the compact is heated very rapidly in a furnace until the 

combustion reaction occurs simultaneously throughout the entire sample.  Bulk reactions, 

also known as thermal explosions, are usually only used to synthesize intermetallic 

compounds because of their low ignition temperatures, whereas propagating reactions 

can be used to synthesize ceramic powders such as Ti(C,N).[11]  During SHS reactions 

very high temperatures can be reached in extremely short periods of time (e.g. 2 to 3 

seconds) because of the highly exothermic nature of the reactions.  It is due to the 

extremely fast heating time that it can be assumed that there is no time for the heat to 

disperse to the surroundings; therefore the maximum temperature reached is the 'adiabatic 

temperature' of the material.[12]  One of the reasons why there are so few impurities 

found in the final products that are produced by SHS is because the high temperatures are 

believed to burn off any impurities that may contaminate the final powder. 

During the production of Ti(C,N) by SHS, titanium and carbon black powders are first 

mixed and compacted in the appropriate proportions to create the various final mixtures 

of Ti(C,N) powders.  The compacts are then placed in a sample chamber while nitrogen 

gas is flowed through where the combustion takes place.[13]  To calculate the ratios 

needed for each separate type of powder the following equation was used:[14] 

Ti + xC + (y/2)N2 = TiCxNy                                                                                       Eqn 10 

where x+y=1. 

A schematic diagram of the setup used to perform the above reaction can be seen in 

Figure 1 below.[13] 
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Figure 1. Diagram of the experimental arrangement used to produce Ti(C,N) by 

SHS.[13] 

2.2.2 Physical Properties of Titanium Carbonitride 

Refractory carbides and nitrides such as TiC and TiN are hard, wear resistant, chemically 

inert and have high melting temperatures; these attractive properties have made them 

become a very important material in engineering applications.  Both TiC and TiN have 

the basic sodium chloride crystal structure, meaning the corners of the face centered 

cubic (fcc) are filled by either carbon for TiC or nitrogen for TiN, while the (0.5,0,0) 

position of the superlattice is occupied by Ti atoms.[14]  As mentioned previously, 

Ti(C,N) is simply a binary solid solution of TiC and TiN, where C and N atoms can 

interchange easily throughout the structure; the crystal lattice of Ti(C,N) can be seen 

below in Figure 2.[14]   
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Figure 2. The crystal lattice structure of Ti(C,N).[14] 

 

As seen from Figure 2, the lattice parameter of TiN is slightly smaller than TiC, but it is 

not enough of a difference to cause any significant amount of strain within the lattice 

structure.  However, as the amount of N present in the crystal structure increases, the 

lattice parameter decreases in a linear fashion.[14]  Similarly, as the amount of N 

increases in Ti(C,N) the micro- and nano-hardness of the material decreases, as shown in 

Figure 3.[15] 
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Figure 3. Hardness of Ti(C,N) as a function of C and N.[15]  

 

A variance between the microhardness and nanohardness can be seen in Figure 3, which 

is most likely due to micro-cracking throughout the material as the hardness is measured, 

and since the micro scale is larger than that of the nano, more of these cracks will 

contribute to the resulting decreased hardness measurement.[15]  The elastic properties 

can also be characterized as a function of the nitrogen content in Ti(C,N) and, as can be 

seen in Figure 4, the Young’s (E), bulk (B) and shear (G) modulus values and do not vary 

greatly as the composition changes.[15] 
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Figure 4. The elastic properties of Ti(C,N).[15] 

2.3 Nickel Aluminide (Ni3Al) 

Intermetallic compounds are often developed unintentionally in steels/stainless steels 

during normal use and service.  However, they are intentionally formed in nickel based 

alloys, such as nickel aluminide (Ni3Al), as a new class of high temperature resistant 

alloy.[16]  They have been considered for a variety of high temperature structural 

applications for many years because of their very good oxidation and corrosion 

resistance.  Intermetallic compounds can be described as an ordered phase formed 

between two or more metallic elements to create a new structured alloy, where multiple 

sublattices are needed to describe its atomic structure.  The excellent elevated 

temperature properties exhibited by these compounds are a result of their long-range 

ordered superlattice, which reduces dislocation movement along with diffusion properties 

at higher temperatures.[16] 
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Aluminides of transitional metals such as nickel have high enough quantities of 

aluminum to form a continuous, fully adherent alumina (Al2O3) layer on the surface of 

the material when exposed to an air or oxygen atmosphere.[17,18]  In nickel aluminides, 

it is this alumina layer on the surface that gives the excellent oxidation and carburization 

resistance, even at temperatures up to 1100°C.  In addition to the high corrosion and 

oxidation resistance, Ni3Al also maintains its high yield strengths and high stiffness 

between 650-1100°C, as opposed to many nickel based superalloys.[17]  It is because of 

these attractive properties that Ni3Al has been extensively used as a strengthening agent 

in the form of precipitation hardening of many nickel based superalloys.[19] 

At ambient conditions polycrystalline Ni3Al is very brittle, suffering from intergranular 

fracture.  Conversely, single crystals of Ni3Al are extremely ductile.[18]  The brittle 

nature of the polycrystalline materials has been proposed to be a result of several 

different factors, one of which is poor grain boundary cohesion, resulting from large 

differences in electronegativity between the Ni and Al atoms.[20,21]  Other suspected 

reasons for the brittle nature of Ni3Al are the difficulty of slip transmission across grain 

boundaries, arising from the need for chemical order at the boundaries, and also the 

presence of microcracks at the boundaries which cause premature failure.[21]  Finally, 

perhaps the most important factor that causes the embrittlement of the aluminide was 

found to be due to the moisture content in air, through the generation of atomic hydrogen 

which enters the material and causes embrittlement.  It has been shown that the problem 

of poor ductility in the polycrystalline Ni3Al materials can be corrected by microalloying 

with boron additions, and the benefits of this method will be discussed in more detail in a 

later section.[22,23]  Similar to the brittleness at ambient conditions, Ni3Al alloys are also 

brittle in nature at elevated temperatures, meaning their ductilities are somewhat sensitive 

to the temperature of the test environments.[22]  The material shows significantly lower 

ductility in air at temperatures reaching 300°C, with the worst embrittlement occurring at 

around 600 to 850°C, where there is a transition from transgranular to intergranular 

fracture.  This effect is caused by air, and most likely gaseous oxygen since the same 

results were observed in conditions with pure O2 and when the test was repeated in a 

vacuum the ductility remained.  During elevated temperature use oxygen is chemisorbed 

onto the nickel aluminide surface, and weakening of atomic bonding occurs across grain 
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boundaries.[22]  Then the localized areas of high stresses created during the early stages 

of plastic deformation nucleate and propagate microcracks along grain boundaries, 

causing premature failure.  To combat this, it has been found that adding small amounts 

of chromium to Ni3Al will rapidly form a protective Cr2O3 layer that will effectively 

block oxygen from embrittling the material. 

Nickel aluminide remains fully ordered up to a temperature near its melting point and is 

capable of taking rather large amounts of other elements into solid solution.[24]  With 

increasing temperature the overall yield stress of Ni3Al increases up to a maximum, 

reached at ~800°C, contrary to more conventional materials.  This response gives Ni3Al 

great potential to have high strength retention in extreme working conditions.  Most 

studies have shown that many solutes do not provide significant hardening effects at 

temperatures as high as 800°C, but some Group IV-A elements do, mainly Hf and Zr.  It 

is for that reason Ni3Al is commonly alloyed with those elements at low 

concentrations.[18] 

2.3.1 Physical Properties of Ni3Al 

Intermetallic aluminides such as Ni3Al have relatively high melting temperatures, good 

corrosion and oxidation resistance, moderately low densities (7.50g/cm
3
), along with the 

ability to retain rather high strengths and stiffness at high temperatures.[16]  The phase 

diagram of the Al-Ni system can be seen in Figure 5, where the melting temperature is 

displayed as 1360°C.[25] 
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Figure 5. The Al-Ni phase diagram.[25]  

 

Nickel aluminide has a basic FCC crystal structure, with a lattice parameter of 

0.357nm.[26]  A simple schematic of the unit cell can be seen in Figure 6, with the face 

center atoms being Ni and the corner atoms being Al.[19] 
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Figure 6. The Unit Cell of Nickel Aluminide (Ni3Al).[19]  

 

In Figure 7 the elastic modulus, along with the heat capacities of polycrystalline Ni3Al 

are shown as a function of temperature between 25 and 400°C. [26]  It is interesting to 

note that near room temperature the modulus of Ni3Al is very similar to that of Ni, but as 

temperature increases the rate at which the modulus of Ni3Al decreases is about half of 

the rate at which Ni decreases.[26] 

 

Figure 7. The elastic modulus and specific heat capacity of nickel aluminide (Ni3Al).[26]  
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2.4 Titanium Carbonitride Cermets 

The first TiC based cermets produced were predominately TiC with a Ni binder, and 

potentially Mo as a further alloying addition; these cermets were very hard but also brittle 

in nature.  It was later found that the addition of nitrogen to the TiC lattice structure 

would enhance the ductility of the cermets.[27]  The hardness of the cermets increases 

with increasing amounts of TiC, while the wear resistance properties are increased 

through increasing amounts of TiN.  Titanium carbonitride cermets have very good creep 

and wear resistance because of their high hardness and the thermal stability of their 

phases.[28]  In addition, TiN has superior thermal conductivity than TiC, which makes 

Ti(C,N) based cermets more thermal shock resistant than those based solely on TiC.[14]  

The addition of nitrogen is believed to be more effective if it is added to the 

microstructure in the form of Ti(C,N), instead of TiN, because it produces better 

homogeneity and consequently improved structural performance.[29]  Therefore the 

properties and microstructure of the cermets depend largely on the characteristics of the 

precursor materials; mainly the carbon-nitrogen ratio, the stoichiometry of the hard phase 

and the percentage of binder present. 

Ti(C,N) cermets combine the high hardness properties generally associated with TiC, 

with the good toughness attributes of TiN, but can suffer from poor wetting with some 

metallic binder systems as the fraction of TiN is increased. The contact angle that exists 

between the ceramic and the liquid metal during sintering is a measure of the wettability 

of the system. Contact angles greater than 90 are considered to be non-wetting, while if 

the angle is 0 it is referred to as a perfectly wetting system. For strong bonding to occur 

there must be a combination of both good wetting and the ability for small amounts of the 

carbide phase to dissolve into the binder.[14] If a system experiences poor wettability 

then the final structure will have a poor densification response, with retained porosity that 

will act as stress raisers, resulting in a cermet with poor physical properties. For a given 

cermet system alloy additions can be made that alter the interaction between the carbide 

and metallic phases, in such a fashion that a poor wetting system can be transformed into 

one that densifies fully upon sintering. 



 

18 

 

Zhang investigated the effects of the C:N ratio in Ti(C,N) based cermets, by 

manufacturing samples with various amounts of C and N in solid solution.[30] The 

optimal composition in terms of the hardness was found to be at a ratio of 1:1, where the 

cermets had the ideal combination of hardness from the TiC phase and toughness from 

the TiN phase. In two separate studies on Ti(C,N) cermets the effects of both TiC and 

TiN were further confirmed, where as the amount of TiC was increased the hardness also 

increased, and with rising amounts of TiN present the indentation fracture resistance 

(IFR) improved.[27,31] The rise in hardness from the higher amounts of TiC present is 

caused by the higher modulus of elasticity of TiC compared to that of TiN. The Ti(C,N) 

based cermets were consequently able to achieve hardness and IFR values comparable to 

that of the more traditional cemented carbides.[27] 

2.4.1 Microstructural Characteristics 

When characterizing the microstructures of cermets the two primary tasks that are to be 

completed are to quantify the size and volume fraction of the microstructural features and 

to determine their compositions.  The grains of Ti(C,N) cermets are often divided into 

three distinct phases: the core, the inner rim and the outer rim.  The core is composed of 

undissolved Ti(C,N), while the rim phases are based upon Ti(C,N) with somewhat high 

concentrations of heavier elements such as W, Ta and Mo if they are present in the 

material.[32]  The core is primarily created by undissolved powder grains, but it can also 

be formed in the very early stages of sintering.[33]  Conversely the inner rim is formed 

upon solid-state sintering, before the eutectic temperature is reached, and the outer rim is 

re-precipitated during liquid phase sintering.[34]  In Figure 8 a typical microstructure of a 

Ti(C,N) based cermet can be seen.[27] 

 



 

19 

 

 

Figure 8. SEM micrograph of a Ti(C,N)-Mo2C-Ni cermet.[27]  

The nitrogen content in the Ti(C,N) phase has a strong effect on the thickness of the rim 

in the core/rim structure, and is an indication of the extent of carbide dissolution and 

precipitation in the Ti(C,N) system.[35] 

Upon densification there are several microstructural properties that are observable that 

determine specific properties of the cermets. One such feature is the contiguity of the 

carbide phase, which is the ratio of the carbide/carbide interfacial area to the total 

interface surface area.[36,37] It has a range of values from 0 (totally dispersed) to 1 (fully 

agglomerated). As the contiguity increases, hardness increases and the fracture toughness 

simultaneously decreases. The equation used to calculate the contiguity is: 

  
    

        
                                                                                                             Eqn 11 

where Ncc is the average number of intercepts per unit length of a test line which 

intersects carbide/carbide boundaries and Nbc is the number of intercepts of 

binder/carbide interfaces.[38] Another observable feature is the binder mean free path, 

which is a measure of the characteristic ligament dimension of ductile binder phase 

between the brittle carbide particles. The equation used to calculate this parameter is:  

    
    

        
                                                                                                          Eqn 12 
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where d is the average carbide particle size and fc is the volume fraction of the carbide 

phase. In general as the mean free path increases so too does the IFR. 

2.4.2 Alloy Additions 

When manufacturing Ti(C,N) cermets there are a number of issues that arise that can 

result in samples not being suited for practical industrial use. When the nitrogen content 

of Ti(C,N) is at higher concentrations the cermets have potential sintering issues, which 

can result in a cermet that has inherent flaws in the microstructure, thus creating a 

material that has relatively poor mechanical properties.  To address these problems 

previous research has been carried out on cermets similar to the Ti(C,N)/Ni3Al system, in 

search of alloying additions that will improve their properties.  The two that will be the 

focus of future studies are molybdenum (Mo) and boron (B), with each providing 

different benefits to the system if used in correct quantities. 

2.4.3 Molybdenum 

Elemental molybdenum, or molybdenum carbide (Mo2C), is used as sintering aid in TiC 

or Ti(C,N) based cermets to help improve the wettability of the metallic phase on the 

ceramic, while improving other mechanical properties like fracture toughness, 

simultaneously.[39]  Improved wettability of the phases results in a reduction of the 

detrimental processing issues, including microstructural defects such as voids and binder 

micro-cracks, while there also is an increase in the interphase bond strength and phase 

uniformity.[40]  The addition of Mo in the initial powder decreases the final carbide grain 

size in the sintered cermet by decreasing the solubility of Ti(C,N) in the binder, thus 

limiting grain growth by solution precipitation during sintering.[41]  The specific 

mechanism that limits the solubility is the formation of a Mo rich shell around the 

Ti(C,N) particles, which is far less soluble in the binder phase than the original Ti(C,N) 

ceramic.[41]  Since grain growth is limited in the microstructure, a slight increase in the 

transverse rupture strength (TRS), or flexure strength, is often observed.  The 

carbonitride grain size determines an important characteristic in the cermet system. 

Firstly, the in-situ hardness, which sets the upper limit of the hardness increases with 

decreasing grain size. Secondly, the binder MFP, which is proportional to the grain size, 

is reduced. Consequently, there is an increase the binder hardening effect by the 
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reduction of the MFP.[42] The increase in TRS values can be also partially explained by 

Mo forming a solid solution with the binder phase of the material and the improved 

wetting behaviour, which reduces the amount of pre-existing flaws like micro-cracks in 

the structure of the material.[40]  

As previously stated, typical microstructures of Ti(C,N) based cermets consist of a 

core/rim morphology.  The core is usually undissolved ceramic phase along with heavier 

elements, the rim is usually a solid solution of Mo and Ti(C,N) while the matrix is the 

metallic binder phase.  If the addition of Mo becomes too high the rim will grow too large 

thus creating larger grain sizes, and at the same time Mo forms a solid solution with the 

binder making it inhomogeneous.[43]  It is the larger grain sizes and the inhomogeneity 

of the binder that causes cermets to lose their mechanical properties with the addition of 

too much Mo.[39,43]  However, it was also found that the addition of Mo initially 

increases the hardness of the cermets up to 10 wt%, but then as the amount is increased 

up to around 15 wt% detrimental effects are observed.  This can be explained by the 

sharp reduction of grain size in the cermets with the addition of Mo up to 10 wt%, while 

further additions do not affect the grain size too dramatically, but the soft Mo dilutes the 

hard Ti(C,N) ceramic thus decreasing the hardness.[39]  The fracture toughness (KIC) was 

also improved by the addition of Mo up to 5 wt%, and with additional amounts the value 

was lowered. .[39]  The addition of Mo up to 5 wt% hardens the binder phase of the 

cermet, thus resulting in a tougher material.  However, as the amount of Mo is increased 

the grain size generally decreases, which results in lower toughness values, since a 

material is generally tougher with larger grain sizes and hence larger binder ligament 

dimensions.[39] 

2.4.4 Boron 

The addition of small quantities of boron (B) has been shown to significantly improve the 

ductility of Ni3Al based alloys.  It is important to note that these improvements are only 

seen in Ni rich compositions, where the atomic ratio of Ni/Al is greater than three.[16]   

There has been a great deal of research conducted on the utilization of borides in cermet 

samples through the reaction sintering process, but the formation of a brittle third phase 

in the metal matrix has caused many attempts to fail.  Therefore there are several key 
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characteristics that one must consider when choosing to add B to a cermet.  Mainly it 

involves selecting a suitable metal matrix that will not form a brittle third phase with the 

addition of B, and to form a liquid phase between the boride and the metal matrix to 

obtain full densification of a sintered product while preventing grain growth.[44] Due to 

the brittleness of polycrystalline Ni3Al the use of Ni3Al based alloys as a structural 

material is somewhat limited.  However, it was observed that small quantities of B would 

result in a material with high ductility values with mostly transgranular fracture.[45]  The 

extent of the improvement in ductility was later determined for Ni rich alloys, which can 

be seen in Figure 9.[46]   

 

Figure 9. The effects of boron on Ni3Al ductility.[46]  

 

There are several different theories as to why B increases the ductility of polycrystalline 

Ni3Al, they include: (i) increasing the grain boundary cohesive strength;[23] (ii) 

facilitating slip accommodation at grain boundaries to reduce the stress created by 

dislocation pile up;[47] (iii) causing compositional disordering by attracting Ni to grain 

boundaries;[48] (iv) minimizing moisture induced embrittlement by reducing the rate of 

hydrogen diffusion at grain boundaries;[49] or (v) B clustering at constitutional vacancies 
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occurs in Ni rich alloys, leaving a reduced amount of B available for segregation to grain 

boundaries.[26]  All of the reasons listed are attributed to a modification involving grain 

boundary properties, however it was also shown that B increases ductility of single 

crystals of Ni3Al meaning it also affects the bulk material as a whole.  In addition, as the 

amount of Al is increased in Ni3Al alloys the benefits gained from the B addition are 

somewhat minimized, with the fracture mode changing from transgranular to more 

intergranular in nature. 

The addition of B also provides a strengthening mechanism for single and polycrystalline 

Ni3Al through solid solution strengthening, with the effects maximized as Al and B levels 

rise.  If the strengthening from B doping is a linear function, as reported by some 

researchers, the rate of change is around 997 MPa/at% B for single crystals, which is 

much higher than the reported 250 MPa/at% B in polycrystalline Ni3Al.[23,50]  

However, there has also been a softening effect observed as a result of B addition.[51]  It 

was found that boron doping would soften the fine grained Ni3Al, but harden the coarse 

ones.  This is because of the competition between the softening at the grain boundaries 

and the hardening in the interiors.[52]  Therefore the softening/hardening effect of B in 

Ni3Al is largely dependent on grain size, with smaller grains increasing softening and 

coarser grains increasing hardness.   

2.5 Powder Compaction 

A very common technique used to process cermets is by utilizing powder metallurgical 

methods.  Once a uniform powder blend is obtained it must be pressed into a green body 

before the final product can be sintered.  The green bodies created after pressing have a 

consistency of chalk, meaning they are very brittle, therefore they need to be handled 

with great care.  The green body strengths are dependant on the material being pressed, 

and also directly proportional to the compaction pressure used.  There are numerous 

compaction methods currently utilized for processing, which is determined by the size, 

shape and complexity of the final product desired.    The final mechanical properties of 

the compacts depend greatly on the ability to obtain a strong green body. 
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2.5.1 Single Action Compaction 

In the pressing of powders, die compaction is the most widely used technique. It involves 

rigid dies that are used in either hydraulic or mechanical presses.  While pressing a 

powder a uniform density is not achieved throughout the compact. This is due to the 

frictional forces created between the powder and the die wall as well as the forces 

between particles themselves.  In die compaction there are two basic types to choose 

from, either single or double action compaction.  The two different types of die 

compaction techniques create compacts that are slightly different from one another, and 

are classified according to the movement of the individual tool elements, as outlined in 

Figure 10.  In single action compaction the lower punch and the die remain stationary, 

while the upper punch is lowered to compact the powder.  This creates a sample that has 

a density gradient from the top to the bottom.  While in double action compaction only 

the die is stationary with the upper and lower punches compacting the powder, which 

results in a sample that has a much more uniform density throughout.[53]  Usually single 

action compaction is used only on thin samples, while double action is used for samples 

that are thicker and are in need of better density control. 
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Figure 10. A comparison of single vs. double action compaction.[53]  

2.5.2 Cold Isostatic Pressing 

Cold isostatic pressing (CIP) involves the compaction of powders enclosed within a 

flexible mould, by using fluids such as oil or water, at pressures between 200 and 700 

MPa.  The use of flexible moulds allows for the ability to press rather complex shapes 

with a uniform density, while achieving high green strengths.  However, the dimensional 

control over the compacted samples is not as precise as die compaction, so CIP generally 

produces samples with a rougher surface, while the moulds used do not last as long as 

rigid dies.  A simple schematic of a CIP process is shown in Figure 11.[53] 
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Figure 11. Simple schematic of the CIP process.[53]  

2.6 Sintering 

Liquid phase sintering is a powder metallurgical process where at least a small portion of 

a compact being sintered is in a liquid state, and is of particular interest because it usually 

leads to practically fully dense materials.[34]  During the sintering of cermets it is the 

metal binder phase, along with a small amount of dissolved ceramic (typically a carbide 

or carbonitride) phase that forms the liquid portion of the system.  In the "heavy alloy" 

theory the solubility of the solid phase into the liquid plays a huge role in determining the 

final microstructure of the sintered compact.[54]  The heavy alloy theory states that if the 

solid has a high solubility into the liquid phase grain growth will be maximized, while if 

there is low solubility the amount of grain growth will be limited.  However, in 

heterogeneous systems such as cermets the heavy alloy theory does not fully explain the 

dispersion of the two phases throughout the microstructure.  It was found that in cermets 

the main factor that determines the distribution of the various phases was the relative 

surface energies of the interfaces with respect to one another.[55] 

The final microstructure of a liquid phase sintered material, such as a cermet, has a large 

effect on the mechanical properties.[34]  The main microstructural features that can be 

observed in a cermet system include the grain size and shape, contiguity of the dispersed 
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phase, volume fraction of the binder phase as well as the mean free path of the binder (a 

measure of the mean binder ligament dimension).  In this instance contiguity is defined as 

the average fraction of the surface area shared by one grain of a phase and all other 

adjacent grains of the same phase, while the mean free path of the binder phase is the 

uninterrupted intercept length of the binder phase in a random direction.  In order to 

control the resulting microstructure upon sintering, the three main process parameters that 

can be varied are the sintering time, temperature, and atmosphere, along with any 

alloying additions that may be present.[34] 

2.7 Cermet Property Characterization 

To quantify the various mechanical parameters exhibited by cermets, several key tests are 

commonly performed that measure mainly interrelated properties of cermet materials.  

These properties include the flexure strength, hardness, fracture resistance and wear 

behavior.  All of the tests listed measure key aspects that are usually desired while 

selecting the appropriate cermet for a particular purpose. 

2.7.1 Vickers Hardness 

Indentation hardness testing is a relatively straightforward method that is used to 

characterize the mechanical properties of a rather small volume of the material.  A typical 

hardness test is performed by simply applying a fixed load on a material using a 

predetermined geometry for the indenter.   The Vickers diamond pyramid hardness test is 

one of the most widespread techniques used to quantify a material, especially hard 

ceramics.[56]  In order to compare various materials in terms of their hardness, the 

Vickers hardness number (HV) is used, which is the ratio of the applied load "P" to the 

pyramidal contact area "A" of the indentation.  The area can then be further simplified 

down in terms of the diagonal length of the impression and "α", a constant which is equal 

to 1.8544.[56] 

HV = P/A = αP/d
2 

                                               Eqn 13 

Diamond indenters make it possible for the Vickers hardness test to be used to evaluate 

the hardness of any material, while giving the ability to place all the hardness values on 

one continuous scale, as opposed to the Rockwell test which has several scales.  The 

indentation impact itself is one smooth motion, where the applied load is held in place for 
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10 to 15 seconds, as opposed to an impact like in Rockwell test, which happens almost 

instantaneously.[57]  A schematic diagram of a typical Vickers hardness indentation in a 

sample, together with the diamond tip geometry is shown in Figure 12.[57] 

 

Figure 12. A schematic diagram of the Vickers indentation Test.[57] 

2.7.2 Indentation Fracture Resistance 

In cermet systems the bulk mechanical properties, such as toughness, are determined by 

the binder volume fraction, composition, and microstructural parameters such as the 

binder mean free path and ceramic (i.e. carbide) grain size.[58]  The bulk hardness 

increases, while the fracture toughness decreases with both decreasing binder volume 

fraction and binder mean free path, all the while maintaining a constant carbide grain 

size.[59]  The analysis of the crack patterns that relate to the toughness of more brittle 

materials, such as ceramics, was first conducted by using the Hertzian cone crack 

geometry produced by spherical indenters.[60]  However, the concept of relating the size 

of indentation cracks to the toughness of a material was first proposed by Palmqvist, 

while working with metal carbides and using the Vickers hardness test as seen in Figure 

13.[61,62]   
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Figure 13. The radial palmqvist (a) and half penny (b) geometries for determining 

indentation fracture resistance.[58,61] 

 

There are two different crack geometries shown in Figure 13, namely the radial and the 

half penny shapes.  In the half penny geometry, the fracture pattern shown is represented 

by the peak load "P" and the dimensions of the plastic impression "r", with the 

radial/median crack length "c".  The indentation fracture resistance (IFR), which is often 

termed 'toughness', of the material can be measured by analysis of the cracks generated 

through Vickers indentation.  With the aid of an optical or electron microscope, the 

cracks that form at the corners of the diamond indenter can be measured.  Taking into 

account the measured crack lengths, elastic modulus, peak load, a constant § (equal to 
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5.44 x 10
-3

) and the Vickers Hardness, a value for the indentation fracture resistance of 

the material can be calculated using the following equation:[61,63] 

             

            Eqn 14 

 

It can be seen that as the crack length gets larger, the fracture toughness decreases. 

Consequently, for good indentation fracture resistance values, cracks that are small in 

length are required, thus maximizing the toughness parameter.  Although the half penny 

crack geometry works well with more brittle materials, such as pure ceramics, it was 

found that the Palmqvist or radial crack pattern better describes the geometry that more 

ductile materials, such as cermets, experience.[58]  Therefore, a more accurate model to 

quantify the indentation fracture resistance of cermets is:[64] 

Kc = β(HW)
0.5

                       Eqn 15 

 

Where "β" is a constant equal to (8.89 x 10
-2

), "H" is the Vickers hardness value and "W" 

is defined in the following equation:[58] 

W = (P - Po)/(4ā)                      Eqn 16 

Where "ā" is the average measured crack length produced by an indentation and "Po" is 

extrapolated from a plot of crack length vs indentation load, which is ultimately defined 

as the indentation load at which cracks begin to form in a particular material. 

As mentioned previously, half penny cracks invariably form in more brittle materials, 

while Palmqvist cracks form in ductile systems.[58,61,63,65] Niihara et al have studied 

the crack formation for various ceramic based materials and determined a method for 

predicting whether a material will have half penny or Palmqvist type cracks, by 

examining the ratio of crack length to indentation size. In this instance, if the ratio is 

below 2.5 the material is believed to be more ductile in nature, and if the ratio is above 

2.5 it is considered brittle.[66] 
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2.7.3 Wear Behavior 

Tribology is the science of friction, lubrication and wear.  The wear of materials can 

occur either during the interaction of two surfaces, or during the interaction of an exposed 

surface with abrasive particles, fluids, chemicals or heat.[67]  In general the varying 

mechanisms of wear can be divided into two main categories, either mechanical, or all 

other incidences that involve an additional level of active chemistry, like oxidization or 

corrosion. The various modes of mechanical wear can further be divided into four main 

categories, which include: adhesion, abrasion, erosion and surface fatigue.  In addition to 

these wear modes, the mechanism of fretting also exists, which is a combination of 

adhesive, abrasive and sometimes corrosive wear.  From an industrial standpoint all of 

the modes mentioned lead to a loss of dimensional tolerances, higher operating costs and 

extra expenses such as part replacement.[67,68]  Table 1 shows the various types of wear 

mechanism that may occur, along with the typical wear debris produced through each 

process. 
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Table 1. Types of mechanical wear mechanisms.[67,69] 

Type of 

Wear 

Wear particles/debris Wear scar/surface topography 

Abrasion Particles 

Flat splinters 

Grooves or furrows running parallel to surface 

Discontinuous if hard phases are present in wear 

track 

Comet tails in low stress (surface scratching) 

Adhesion Flake splinters Sliding tongue wedge 

Erosion Thin flakes 

Fine particles 

 

Pits & cavities 

Wave fronts 

Lamellar pattern 

Surface 

fatigue 

Pitting  

Flaky wear 

Delamination of particles 

Ratchetting 

 

Adhesive wear is one of the most common types of wear, and involves the strong 

adhesive forces between adjacent surfaces and the loss of material due to it.[68]  The 

sliding surfaces under load adhere to one another through solid phase welding, and any 

detachment from either of the surfaces involved results in a loss of material.[67]  This 

loss of material is caused by the fact that when surfaces are brought into contact with 

each other they do so through very small asperities.[70,71]  This area of true contact is so 

small that after elastic deformation the stress level quickly reaches the yield stress of one 

of the materials, resulting in material loss.  This material loss can be thought of as a 

cleaning action, because the surface contaminants are forced out.  Cold welding can then 

occur at the junction points, which make it so a shear action is required to move one 

surface relative to the other.  It is these welded junctions, along with the cross sectional 

contact areas of the two surfaces, that determines the amount of force required for 
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material loss of one surface.  These shear strengths at the interface of the two materials 

can be easily influenced by that of surface contaminants, like oxide films, or liquids such 

as lubricants, which can reduce the amount of welding and ultimately the wear that a 

surface experiences.[68] 

Abrasive wear has two distinct forms, either two- or three-body, and the classification is 

determined by the number of bodies involved in a particular instance.  In two-body 

abrasion the material from a softer surface is removed or displaced by that of a harder 

one. While in three-body abrasion, a discrete third free body, usually a contaminant, is 

allowed to roll or slide between two opposing faces; the third body is often material 

removed from one of the two primary sliding faces.[69]  Open three-body wear refers to 

the situation when the two opposing surfaces are sufficiently far enough apart to be 

considered completely independent of one another.  The classification of whether the 

mechanism of wear is two- or three-body abrasion may in fact change over time, an 

example of such an instance would be when the third free body becomes either 

temporarily or permanently lodged in one of the surfaces, thus changing the type of wear 

from three- to that of two-body wear.  In dry, unlubricated, two-body wear of two 

dissimilar loaded surfaces, the rate of material loss is determined by several factors 

including: applied load, sliding speed, surface topography, initial temperature, 

environment, time they are in contact, and the mechanical/chemical properties of the 

materials involved (e.g. hardness of the softer surface and coefficient of friction).[69] 

Erosion damage is considered to be the gradual removal of material caused by the 

repeated deformation and cutting actions of relatively small particles impinging upon the 

surface of a substrate.[72]  The rate at which wear erosion occurs depends on several key 

factors including:[73] 

 The size, hardness, concentration and shape of the eroding particles. 

 The properties of the substrate, such as its composition, elastic properties, 

hardness and morphology. 
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 The operating conditions that the process is occurring under, such as the velocity 

at which the erosive particles are traveling, and the impingement angle at which 

they are impacting the substrate. 

In ductile materials it has been shown that the peak erosion rate occurs when the 

impinging particles are hitting a substrate's surface at an angle of approximately 30, 

since the cutting nature is most effective at that condition.[74,75]  While in more brittle 

materials, such as glasses and ceramics, damage from erosion is mainly caused by 

mechanisms like micro-cracking or plastic deformation from the impact of a particle.  

Consequently, damage increases as the amount of kinetic energy transferred is increased; 

therefore it is at a maximum when the impinging angle is 90.[76]  Some of the more 

common applications where one might encounter erosive wear behavior would be in the 

movement of slurries through pipes and pumping equipment.  

Surface fatigue is when damage to a substrate's surface takes place by local pitting or 

flaking, caused by cyclic loading.  The rate at which the removal of material occurs is a 

function of the number of stress cycles over a given volume, and the force at which the 

cycles are applied.[68]  The contact stress is by far the most important factor in 

determining the fatigue life because, in parts such as bearings, it is inversely proportional 

to the ninth or tenth power of contact stress.  Since the stress plays such a huge role, the 

application of lubricants can greatly increase the fatigue life by modifying the contact 

stress pattern that occurs on a given surface.[68]
 

2.8 Wear of Cermets 

As discussed previously, wear can be classified in two distinct groups depending on the 

wear mechanisms involved.  The first group is mechanical wear, which originates from 

the mechanical interaction between counterfaces. The second group involves chemical 

interaction, such as oxidation or tribochemical reactions between the counterfaces.[77] 

The two predominant forms of mechanical wear that occur in cermet systems are abrasive 

and adhesive wear. Abrasive wear can further be divided into either two- or three-body, 

where two-body wear is caused by the displacement of material from a solid surface due 

to hard particles sliding along that surface.[78]  
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Wear rates are determined in such a way that both the applied load and sliding distance 

are normalized, this is to make the comparison of different materials under differing 

conditions easier. The specific wear rate (k) is determined following:  

 

  
 

     
                                                                                                                      Eqn 17 

where the volumetric wear loss (V) is divided by the product of the normal applied load 

(Fn) and total sliding distance (s). Typically the specific wear rate is presented with units 

of mm
3
/(N•m) 

In general, for cermets the volume lost due to wear increases in a nominally linear 

fashion with applied load. This linear relationship appears to agree with previous studies, 

which state the total volume lost during sliding depends upon both the duration of contact 

and the forces exhibited upon the material(s) during contact.[79,80] It can also be noted 

that the volumetric wear loss generally increases as the amount of binder is increased, 

which may be anticipated to happen due to the reduced amounts of the harder, more wear 

resistant ceramic phase. 

One of the most common factors that cause damage to the microstructure of cermets is 

attributed to the preferential wearing away of the binder material, thus causing carbide 

grain pullout and fracture by removing the framework they were previously embedded in. 

The sequence of events that is believed to occur, leading to the carbide pullout, is as 

follows: removal of the binder phase from the surface, plastic deformation and grooving 

of the binder phase below the surface, accumulation of strain in the carbide grains, 

fracture and damage to the grains, intergranular cracking, and finally grain pullout.[81] 

This is due to the low hardness of the binder phase compared to the carbide, which on its 

own has very good wear resistance. The carbide grains can also exhibit fracture due to the 

high external forces exerted upon them during the wear test. 

For the most part cermets are much more wear resistant when compared to pure metals or 

other wear resistant materials. Archard et al tested the wear response of various materials 

under unlubricated conditions using tool hardened steel as the counterface, at an applied 
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load of 3.92N. They reported 70/30 brass having a wear rate of around 2,500x10
-7

 

mm
3
/Nm, and WC using mild steel as the counterface at 30x10

-7
 mm

3
/Nm.[82] These 

numbers are in contrast to the specific wear rate values obtained by others for cermet 

systems, where Pirso et al reported specific wear rates of 6 to 9x10
-7

 mm
3
/Nm for volume 

percentages of binder from 18 to 30.6vol.% on WC-Co cemented carbides against a steel 

(0.45wt.% C), at loads of 40 and 180N using a block-on-ring test geometry.[83] In 

another study based upon TiC based cermets, coupled with a 304L stainless steel binder, 

it was found that the materials had wear rates of between ~5x10
-7

 mm
3
/Nm to ~20x10

-7
 

mm
3
/Nm, over a range of binder volume percentages of 10 to 30 vol%.[84] The wear 

response of Ti(C,N)-Ni3Al cermets have also been tested, and were found to have wear 

rates of between ~1x10
-7

 mm
3
/Nm and ~12x10

-7
 mm

3
/Nm for binder percentages of 20 to 

40 vol%.[85] In both of these previous studies the cermets were produced through melt 

infiltration and used WC-Co as the counterface material. 

2.9 Thermal Spray Coatings 

A material’s surface is exposed to many detrimental factors over its service life that will, 

over time, effect the material’s mechanical properties. These factors include mechanisms 

such as wear and corrosion. In many cases the only way to ensure a material maintains its 

mechanical properties is to apply a protective coating to the surface that may have a 

considerable amount of compositional and property differences to that of the 

substrate.[3,86] Areas in which a coating may prove to be beneficial to a substrate 

include improving the wear properties, toughness, strength, hardness, or oxidation and/or 

corrosion resistance.  There are three main categories that separate the various forms of 

coating processes, which include chemical-vapor deposition (CVD), physical-vapor 

deposition (PVD) and thermal spray. 

Thermal spraying is a well-established family of low cost industrial surface treatments in 

which different types of materials such as metals, ceramics, composites or even plastics 

are coated evenly on many different substrates.  The coating feed stock is fed into a heat 

source, in either a powder or wire form, where it is heated to a molten or semi-molten 

state and is systematically sprayed on to the desired surface, previously prepared by sand 

blasting.[87] Thermal spraying is important in the various groups of surface modification 
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technologies because it can deposit layers of material that range from several µm to 

several mm in thickness, over large surface areas at a relatively high rate, when compared 

to other coating processes such as electroplating, PVD and CVD.[88] There are three 

major categories of thermal spraying, including flame spray, electric arc spray, and 

plasma arc spray. Within those categories there are several techniques used to heat the 

feed stock to melting temperature, including plasma spraying, detonation spraying, wire 

flame spraying, high velocity oxy-fuel coating spraying (HVOF), warm spraying and 

cold spraying. Figure 14 shows a comparison of the various techniques, including the 

temperature ranges that are used while applying the feedstock materials, and the 

velocities that are reached for the material deposited onto the substrates. The technique 

chosen for a particular application typically depends on several key factors, including the 

desired coating material, coating performance requirements, economics and the size of 

the part itself. 

 

Figure 14. Comparison of various thermal spray techniques.[88] 

 

2.9.1 HVOF Thermal Spray Process 

In the 1980s, the technique of HVOF was developed, which is a form of flame spraying. 

HVOF uses a mixture of fuel and oxygen that is fed into a combustion chamber, where 
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the mixture is continuously ignited, which in turn releases a hot pressurized gas at 

pressures of around 1MPa.  The gas exits the chamber and passes through a converging-

diverging nozzle, reaching velocities exceeding 1000 ms
-1

. The fuels used can be several 

different gases or liquids such as hydrogen, methane, propane, propylene, acetylene or 

kerosene. The powder material is fed into the jet at designated feed ports, either radially 

or axially, at rates around 20 to 120 g/min. The carrier gas is either nitrogen or argon, and 

the hot gases heat the particles and then accelerate them towards a substrate, at which 

point they impinge on the surface forming a uniform coating.[88,89] A typical spraying 

“stand-off” distance used in HVOF is in the range of 150 to 300 mm, achieving coatings 

with bond strengths as high as 90 MPa, with lower than 1% porosity.[89] During the 

process the combustion chamber, nozzle, and barrel are all continuously cooled by water. 

HVOF has been most successfully used with cermet systems, such as cemented carbides, 

and other corrosion resistant materials like stainless steels and nickel based alloys. 

Thicker deposits can be obtained in HVOF because of the reduced residual stresses, as 

well as higher deposition rates.  Both of these advantages result in HVOF being a cheaper 

process when compared to plasma spraying.[90] Figure 15 shows a schematic diagram of 

the general mechanisms used in HVOF,[88] while Figure 16 shows a modern HVOF 

torch in operation.[89] 

 

 

Figure 15. Schematic diagram of the HVOF process.[88] 
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Figure 16. HVOF in operation.[96] 

 

2.9.2 Materials Used for Thermal Spray Coatings 

Cermet thermal spray coatings are invariably beneficial due to their high wear resistance, 

including abrasion and erosion, along with their resistance to extremely high temperature 

and corrosive environments.[91] In order to maximize the potential of the cermet 

coatings it is important to have a coating that has hard particles (e.g. carbides), spread 

evenly and consistently throughout the layer to provide good wear properties. The 

hardness and bond strengths of the applied cermet coatings are largely dependent on the 

impact velocity of the particles, therefore these properties are usually higher when a 

converging-diverging Laval type nozzle is used, which increases particle velocity (e.g. 

during HVOF deposition).[92] The coating should also have a large enough ratio between 

the carbide particles to that of the matrix, in order to provide adequate levels of toughness 

within the layer, without having any major defects or voids.[93]  For the best resistance 

to abrasive wear the hardness and the cohesion of the carbide particles within the metallic 

matrix are very important, as are the residual stresses in the coating.[94] To obtain these 

optimized characteristics, one of the most commonly used thermal spray techniques is 

HVOF, although it is possible to get similar coating morphologies using other spray 

technologies.[95]   

The reason for the wide spread use of HVOF for spraying cermets is due to its ability to 

consistently produce carbide based coatings with minimal amounts of porosity or 

decarburization, which reduces the volume fraction of the carbides present in the 
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coatings.[92]  With HVOF, cermet coatings are able to obtain an overall porosity level of 

<2%, with no interconnected pores.[96] Recent studies have also shown that while using 

the rubber wheel abrasive test, coatings applied by HVOF have a higher abrasive 

resistance when compared to coatings applied by other methods such as plasma spraying, 

while also maintaining higher hardness and toughness.[96] The higher abrasive resistance 

directly corresponds with less decarburization occurring within the carbide phase.  

2.10 Summary 

This chapter has provided an introduction to cermets and their applications, along with 

the general physical properties of the materials that form Ti(C,N)-Ni3Al based cermets, 

which are the emphasis of the present study. The typical methods used to characterize 

these materials have also been reviewed, including the Vickers hardness, IFR and the 

wear behavior, with emphasis on the modes of wear that generally occur in cermet 

systems. A comparison of the wear rates usually observed in cermets to less wear 

resistant pure metals was also made, where the typical wear rates obtained for a variety of 

materials were shown. Finally, since the ultimate goal of this thesis was to produce a bulk 

material to be subsequently used as a thermal spray coating, some general features of the 

thermal spray process were also discussed. 
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3 Materials and Methods 

The materials and methods employed in this study are shown in detail throughout the 

following section. The cermet samples manufactured were processed by using a mixture 

of powdered ceramic (TiC, Ti(C0.7,N0.3), Ti(C0.5,N0.5), Ti(C0.3,N0.7) and Mo2C) and 

metallic (Ni and Ni/Al materials. The powders were sequentially mixed, pressed, and 

sintered. The densified samples were then polished and tested for various parameters in 

order to quantify the effects of the different compositions studied.  

3.1 Materials 

The powdered materials used in this study will be discussed in this section, properties 

such as density, average particle size and representative micrographs will be displayed. 

3.1.1 Characteristics of Carbide Starting Powders 

Varying amounts of C and N in the Ti(C,N) powders along with Mo2C were the carbide 

phases used throughout the study. The average size of the powders used were Mo2C (lot 

no. PL71887718; 1.0-2.0µm; ρ=8.9g/cm
3
), TiC (lot no. PL20125339; D50=1.25µm; 

ρ=4.93g/cm
3
) both from Pacific Particulate Materials; TiC0.7N0.3 (lot no. L25809; 

D50=2.10µm; ρ=5.02g/cm
3
), TiC0.5N0.5 (lot no. L29865; D50=1.74µm; ρ=5.01g/cm

3
), 

TiC0.3N0.7 lot no. L25747; D50=1.72µm; ρ=5.13g/cm
3
) all from Treibacher Industrie AG. 

Figure 17 displays typical SEM images of these powders.  
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Figure 17. Representative SEM images of the carbide and carbonitride powders used in 

the present study: (a) Mo2C, (b) TiC, (c) Ti(C0.7,N0.3), (d) Ti(C0.5,N0.5), and (e) 

Ti(C0.3,N0.7). 

 

3.1.2 Characteristics of the Starting Metallic Powders 

The metallic powders used in this study were combined together to form the 

stoichiometrically correct Ni3Al intermetallic. Ni (lot no. L10W013; 2.2-3.0 µm; ρ=8.91 

g/cm
3
), and Ni/Al 50/50 wt.% (lot no. D28X029; D50=38µm; ρ=4.14g/cm

3
), both from 

Alfa Aesar, were the powders used to generate Ni3Al. Figure 18 shows typical SEM 

images of these powders. 

e 
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Figure 18. Representative SEM images of the metallic powders used in the present study: 

(a) Ni and (b) Ni/Al. 
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3.2 Experimental Procedures 

The methods used to prepare and quantitatively examine the cermet samples studied in 

this report are outlined in detail in this section. 

3.2.1 Sample Preparation 

In order to manufacture the samples, individual powders were first weighed to their 

appropriate amounts to make a batch that was approximately 50 g in mass, including 0.5 

wt.% of polyvinyl butyral (PVB) binder. The batch was then mixed with 200 mL acetone 

and 500 g of yttria stabilized zirconia milling media, and was placed on a ball milling 

machine at 50 rpm for a period of 24 hours to ensure full homogenization of the powders. 

The mixture was then left to dry in a fume hood for 24 to 48 hours in order to evaporate 

the acetone, before sieving through a 75 µm mesh. Approximately 0.6 mL of hexane was 

added to the uniformly mixed powders before being uniaxially pressed at 45 MPa into 

disks that were approximately 7 g in mass. The disks were then placed in sealed bags and 

compressed at 207 MPa using a cold isostatic press (CIP). The CIPed samples were then 

placed in alumina crucibles, on top of bubble alumina, and sintered at 1550C for one 

hour inside a vacuum furnace, at approximately 20 mTorr. A heating ramp rate of 

10C/min was used, along with a nominal cooling rate of 25C/min to room temperature. 

The measurement of the sintered density of the cermets was conducted using 

Archimedes' principle in water at room temperature. This was followed by sequential 

polishing starting on a 125 µm diamond pad down to a 0.25µm diamond paste achieving 

a mirror like finish for further analysis. 

3.2.2 Microscopic Observations  

Scanning electron microscopy (SEM) (Model S-4700, Hitachi High Technologies) 

analysis was conducted in order to confirm the sintering response by examining various 

aspects of the cermets, such as the homogeneity of the ceramic phase throughout the 

microstructures and the presence of any defects present in the samples. The average grain 

size was calculated by using the linear intercept method, measuring at least 350 grains 

per composition, and multiplying the result by a factor of 1.56.[97] The contiguity was 

also measured for each composition by imposing a series of horizontal lines over the 

micrographs and counting the number of binder/binder and binder/carbide intercepts for 
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each corresponding line. With both the average grain size and contiguity values 

calculated for each composition the binder mean free path was able to be determined 

while using Equations 11 and 12. 

3.2.3 Hardness and Indentation Fracture Resistance 

The hardness was measured by calculating the average of five Vickers pyramid 

indentations (V-100A, Leco) per sample, at an applied load of 5 kgf, held for 10 seconds. 

While the indentation fracture resistance (IFR) was calculated by measuring the length of 

the cracks formed after a series of loads (5, 10, 20 and 30 kgf) were applied to each 

sample. This was performed in order to use linear extrapolation to calculate P0, which is 

the lowest ‘virtual’ load where no cracking would occur in the system. Equations 15 and 

16 were used, which relate to the model that predicts a Palmqvist type cracking system in 

more ductile ceramics in order to obtain a value for the IFR. 

3.2.4 Reciprocating Wear Tests 

All of the various combinations of the different cermets manufactured were analyzed in 

order to determine their reciprocating wear response by using a universal micro 

tribometer (UMT; Model UMT-1, Bruker Corp.). A spherical WC-Co (6.35 mm 

diameter, Grade 25 with 6 wt.% Co, McMaster-Carr) counterface was used, with a stroke 

length of 5.03 mm and an oscillation frequency of 20 Hz. The wear tests were conducted 

for a duration of two hours, perpendicular to the polished, flat cermet surface at room 

temperature (21 ± 2C) and a relative humidity of 40-55%. Through a load censor the 

testing equipment was able to monitor and record features such as the dynamic normal 

loads, frictional forces and the depth of the wear tracks for the duration of the tests. 

Sliding wear evaluation was conducted at the applied loads of 20, 40 and 60 N. 

In order to measure the amount of material lost during the wear tests an optical 

profilometer, with an 1 mm optical pen, was used to scan the wear surfaces. The scanning 

procedure was completed at a resolution of 5µm steps, in both the x and y directions, to 

examine both the wear tracks and the surrounding surface region. The profilometry data 

collected used an average of three area scans for the wear volumes calculated.  
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In addition to the wear resistance the tests outlined which included the Vickers hardness, 

IFR, microstructural analysis (ceramic grain size, contiguity and binder mean free path) 

and sintering response provided a clear overview of the present set of materials. From 

this general overview it becomes easier to compare this cermet system manufactured 

through a simple reaction sinter based method with other, more common systems 

currently in use within industry today. 
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4 Results and Discussion 

In the following sections, topics such as the characterization of the powders through XRD 

examination, post sintered carbide grain sizes, typical microstructures, sintered densities 

and EDS analysis of the cermets are presented and discussed.  

4.1 X-Ray Diffraction of Samples with Mo2C 

The XRD traces for the samples with Mo2C present are presented in Figure 19, where the 

effects of varying amounts of Mo2C on the phases in the samples are shown. From 

examining the traces it can be seen that for the lower volume fractions of Mo2C present, 

no new phases are noticeable. However as the amount of Mo2C is increased up to 5 and 

10 vol%, a new phase that corresponds with a Mo2C peak starts to form in the samples. 

 

Figure 19. XRD spectra obtained for Ti(C0.3,N0.7)-Ni3Al with varying amounts of Mo2C. 



 

50 

 

4.2 Energy-dispersive X-ray Spectroscopy Characterization of Samples with Mo2C  

In order to determine the chemical composition of the various phases present in the two 

extremes of the cermets with Mo2C (i.e. 1.25 and 10 wt.%), energy dispersive X-ray 

spectroscopy (EDS) analysis was performed in the SEM. Figure 20 displays micrographs 

of the samples, with three phases clearly present in the microstructure. The lightest shade 

is believed to be rich in Mo, while the darkest phase is the carbonitride grains, with the 

grey phase being the binder. Table 2 displays the chemical composition of the various 

phases, in atomic percent, obtained by averaging analyses in six separate locations in 

each distinct corresponding region of the microstructure. It can be seen that as the volume 

percentage of Mo2C is increased the regions rich in Mo become more clearly defined, 

with higher amounts of Mo present throughout the sample. The Mo-rich phase appears to 

be a solution of Mo, C, N and Ni with relatively low amounts of Ti and Al present. The 

EDS results also indicate the presence of Mo in both the carbide and binder phases in the 

cermets, although its quantity is somewhat low compared to the Mo rich phase. 
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(a) 
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(b) 

 

 

Figure 20. SEM micrographs and EDS analyses of Ti(C0.3,N0.7)-40 vol% Ni3Al, prepared 

with: (a) 1.25 vol% Mo2C, and (b) 10 vol% Mo2C. 
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Table 2. EDS analysis of the chemical composition of phases present in the Ti(C0.3,N0.7)-

40 vol% Ni3Al-Mo2C samples. 

 1.25 vol% 10 vol% 

Element 

(at%) 

Carbide Binder Mo Phase Carbide Binder Mo Phase 

C 18.5 15.1 21.0 25.4 11.9 24.9 

N 35.2 8.8 28.1 24.1 2.8 16.1 

Al 1.0 12.8 1.9 1.1 18.0 6.9 

Ti 40.9 10.1 26.0 41.0 5.2 3.2 

Ni 4.0 52.3 16.5 7.8 60.4 21.2 

Mo 0.3 0.9 6.6 0.5 1.8 27.8 

 

It is clear from both the XRD and EDS results that, as the amount of Mo2C is increased in 

the microstructure, the corresponding phases present and chemical compositions in the 

cermets change. At the lower volume percentages the effect of Mo2C is relatively small, 

as noted from the XRD spectra. However, when the amount is increased up to 5 and 10 

vol%, a new phase becomes apparent, along with higher amounts of Mo present in the 

binder phase of the materials. These changes in the microstructure ultimately change the 

physical response of the samples, including the hardness, IFR and wear resistance as seen 

in subsequent chapters. 
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5 The Sliding Wear of TiC and Ti(C,N) Cermets Prepared with a Stoichiometric 

Ni3Al Binder 

 

Tyler L. Stewart and Kevin P. Plucknett 

Materials Engineering Programme, Department of Process Engineering and Applied 

Science, Dalhousie University, 1360 Barrington Street, Halifax, Nova Scotia, CANADA 

Abstract 

TiC and Ti(C,N) based cermets offer several improved characteristics relative to 

conventional WC-based ‘hardmetals’, such as lower mass and improved oxidation 

resistance, which are combined with high toughness, hardness and wear resistance. In the 

present work the tribological behaviour of TiC and Ti(C,N) cermets has been evaluated 

under reciprocating sliding conditions. The cermets were produced using an in-situ, 

reaction sintering procedure to form the stoichiometric Ni3Al binder, with the binder 

contents varied from 20 to 40 vol%. Wear tests were conducted using a ball-on-flat 

geometry, with a WC-6 wt% Co sphere as the counter-face material, for loads from 20 to 

60 N. The wear response was characterised using a combination of optical profilometry, 

scanning electron microscopy, energy dispersive X-ray spectroscopy, and focused ion 

beam microscopy. Initially, two-body abrasive wear was observed to occur, which 

transitions to three-body abrasion through generation of debris from the cermet and 

counter-face materials. Ultimately, this wear debris is incorporated into a thin tribolayer 

within the wear track, which indicates a further transition to an adhesive wear 

mechanism. It was found that specific wear rates of the cermets increased with both 

applied load. The highest wear resistance was found for intermediate Ni3Al contents. 

Keywords: Abrasive wear; Adhesive wear; Tribolayer; Scanning electron microscopy; 

Focused ion beam microscopy 
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5.1 Introduction 

 

Traditionally, tungsten carbide-cobalt (WC-Co) cemented carbides have been widely 

applied in demanding wear environments [1]. However, WC-Co has a number of 

performance limitations, such as poor oxidation and corrosion resistance, together with a 

high density [1]. As a consequence, titanium carbide and carbonitride (TiC and Ti(C,N), 

respectively) based cermets have received considerable recent attention due to a 

combination of favourable properties [2-5]. These include: high hardness, wear 

resistance, corrosion/erosion resistance, and fracture toughness [2-5]. TiC and Ti(C,N) 

cermets also have a good strength to weight ratio due to their low densities [2-5]. These 

cermets have been used in applications that utilise such properties, such as cutting tools 

and wear resistant coatings [6,7]. Ti(C,N) based cermets incorporate the benefits of both 

TiC and TiN, in the sense that in general the hardness increases proportionally with the 

percentage of TiC, while the wear properties improves with the amount of TiN [4]. TiN 

also has a superior thermal conductivity than TiC, which makes Ti(C,N) based cermets 

more thermal shock resistant than those based solely on TiC [4]. Typical metallic binders 

that have been used in the TiC and Ti(C,N) based cermets include nickel and cobalt [8], 

while more recently nickel aluminides and stainless steels have also been examined [9-

11]. In particular, nickel aluminides based on the nominal stoichiometry Ni3Al have 

many attractive properties, including a high oxidation resistance up to ~1100C, due to 

the aluminium oxide (Al2O3) layer that forms [12,13]. Ni3Al alloys also exhibit the ability 

to retain their strength and stiffness to elevated temperatures [14], which is a 

characteristic that is also transferred to related cermets [15]. 

In cermet systems the bulk mechanical properties, such as the fracture toughness and 

hardness, are invariably determined by the binder volume fraction and composition, as 

well as related microstructural parameters (e.g. the ceramic grain size and contiguity, as 

well as the metallic binder mean free path). For a constant grain size, the bulk hardness 

typically increases while the fracture resistance decreases, with both decreasing binder 

volume fraction and binder mean free path [16,17]. These parameters also influence the 

wear response, such that typically an increased binder content results in a reduction in the 

wear resistance [18,19]. Similarly, reducing the grain size also often increases the wear 
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resistance, as there is a reduced tendency towards cracking and fragmentation of the 

ceramic phase [20].  

In the present work, TiC and Ti(C,N)-based cermets have been prepared with a nominally 

stoichiometric Ni3Al binder through a simple in-situ reaction sintering process [21,22]. 

Ni3Al contents have been varied from 20 to 40 vol%, while various Ti(C,N) compositions 

have also been assessed. The influence of composition upon the sintering response has 

been assessed, paying particular attention to microstructural development. The cermet 

properties have been evaluated using both Vickers indentation and reciprocating wear 

testing. 

 

5.2 Experimental Procedure 

The TiC (lot no. PL20125339; D50=1.25 µm) powder was obtained from Pacific 

Particulate Materials (Vancouver, BC, Canada). The Ti(C0.7,C0.3) (lot no. L25809; 

D50=2.10 µm), Ti(C0.5,N0.5) (lot no. L29865; D50=1.74 µm), and Ti(C0.3,N0.7) (lot no. 

L25747; D50=1.72 µm) powders were all obtained from Treibacher Industrie AG 

(Althofen, Austria). The Ni3Al binder constituents, in the form of Ni (lot no. L10W013; 

2.2-3.0 µm) and Ni/Al 50/50 wt% (lot no. D28X029; D50=38 µm) powders, were 

obtained from Alfa Aesar (Ward Hill, MA, USA). Powder mixtures were ball milled with 

0.5 wt% polyvinyl butyral resin in acetone, using yttria stabilized zirconia media, at a 

media:powder ratio of 10:1 by mass. The mixture was then left to evaporate in a fume 

hood for a period of 24 hours before being sieved through a 75 µm mesh. The mixed 

powders were uniaxially pressed at 45 MPa (with ~0.6 ml hexane to act as a volatile 

binding aid during compaction) into disks (~31.75 mm diameter x ~4 mm thick). The 

disks were then sealed in plastic bags and cold isostatically pressed (CIPed) at 207 MPa. 

For sintering, the CIPed samples were placed on top of bubble alumina in an alumina 

crucible, with sintering performed at 1550C for 1 hour under dynamic vacuum (~20 

mTorr). A heating rate of 10C/min was used, while the nominal cooling rate was 

25C/min (below ~800°C a slower, natural furnace cool was maintained). 

The density of the sintered cermets was determined using Archimedes' principle, in 

water, at room temperature. Materialographic preparation for microscopy and subsequent 
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testing involved sequential grinding and polishing, starting with a 125 µm diamond 

impregnated resin pad and finishing with 0.25 µm diamond paste. Microstructural 

characterization was performed using scanning electron microscopy (SEM; Model S-

4700, Hitachi High Technologies, Toyko, Japan), with associated compositional analysis 

performed in the SEM using energy dispersive X-ray spectroscopy (EDS; Inca X-max
N
, 

Oxford Instruments, Concord, MA, USA). The grain size distributions and average grain 

sizes were determined using the mean lineal intercept method [23], from digital SEM 

images, using a commercial digital image-processing package (Image Pro, Media 

Cybernetics, Rockville, MD, USA). The contiguity and binder mean free path were 

determined in a similar manner, following the approach of Gurland [24,25]. The 

contiguity, C, relates the ratio of ceramic-ceramic to ceramic-binder interfaces 

intercepted per unit line length, and is determined following [24]: 

  
     

          
                                            Eqn 18 

where Nc/c and Nc/b are the number of ceramic-ceramic (e.g. TiC-TiC) and ceramic-binder 

(e.g. TiC-Ni3Al) interfaces, respectively. The mean free path, db, is a measure of the 

Ni3Al ligament dimensions between the ceramic grains, and is given by [24]: 

   
 

   
 
  

  
                       Eqn 19 

where dc is the mean ceramic grain size, and Vb and Vc are the volume fractions of the 

Ni3Al binder and ceramic phases, respectively (it is assumed that Vb + Vc = 1). 

The Vickers hardnesses (Model V-100A, Leco, St. Joseph, MI, USA) of the samples 

were determined at a load of 5 kgf to prevent indentation crack formation. Conversely, 

the indentation fracture resistance (IFR) was determined from the indentation crack 

lengths formed by Vickers indentations conducted at a higher load of 30 kgf. The IFR 

values were then determined using the approach of Niihara, assuming Palmqvist-type 

sub-surface cracking [26] 

The reciprocating wear response of the cermets was determined following the same 

procedure as outlined for previous studies [10,11], using a ball-on-flat testing geometry 

on a universal micro-tribometer testing platform (UMT; Model UMT-1, Bruker Corp., 
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Campbell, CA, USA). An applied normal load range of 20 to 60 N was examined, using a 

6.35 mm diameter WC-Co counter-face sphere with 6 wt% Co. Wear tests involved 2 

hours of reciprocating, dry sliding at a frequency of 20 Hz, with a track length of 5.03 

mm; this gives a total sliding distance of ~1.45 km. The wear tests were performed at 

room temperature (21 ± 2ºC), with a relative humidity of 40-55%. The UMT system 

allows dynamic measurement of the coefficient of friction (COF) during wear testing. 

Optical profilometry examination was used to determine the volume of material removed 

during each test performed (Model PS50 Optical Profilometer, Nanovea, Irvine, CA). 

The specific wear rate, k, for each material was then calculated from the wear volume 

using the Lancaster approach [27], following: 

                     Eqn 20 

where V is the volume of material removed (in mm
3
), P is the applied load (in N), and d 

is the total sliding distance (in m). In addition to the microstructural characterisation 

methods outlined previously, the wear tracks were also examined using a focused ion 

beam microscope (FIB; Model F-2000A, Hitachi High Technologies, Tokyo, Japan). The 

FIB allows excision of small volumes of material through ion milling with Ga
+
 ions [28]. 

In the present work this has been applied to section through any tribolayer that has been 

formed, to determine both the approximate tribolayer thickness and to assess any sub-

surface damage generated immediately below the tribo-pair contact region. 

5.3 Results and Discussion 

5.3.1 Cermet Characterisation 

The sintered cermets all achieved density values in excess of 98% of theoretical (Figure 

21), with the exception of Ti(C0.3,N0.7) prepared with the lowest binder content (i.e. 20 

vol%). The reduced sintered density is due to the detrimental effect increasing N:C ratio 

has on the solubility of the Ti(C,N) in a molten metal [5]. This also is believed to affect 

wettability, as reported for previous studies of Ti(C,N)/Ni3Al cermets processed using a 

melt-infiltration method, and using the sub-stoichiometric Ni3Al alloy IC-50, which 

includes both Zr and B additions [10]. 

   

k =
V

Pd
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Figure 21. The effects of Ni3Al binder content on the final sintered densities of the TiC 

and Ti(C,N) cermets. 

The generally good densification characteristics for the TiC-Ni3Al and Ti(C,N)-Ni3Al 

systems are confirmed from examining the microstructures of representative examples of 

the processed materials, as shown in Figure 22. The cermets are generally homogeneous, 

with occasional isolated Ni3Al-rich regions. The TiC grains were for the most part 

angular, while the Ti(C,N) based materials were more rounded, suggesting that the 

Ti(C,N) grains have a higher relative associated surface energy [29]. Qualitatively, it can 

also be seen from the SEM micrographs that the average grain size is significantly 

reduced for samples with N present in the ceramic phase, as compared to only TiC. A 

core/rim structure is apparent in the TiC samples when using back-scattered electron 

(BSE) imaging in the SEM, which is more sensitive to minor variations in average atomic 

number than conventional mixed secondary electron/BSE imaging. Through EDS 

analysis it was determined that the core is comprised of (undissolved) TiC, while the rim 

was mainly Ti and C, with relatively small amounts of W in solid solution. This W is 

believed to arise from an attrition step during the commercial preparation of the TiC 

powders. Figure 23 shows an EDS compositional profile across a TiC grain, highlighting 

the transition through the core-rim structure. In this case small amounts of W are clearly 

detected in the outer rim. There also appears to be a contrast in the grey levels seen in the 

binder phase, which is thought to be small amounts of W incorporation. 
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(a) 

 

(b) 
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(c) 

 

Figure 22. Representative SEM images of selected cermet samples: (a) TiC/20vol% 

Ni3Al, (b) TiC/40vol% Ni3Al, and (c) TiC0.5N0.5/40vol% Ni3Al. 
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Figure 23. EDS point analyses demonstrating the composition of core-rim structure 

observed for the TiC-Ni3Al cermets. 

Figure 24 presents data for the mean grain size as a function of both the Ni3Al volume 

fraction and the TiC/Ti(C,N) composition. It is clear that there is a considerable 

refinement of the grain size through incorporation of N into the ceramic. As noted 

previously, increasing N content in Ti(C,N) is reported to reduce the solubility in molten 

metals, which can be anticipated to have an effect on grain growth. However, there is 

little impact of binder volume fraction on the mean grain size. This observation is broadly 

similar to prior studies on both TiC-Ni3Al and TiC-stainless steel cermets prepared by 

melt-infiltration [11,12], and indicates an interface controlled grain growth mechanism. 

In the present case, the resulting grain size is predominantly related to whether N is 

present, or not. 

An important microstructural parameter in relation to the overall toughness and wear 

response of a cermet is the binder mean free path [30], which is effectively a measure of 

the average dimension of the ductile metal ligaments. This parameter takes both the grain 

size and the contiguity of the ceramic grains (e.g. TiC) into account, and is therefore also 

a good indication of whether the ceramic phase becomes more or less aggregated as the 

composition is varied from a low to high binder content. In general, it can be expected 

that as the amount of binder is increased, the mean free path should also increase, while 

the contiguity decreases. Figure 25 presents a measure of both the ceramic phase 

contiguity (Figure 25 (a)) and Ni3Al binder mean free path (Figure 25 (b)) as a function 

of both the binder volume fraction and the ceramic phase composition. With increasing 
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binder content the contiguity can be seen to decrease, as can be expected from simply 

diluting the ceramic phase volume. It is also broadly apparent that decreasing the C:N 

ratio (i.e. increasing the N content) increases the contiguity, which can be expected if 

wetting is also adversely affected by such a change; in this case there is now effectively 

more aggregation of the ceramic particles. The mean free path broadly increases with 

binder content, as anticipated from prior studies [12]. In terms of the effect of C:N ratio, 

this is more subtle, and there is little effect for the Ti(C,N) powders. However, the N-free 

TiC cermets show significantly increased ligament dimensions, in line with their coarser 

microstructure, as highlighted previously in the grain size data presented in Figure 24 and 

the micrographs in Figure 22. 

 

Figure 24. The mean ceramic-phase grain sizes as a function of Ni3Al content and TiC or 

Ti(C,N) composition. 
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 (a) 

 

(b) 

 

Figure 25. (a) The effects of Ni3Al binder content and Ti(C,N) composition on: (a) the 

ceramic-ceramic contiguity, and (b) the binder mean free path. 

5.3.2 Hardness and Indentation Fracture Resistance 

In a cermet system the volume fraction of each component typically plays a key role in 

deciding the mechanical properties that it will exhibit. As the volume of the high elastic 

modulus ceramic phase is increased so too is the hardness. Conversely, the fracture 

toughness invariably decreases with increasing amounts of the harder phase. The mean 

hardness values achieved for the reaction sintered TiC- and Ti(C,N)-Ni3Al cermets 

developed in the current work are presented in Figure 26. It is apparent that the TiC-

based cermets exhibit the highest hardness, while the higher N content Ti(C,N)-based 
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materials exhibit the lowest hardness values. This general trend is comparable to previous 

studies of Ti(C,N)-based materials [31]. In general, the hardness of the cermets follows 

an approximately linear trend of decreasing with an increase in binder volume fraction. 

For the highest N content samples, with 20 vol% Ni3Al binder, there is a sharp decrease 

in hardness that reflects the lower sintered densities achieved for that composition, as 

noted previously in Figure 21.   

 

Figure 26. The effects of Ni3Al binder content and Ti(C,N) composition on the Vickers 

indentation hardness. Each data point is the average of 5 measurements. 

It is generally observed that the fracture toughness of cermets increases as the volume 

percentage of the binder phase is increased [17,32]. This is due to the fact that the 

fracture plane will contain more of the tougher metallic phase and less of the brittle 

ceramic. The ductile metal ligaments then bridge across the crack(s), impeding crack 

opening and growth [33,34]. For the case of Vickers indentation, the equation that is 

preferably used for calculation of the IFR depends upon the type of sub-surface cracking 

that occurs, either radial-median or Palmqvist [26]. To determine this, the ratio of the 

crack length, c, to the indentation size, a, can be assessed. If it is below 2.5 then the 

sample is believed to exhibit a more ductile behavior in the sense that Palmqvist-type 

cracks can be expected, instead of the half penny cracks, which are common for more 

brittle materials[26]. For the present case, by lowering the cermet binder content, the 

material should become more brittle, and therefore a transition point from Palmqvist to 

median-radial half penny cracks should ultimately arise. This transition point for the 

current materials is projected to arise below ~10 vol% binder, based on assessment of the 
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c:a ratio, and consequently it is assumed that all the materials in this study exhibit 

Palmqvist-type cracking behavior. Figure 27 displays the IFR of the samples that were 

examined in this study. It is apparent that as the binder content was increased the IFR 

increased proportionally. Generally, the samples experienced approximately the same 

increase in IFR, except for the highest binder content TiC sample, where there was a 

noticeable sharp increase from one composition to another. For this particular 

composition there is also a noticeably greater standard deviation, which may highlight 

some inhomogeneity in the structure, resulting in a greater spread of IFR values. 

 

Figure 27. The effects of binder content and TiC or Ti(C,N) composition on the 

measured IFR, calculated assuming Palmqvist cracking [26]. Values are the mean of 5 

measurements. 

5.3.3 Reciprocating Wear Behaviour 

The dynamic COF curves obtained for selected compositions, at applied loads from 20 to 

60 N, are presented in Figure 28. It is apparent that for the lowest load (20 N) there is a 

greater amount of variation in the recorded COF curves over the duration of the wear 

tests, and these tests also invariably take longer to reach a steady state. At the higher 

loads of 40 and 60N, the variation is lower and steady state conditions are obtained at a 

relatively faster rate. This trend is more readily observed while examining the COF 

curves for the higher volume percentage of binder, which suggests that the metal binder 

content plays a key role in the frictional response of these materials. The steady state 

response is an indication that sufficient material has been removed to create a coupled 
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surface in which the tribo-pairing can slide without interference from any asperities that 

may be present on either face. 

 

 

(a) 

 

(b) 
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(c) 

 

Figure 28. The instantaneous COF obtained with 20 to 60 N applied loads for: (a) 

Ti(C0.7,N0.3) with 20 vol% Ni3Al, (b) Ti(C0.5,N0.5) with 20 vol% Ni3Al, and (c) 

Ti(C0.5,N0.5) with 40 vol% Ni3Al. 

From Figure 29 it can invariably be seen that as the binder content is increased, the 

steady state COF decreases slightly. This trend may be due to the increasing formation of 

a tribolayer during reciprocating sliding, discussed in more detail in section 3.4, which is 

likely to be more prevalent for the higher binder content samples. The COF values 

observed for the present materials are consistently within the range of 0.45 to 0.52, which 

are broadly comparable to those observed with generally similar cermet materials. For 

example, Ti(C,N)/Ni based cermets, with various carbide additions, exhibited steady state 

COF values between 0.46 and 0.52 with applied loads of 20 and 50 N, using a 100Cr6 

steel counterface [35]. In a related study to the present one, examining TiC and Ti(C,N) 

cermets processed by melt-infiltration with a sub-stoichiometric Ni3Al alloy (IC-50), 

Buchholz and colleagues reported steady state COF values between 0.3 and 0.45 [10]. 

Similarly, TiC-stainless steel cermets, with a 304L grade binder, exhibited steady state 

values of the COF between 0.18 and 0.38. Bonny and colleagues reported both static and 

dynamic COF values between 0.39 and 0.76 for various WC-Co tribo-pairs [36]. 
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(a) 

 

(b) 

 

Figure 29. The effects of Ni3Al binder content on measured, steady state COF obtained 

under applied loads between 20 and 60 N, for: (a) Ti(C0.7,N0.3), and (b) Ti(C0.5,N0.5). 

The measured volume loss that arises during the reciprocating wear tests is presented in 

Figure 30. In general, the volume loss increases in a nominally linear manner with 

applied load. This response corresponds with previous studies that demonstrate that the 

total volume lost during sliding depends upon both the duration of contact and the forces 

exhibited upon the material during contact [27,37]. It can also be noted from Figure 30 

that the highest volumetric wear loss is generally observed with the highest binder 

content, which can be anticipated due to the decreasing amounts of the harder, more wear 

resistant ceramic phase. However, it is often apparent that the lowest wear volumes 
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correspond with intermediate levels of binder, highlighting a compromise in response 

between high toughness and high hardness. As the amount of Ni3Al binder is increased 

the contiguity of the ceramic grains decreases, as shown previously in Figure 25(a). 

There is consequently a decrease in the rigid ceramic/ceramic contact area throughout the 

microstructure. Conversely, the binder mean free path is increased with the amount of 

binder present (Figure 25 (b)), and the material effectively becomes tougher and more 

damage tolerant. These parameters therefore provide a good indication as to how the 

material will likely respond during wear tests, since the influence of the ceramic phase 

can be determined from these observations. It should be noted that the significantly 

higher wear volume noted for Ti(C0.3,N0.7) with 20 vol% Ni3Al arises due to the high 

residual porosity (Figure 21), and hence lower hardness and IFR (Figures 6 and 7). 
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(d) 

 

Figure 30. The measured wear volumes as a function of applied load and Ni3Al binder 

content, for: (a) TiC, (b) Ti(C0.7,N0.3), (c) Ti(C0.5,N0.5), and (d) Ti(C0.3,N0.7). 

The specific wear rates were subsequently calculated from the volumetric wear loss 

values, as shown in Figure 31, following Eqn. 20. As would be expected, the specific 

wear rate data follow a similar trend to that of the volumetric loss values. As the specific 

wear rate is normalised by the load in the Lancaster equation, it could be argued that the 

applied load should not be a factor in the specific wear rates measured. However, it is 

clear that this assumption is somewhat contradicted by the calculated values shown in 

Figure 31, and a similar response has been noted by other researchers for comparable 

cermet systems [10,11,35]. A probable explanation for such observations is that the wear 

mode is transitioning with increasing load, such that material loss increases; this is 

discussed in greater detail in Section 3.4.  

0 

0.01 

0.02 

0.03 

0.04 

0.05 

10 20 30 40 50 60 70 

W
ea

r 
V

o
lu

m
e 

(m
m

3
) 

Applied Load (N) 

20vol% 
25vol% 
30vol% 
35vol% 
40vol% 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0 

0.01 

0.02 

0.03 

0.04 

0.05 

0.06 

10 20 30 40 50 60 70 

W
ea

r 
V

o
lu

m
e 

(m
m

3
) 

[2
0

 v
o
l%

] 

W
ea

r 
V

o
lu

m
e 

(m
m

3
) 

Applied Load (N) 

25vol% 

30vol% 

35vol% 

40vol% 

20vol% 



 

72 

 

The actual measured specific wear rates, typically between 0.5 and 5 x 10
-7

 mm
3
/Nm, 

compare favourably with a variety of other cermet systems measured using similar 

approaches. Notably, this range is approaching an order of magnitude better than those 

made for similar TiC-Ni3Al cermets prepared through the melt infiltration process. Those 

prior materials exhibited occasional processing flaws, in the form of large voids (up to 

~200 m in length), which will result in localized stress concentration during wear tests, 

resulting in an increased rate of material loss. Pirso and colleagues reported specific wear 

rates between 6 and 9 x 10
-7

 mm
3
/Nm, for similar volume percentages of binder (18 to 

30.6 vol.%), when testing WC-Co cemented carbides against a carbon steel (0.45 wt.% 

C) at loads of 40 to 180 N [38]. In another study on fine grained (0.07 and 1.2 µm) WC-

Co cemented carbides, with between 11.7 and 30.5 vol% binder, Jia and Fischer 

determined specific wear rates between 3 and 7 x 10
-7

 mm
3
/Nm at an applied normal load 

of 9.8 N [33]. 
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(b) 

 

(c) 

 

(d) 

 

Figure 31. The specific wear rates for the TiC and Ti(C,N) cermets as a function of 

binder content and applied test load: (a) TiC, (b) Ti(C0.7,N0.3), (c) Ti(C0.5,N0.5), and (d) 
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Ti(C0.3,N0.7). Note the scale change (right hand axis) for samples prepared with 

Ti(C0.3,N0.7) and 20 vol% Ni3Al. 

5.3.4 Microstructural Analysis of Wear Tracks 

During the wear process features can be observed in the wear track that indicate not only 

the type of wear mechanism(s), but also the severity. Factors such as the damage 

accumulation in the vicinity of the wear track, damage to the ceramic grains, and the 

formation/amount of tribolayer that is generated during the sliding process. As seen in 

Figure 32, there is no evidence of microstructural damage in the region adjacent to the 

wear track (e.g. plastic deformation evident in the form of surface uplift or ceramic 

particle cracking). Evidence for the formation of a tribolayer is readily apparent, although 

again it does not appear to have advanced beyond the limits of the wear track itself. One 

potential cause of damage to the microstructure adjacent to the wear track would be a 

rapid rise in temperature generated from the frictional forces arising during the 

reciprocating tests. However, through use of a thermal imaging camera it has been 

determined that the temperatures achieved are not sufficient to cause substantial damage 

to the structure. For the lowest applied load of 20 N the sample temperature rose to 

~68C in the wear track region, at 40 N to ~89C, while at the highest load of 60 N the 

temperature rose to ~100C. These values agree for the most part with previous studies 

that investigated the influence of temperature on the wear of similar cermets [38].  

(a) 
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(b) 

 

Figure 32. Typical examples of the wear track microstructures, showing minimal damage 

or microstructural change in the region immediately adjacent to the wear tracks: (a) 

Ti(C0.7,N0.3) with 20 vol% Ni3Al, (b) TiC with 35 vol% Ni3Al. Both samples were tested 

using a 60 N applied load. 

The extent of tribolayer formation on the samples during sliding increases with the 

applied load, as shown in Figure 33. At the lowest load (20 N) there is limited evidence 

of the binder phase being removed, while the ceramic grains are still apparent. Binder 

removal results from extrusion under the moderately high Hertzian loading. In this 

instance there seems to be little tribolayer formed. As the load is increased to 40 N, the 

damage becomes more noticeable, and the formation of a tribolayer starts to become 

apparent. There is also evidence of the ceramic grains being pulled out of the cermet 

structure. Upon further increase of the load to 60 N, the appearance of a tribolayer 

becomes significantly more obvious. The tribolayer forms when the third-body wear 

debris is sufficiently reduced in size to form a homogenous mass that is essentially forced 

into the wear track under the high contact loading. In prior studies it has been shown that 

the tribolayer contains a high oxygen content [39], which is confirmed in the present 

work in Section 3.5 of this study. It can act as a form of a lubricant to a certain extent, 

which can influence the COF values observed during the wear tests. Since the layer 

invariably has a high oxide content, it is inherently brittle in nature.  In confirmation of 
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this, cracking is apparent in the tribolayer of the samples in Figure 33 under the highest 

applied load. 

(a) 

 

 

(b) 
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(c) 

 

Figure 33. Typical examples of the formation of tribolayers within the wear track of 

Ti(C0.3,N0.7) with 40 vol% Ni3Al, under applied loads of: (a) 20 N, (b) 40 N, and (c) 60 

N. 

During the early stages of cermet wear, damage to the microstructure can be attributed to 

preferential removal of the binder material, through extrusion, which leads to 

fragmentation of the ceramic grains and their removal from the framework they were 

previously embedded in. The sequence of events that is believed to occur that leads to the 

ceramic damage is as follows: removal of the binder phase from the surface, plastic 

deformation of the binder phase below the surface, accumulation of strain in the ceramic 

grains, their fracture and fragmentation, and finally grain fragment pullout and removal 

[40]. This sequence arises due to the low hardness of the binder phase when compared to 

the ceramic (i.e. TiC or Ti(C,N)), which on its own has very good wear resistance. The 

ceramic grains can also exhibit direct fracture due to the high contact forces exerted upon 

them during the test. Evidence for grain fragmentation within the wear track can be seen 

in Figure 34(a). Here there are individual grains that remain in-situ, but are showing early 

evidence of damage accumulation in the form of cracks and partial material removal. 

Figure 34(b) shows a broadly similar region, where initial evidence of tribolayer build-up 

is apparent within the wear track (to the left hand side), with material being smeared 

across the surface of the ceramic grains. At the edge of the wear track there is a greater 
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amount of tribolayer build-up, and some evidence of spalling of this layer is also now 

apparent. 

(a) 

 

 

(b) 

 

Figure 34. (a) SEM image showing wear of the binder phase and carbide 

fracture/removal in Ti(C0.3,N0.7) with 40 vol% Ni3Al, tested at an applied load of 40 N. 

(b) Spalling of the tribolayer in TiC with 30 vol% Ni3Al, tested at an applied load of 60 

N; the wear track is on the left hand side of the image. In this instance some initial 

smearing of the binder material also appears to be occurring. 

Spalling 
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In order to assess both the thickness of the tribolayer and whether sub-surface damage 

was occurring, FIB microscopy was used to section through the tribolayer of selected 

compositions. Figure 35 demonstrates a FIB machined section through the tribolayer 

formed at 80 N load in Ti(C0.3,N0.7)-25 vol%. BSE imaging shows the remaining 

protective tungsten layer (bright contrast) deposited on the surface of the tribolayer (dark 

contrast), as highlighted in Figure 35(a). The tribolayer itself is approximately 1.5 to 2.5 

m thick in this region, and it can be seen that the sub-surface cermet region is worn 

somewhat irregularly, such that the tribolayer thickness and cermet surface profile varies 

quite significantly. In terms of the external tribolayer surface, this is actually relatively 

flat, and presumably corresponds closely to the surface profile of the WC-Co counter face 

sphere. The tribolayer appears to exhibit discrete laminae, from repeated deposition of 

fine, third-body material during the wear tests, as well as evidence of cracking (Figure 35 

(b)). The fine, light contrast material that is clearly present both on the surface of the 

tribolayer and through its thickness is debris from the WC-Co ball. Examining the cermet 

region below the tribolayer, two further features can be noted. There is no evidence of 

any cavitation within the ductile metal binder, or any sub-surface cracking or ceramic 

grain fracture.  In order to determine the approximate location of the maximum shear 

stress under Hertzian loading a simplified model which assumes an elastic material was 

applied, where the contact radius a is given by [41,42]: 

   
    

  
                                                                                                                    Eqn 21 

where E is the Young's modulus, r is the radius of the counterface material, P is the 

applied normal load and the constant k is equal to: 

  
 

  
       

        

  
                                                                                           Eqn 22 

where the prime notation denotes the counter face material. To determine both the elastic 

moduli and the Poisson's ratio of the cermet and counterface materials the effective bulk 

modulus K and shear modulus µ of the composites need to be determined (where the r 

and m denotes the reinforcement and matrix respectively). An upper and lower estimate 

of the moduli are then determined following [43]: 
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                                                             Eqn 23 

            
 

     
 

      

       
 
  

                                                                   Eqn 24 

                
 

     
 

          

            
 
  

                                                       Eqn 25 

            
 

     
 

              

            
 
  

                                                           Eqn 26 

After taking the average of the upper and lower estimates of both the bulk and shear 

moduli the effective elastic modulus and Poisson's ratio of the composites can be 

calculated by [44]: 

  
  

  
  

 

                                                                                                                     Eqn 27 

  
     

       
                                                                                                                 Eqn 28 

The approximate location of the maximum shear stress is then equal to ~0.5a. Thus for 

the TiC-Ni3Al [45-47] cermet, under an applied normal load of 60 N and with WC-Co 

[48-50] as the counterface, the approximate location of the maximum shear stress is 

around 44 µm beneath the surface of the material. 

(a) 
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(b) 

 

Figure 35. FIB generated section through the tribolayer in Ti(C0.3,N0.7) with 25 vol% 

Ni3Al after wear testing under a load of 80 N for 120 minutes: (a) Low magnification 

BSE image showing the staircase cut and remnant W protective layer. (b) Higher 

magnification, mixed SE/BSE image of the end of the cut showing the tribolayer 

thickness, wear track profile and cracking in the tribolayer. 

5.3.5 Chemical Composition of the Tribolayer 

The tribolayers that were formed during the reciprocating wear tests were analysed to 

characterise their respective compositions, and to assess the influence of both the applied 

load and ceramic phase composition. Tables 3 and 4 highlight data obtained from area 

EDS analyses of the nominal tribolayer compositions of selected samples. It is clear that 

there is a relatively high O incorporation into the tribolayer; initially the materials are 

prepared with starting components having low levels of O. This arises due to the two- to 

three-body wear transition, and the subsequent severe attrition of the third-body material 

during the reciprocating sliding motion. Ultimately this material is deposited as a 

homogeneous tribolayer, with little evidence of the original discrete ceramic and metallic 

phases. This process involves the repeated fracture and refinement of the ceramic particle 

debris, which will become intimately mixed with the intermetallic binder. Oxygen 

incorporation then occurs continuously due to the formation of new, clean surfaces, 

which subsequently rapidly oxidise to form a passive surface layer. 
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It is notable that the cermets with higher initial N contents also typically exhibit 

somewhat higher oxygen levels following testing, for both the low and high applied 

loads. This suggests that the tribolayer for these samples exhibits a higher degree of 

oxidation, in relation to the C-rich compositions, and correlates with the formation of the 

tribolayer at a higher rate. This broadly agrees with the observed specific wear rates, 

shown previously in Figure 31, where the higher N content samples invariably exhibited 

the highest wear rates. Comparing Tables 3 and 4, it is apparent that increasing the testing 

load (from 20 to 60 N) does not result in any significant increase in the O content. 

Similarly, binder content does not appear to have a great influence on the extent of O 

incorporation into the tribolayer. The presence of tungsten in the tribolayer suggests the 

transfer of material from the counter face sphere, which is a typical feature of adhesive 

wear. 

A series of EDS mapping images, obtained in the SEM, are shown in Figure 36. This 

region shows the end of a wear track (for Ti(C0.7,N0.3) with 30 vol% Ni3Al), following 

testing at an applied load of 60 N for 120 minutes. There is a clear boundary between the 

unworn microstructure and the tribolayer, which is particularly evident from examining 

the oxygen levels. This further confirms the lack of thermal oxidation of the sample due 

to wear, and supports the third-body attrition process outlined earlier. Spalled regions 

within the tribolayer can also be seen, which are identified as dark areas within the 

tribolayer when assessing the O EDS map, and as lighter areas for the Ti, Ni and Al 

maps. 
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Table 3. The nominal tribolayer compositions (in at%) for TiC and Ti(C,N) samples, 

prepared with 25 vol% Ni3Al. All samples were tested at an applied load of 20 N for 120 

minutes. 

 

Element (KLM Line) TiC Ti(C0.7,N0.3) Ti(C0.5,N0.5) Ti(C0.3,N0.7) 

O (K) 44.55 52.56 38.85 65.29 

C (K) 21.13 17.08 18.25 4.69 

Ti (K) 21.25 22.85 27.67 16.42 

Ni (K) 9.39 8.88 11.69 6.41 

Al (K) 2.21 2.17 2.96 1.26 

W (M) 0.79 0.65 0.58 0.34 

 

Table 4. The nominal tribolayer compositions (in at%) for TiC and Ti(C,N) samples, 

prepared with 30 vol% Ni3Al. All samples were tested at an applied load of 60N for 120 

minutes. 

 

Element (KLM Line) TiC Ti(C0.7,N0.3) Ti(C0.5,N0.5)  Ti(C0.3,N0.7) 

O (K) 50.94 44.51 41.24 62.50 

C (K) 15.49 16.78 16.90 5.28 

Ti (K) 18.66 23.51 25.45 19.00 

Ni (K) 10.58 11.26 12.60 9.55 

Al (K) 2.61 3.07 3.16 2.85 

W (M) 1.16 0.70 0.66 0.68 
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Figure 36. A series of elemental EDS maps of the edge of the wear track in Ti(C0.7,N0.3), 

with 30 vol% Ni3Al, tested at 60 N for 120 minutes. 

The WC-Co counter face materials were also examined using EDS, and typical examples 

are shown in Tables 5 and 6. As with the test samples, a tribolayer is present on the 

counter face spheres following testing (Figure 37). The amount of oxygen present on the 

surface within this tribolayer broadly increases with the applied load. In addition, the 

presence of elements transferred from the test samples is also observed. At the lowest 

applied load (i.e. 20 N), the amount of oxygen transferred was significantly lower than at 

the higher loads of 40 and 60 N. This indicates that there was lower tribolayer generation 
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under these less severe wear conditions. At the lowest load there was also far less 

evidence of elemental material transferred over from the test samples, although this does 

increase at the higher loads. These lower material transfer levels infer that the extent of 

adhesive wear was reduced significantly under the lower load. The early stages of 

tribolayer development can also be seen through the EDS mapping, with regions high in 

oxygen and titanium present on the surface of the WC-Co sphere (Figure 37). Combining 

all of the information gathered through analysis of the compositions of both the cermets 

and WC-Co counter face materials, two primary conclusions can be drawn. Firstly, at the 

lowest applied load (i.e. 20 N), two-body abrasion is the predominant mechanism. A 

limited amount of three-body abrasive wear also occurs, leading to preliminary tribolayer 

formation through an adhesive wear mechanism. At the higher loads (i.e. 40 and 60 N), 

there is a more clear transition from two- to three-body abrasive wear, with the ultimate 

generation of a significant tribolayer on both the cermet and WC-Co surfaces. This again 

confirms an overall mechanism ultimately transitioning to adhesive wear. 

Table 5. The nominal WC-Co counter face compositions (in at %) following sliding wear 

tests against Ti(C0.7,N0.3) with 25 vol% Ni3Al. 

Element (KLM Line) 20 N 40 N 60 N 

C (K) 42.60 31.92 36.44 

O (K) 27.23 36.50 37.53 

W (M) 20.21 19.44 15.09 

Ti (K) 1.74 2.99 2.95 

Co (K) 3.52 2.87 2.24 

Ni (L) 1.77 3.23 2.90 

Al (K) 0.00 0.00 0.34 
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Table 6. The nominal WC-Co counter face compositions (in at %) following sliding wear 

tests against Ti(C0.7,N0.3) with 40 vol% Ni3Al. 

Element (KLM Line) 20N 40N 60N 

C (K) 49.08 45.93 44.02 

O (K) 16.35 30.23 30.69 

W (M) 26.26 12.42 13.51 

Ti (K) 0.66 2.73 2.70 

Co (K) 4.19 1.77 2.08 

Ni (L) 0.00 4.38 3.84 

Al (K) 0.00 0.66 0.73 
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Figure 37. A series of elemental EDS maps of the edge of the wear track on a WC-Co 

counter face sphere, tested at 40 N for 120 minutes against a Ti(C0.7,N0.3) sample with 25 

vol% Ni3Al. 

 

5.4 Conclusions 

Ti(C,N)-Ni3Al based cermets were successfully manufactured through a simple reaction 

sintering process. All of the compositions achieved density values in excess of 98.5 % of 

theoretical, except for the highest nitrogen content samples prepared with 20 vol% of 

Ni3Al. This was proposed to be due to the relatively poorer wetting response of the 

molten Ni3Al on Ti(C0.3,N0.7). Microstructural analysis confirmed a generally 

homogenous mixture of the carbide grains throughout the binder phase, with the average 

grain size of the TiC-based samples being nearly twice that of those prepared with 

Ti(C,N). Cermets with the lowest binder phase content (i.e. 20 vol%) achieved the 

highest hardness values, and the hardness also increased with increasing C:N ratio. 

Increasing the Ni3Al binder content resulted in increasing IFR for the cermets, up to ~20 

MPa·m
1/2

 for those prepared with Ti(C,N) and ~30 MPa·m
1/2

 for those with TiC. 

The wear response of the TiC and Ti(C,N) based cermets was assessed using a 

reciprocating test geometry, dry sliding against a WC-Co counter face. It was shown that 

the COF was typically between 0.45 and 0.52, which is comparable to a number of 

alternate cermet systems. The fluctuation in COF was largest under the lowest applied 
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loads and for the highest binder content samples. The wear track volumes and specific 

wear rates were observed to increase with the applied load and, to a lesser extent, with the 

Ni3Al binder content. However, it was invariably noted that intermediate binder contents 

provided the lowest wear rates. Overall, cermets that were based on TiC typically showed 

the best wear resistance, which decreased with an increasing N content in the Ti(C,N) 

ceramic phase. The observed wear rates were found to be comparable, and even slightly 

lower than WC-Co and TiC-Ni cermets reported in other studies. Microstructural 

examination demonstrated the continuous accumulation of damage in the TiC or Ti(C,N) 

phase, leading to the release of fragments of the cermets into the tribo-pair coupling. This 

resulted in a transition from two- to three-body abrasive wear. Ultimately, the third-body 

debris is sufficiently refined through attrition to form a tribolayer, on both the cermet and 

the WC-Co counter face, highlighting a further transition to an adhesive wear mode. The 

extent of this attrition is confirmed by the high O content in the tribolayer. 
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6 The Microstructure and Sliding Wear Behavior of Ti(C0.3,N0.7) -Mo2C-Ni3Al 

Cermets 
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Abstract 

Combining hard but brittle Ti(C,N) ceramic particles with the ductile Ni3Al intermetallic 

produces a ceramic-metal composite, or cermet, with high wear resistance. However, for 

high N content Ti(C,N) cermets, the wettability of molten Ni3Al is relatively poor, which 

leads to materials with residual porosity. Through a reaction sintering process, various 

amounts of Mo2C (1.25, 2.5, 5 and 10 vol%) were incorporated into Ti(C0.3,N0.7)-Ni3Al 

cermets, with the aim of improving the densification behaviour. Materials were prepared 

with Ni3Al binder contents from 20 to 40 vol%, and were densified by vacuum sintering. 

Mo2C was found to improve upon the wettability during sintering, thus enhancing the 

densification, especially at the lower binder contents. The sliding wear and Vickers 

indentation behavior of the cermets were assessed. It was found that Mo2C additions had 

a positive effect on both the hardness and indentation fracture resistance of the samples, 

but had a detrimental effect on the sliding wear response of the cermets. This behaviour 

was attributed to increased microstructural inhomogeneity with Mo2C additions. 
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6.1 Introduction 

The properties of ceramic-metal composites, or cermets, are determined by several key 

factors of the ceramic phase that include grain size and shape, homogeneity, and 

connectivity. The metallic binder phase is also very important, with both the amount and 

composition playing a key role in determining the characteristics of the cermet [1]. In 

combination, these aspects play a crucial role in determining the physical properties of 

the cermet, such as hardness, toughness, strength, and wear resistance. As a consequence, 

the interactions between the ceramic and the metal binder phase must be taken into 

consideration in order to obtain a cermet with the desired properties. For example, there 

must ideally be a combination of both good wetting of the molten metal on the ceramic at 

the sintering temperature and some limited solubility of the ceramic phase in the metal 

[2]. If a system has poor wettability then the final structure will have a degraded 

densification response, with retained porosity that will likely act as stress raisers, 

resulting in a cermet with relatively poor physical properties [3]. For a given cermet 

system alloying additions can be made that alter the interaction between the ceramic and 

metallic phases, in such a fashion that a poor wetting system can be transformed into a 

system that densifies fully upon sintering. 

There are several microstructural parameters that are readily measurable that help to 

control the properties of the cermets. One such feature is the contiguity of the ceramic 

phase, which is the ratio of the ceramic/ceramic interfacial area to the total interface 

surface area [4,5], and is a measure of the connectivity of the hard ceramic phase. 

Contiguity ranges from 0 (totally dispersed, with no contacting grains) to 1 (fully 

agglomerated). As the contiguity increases, the hardness also increases while the fracture 

toughness decreases. Another measurable parameter is the binder mean free path, which 

relates to the dimensions of the ductile binder phase between the brittle carbide particles. 

In general, as the mean free path increases so too does the fracture toughness. 

With this in mind, titanium carbonitride Ti(C,N) based cermets are an attractive 

alternative to more conventional tungsten carbide-cobalt (WC-Co) cemented carbides for 

a variety of industrial applications. Their relatively low densities make them more 

practical for use in structural applications, particularly when mass is a design factor. The 

high toughness, hardness, and wear resistance of Ti(C,N)-based cermets also makes them 
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promising for use as protective coatings on parts that are susceptible to high amounts of 

wear. Ti(C,N) cermets combine the high hardness properties generally associated with 

TiC, with the beneficial toughness attributes of TiN [2]. However, they can suffer from 

poor wetting with some metallic binder systems as the fraction of TiN is increased [6,7]. 

This poor wettability can have a detrimental effect on sintering, leading to the retention 

of residual porosity. Ultimately, this has a negative impact on both the mechanical and 

tribological properties. One approach used to reduce the poor wettability of Ti(C,N) 

ceramics is through additions of Mo, in either its elemental or carbide form, as Mo2C [7-

9]. Improved wetting results in a reduction of microstructural defects such as voids and 

micro-cracks, an increase in the interphase bond strength, and also improved phase 

homogeneity [10]. 

In the present study the intermetallic nickel aluminide (Ni3Al) is used as the binder phase 

for a high nitrogen content Ti(C,N) system [11]. Ni3Al has excellent physical properties 

at elevated temperatures as well as a high oxidation resistance up to around 1100C [12]. 

TiC-Ni3Al cermets have been shown to exhibit high strength retention to ~1000°C [12], 

which is far in excess of WC-Co based materials [13]. However, while these materials 

show considerable promise, previous studies have shown that melt infiltration processed 

Ti(C,N)-Ni3Al cermets with a high N:C ratio exhibit relatively poor sintering [14]. This 

response reduces the wear resistance, due to degraded wetting during processing and 

retained porosity. In order to alleviate this, the effects of Mo2C additions are examined in 

the current study, in terms of microstructure development, Vickers indentation response 

and sliding wear behaviour. 

6.2 Experimental Procedures 

6.2.1 Cermet Raw Materials and Preparation 

The raw powders used in the present study were Ti(C0.3,N0.7) (lot no. L25747; D50=1.72 

µm) from Treibacher Industrie AG (Althofen, Austria); Mo2C (lot no. PL71887718; 1.0-

2.0 µm) from Pacific Particulate Materials (Vancouver, BC, Canada); Ni (lot no. 

L10W013; 2.2-3.0 µm), Ni/Al 50/50 wt.% (lot no. D28X029; D50=38 µm) both obtained 

from Alfa Aesar (Ward Hill, MA, USA). The Ti(C,N)-Ni3Al-Mo2C cermets were 

manufactured using a simple in-situ reaction sintering process, based on the approach 
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developed in a prior study [15]. The cermet compositions were prepared with a fixed 

Ni3Al binder content of 20, 30 or 40 vol%, with the Mo2C additions made by substituting 

for Ti(C0.3,N0.7) on a volume basis; all of the compositions are therefore subsequently 

referred to on  volume percentage basis for the Ni3Al and Mo2C contents, with the 

balance being Ti(C0.3,N0.7). Powders of each component were individually weighed with 

0.5 wt% polyvinyl butyral resin binder and then ball milled in acetone for a period of 24 

hours, using yttria stabilized zirconia milling media at a ratio of 10:1 by mass to the 

powders. The milled powder mixture was then left to evaporate in a fume hood for a 

period of 24 hours before being sieved through a 75 µm stainless steel mesh. The 

pressing, sintering, polishing and further characterization of the various samples were 

performed using the same procedure outlined in a prior study [15]. 

6.2.2 Cermet Characterisation 

Following sintering the densities of the cermets were determined by immersion is water, 

following Archimedes principle. They were then surface ground and polished to a finish 

of 0.25 m for further evaluation. The microstructure of the polished cermets was 

assessed using optical microscopy (OM; Model BX-51, Olympus Corp., Tokyo, Japan) 

and field emission scanning electron microscopy (SEM; Model S-4700, Hitachi High 

Technologies, Tokyo, Japan). SEM observation was performed primarily using a purely 

back scattered electron (BSE) imaging mode, through application of a -50 V bias to the 

Hitachi ExB in column detector, to highlight atomic number related compositional 

contrast. Chemical analysis was conducted in the SEM using energy dispersive X-ray 

spectroscopy (EDS; Model X-Max
N
 (80 mm

2
), Oxford Instruments, Concord, MA, 

USA). Quantitative analysis of grain size, contiguity and binder MFP were conducted on 

digital SEM images using the ImagePro software package where the contiguity was 

measured by superimposing a series of lines upon a representative microstructure and 

counting the number of carbide/carbide and carbide/binder intercepts. In this instance 

grain size was determined using the lineal intercept method [16], while both contiguity 

and binder MFP were determined using the approach outlined by Gurland [17]. 

The Vickers hardness and indentation fracture resistance (IFR) were determined using 

applied loads of 5 and 30 kg, respectively. In this instance the IFR was calculated using 
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the equation of Niihara [18], with the assumption of Palmqvist cracking in the cermets. 

The sliding wear response was assessed against a WC-6Co counter face sphere (6.35 mm 

diameter), with a reciprocating sliding distance of 5.03 mm at a frequency of 20 Hz 

(Model Universal Micro Tribometer (UMT), Bruker, Madison, WI, USA). The 

reciprocating conditions used relate to a total sliding distance of ~1.45 km, over a two 

hour period. Wear tests were conducted under applied loads between 20 and 60 N. The 

UMT system monitors the dynamic sliding coefficient during the wear tests. Wear track 

volumes were subsequently determined using an optical profilometer (Model PS50 

Optical Profilometer, Nanovea, CA, USA), and these data were then used to calculate 

specific wear rates following the Lancaster approach [19]. After wear tests the associated 

damage was assessed using OM, SEM and EDS. The tribolayers formed during wear 

tests were also examined using focused ion beam microscopy (FIB; Model F-2000A, 

Hitachi High Technologies, Tokyo, Japan). FIB involved deposition of a tungsten 

protective strip prior to site specific Ga
+
 ion milling to reveal the tribolayer through 

thickness structure, which was then examined using SEM. Further details regarding the 

characterisation procedures used can be found in prior publications [15,20]. 

6.3 Results and Discussion 

6.3.1 Densification Behaviour and Microstructure Development 

In cermet systems the wettability of a carbide by a molten metal is determined in part by 

its stability, in the sense that the lower the negative heat of formation a carbide has, the 

smaller the wetting angle is between the two phases [2]. Amongst the carbides that are 

composed of elements from groups IV, V, and VI of the periodic table, Mo2C has the 

lowest heat of formation and therefore the lowest contact angle with liquid metals. As a 

consequence, Mo2C is generally an excellent addition to systems with poor melt 

wettability [2]. From Figure 38 it can be seen that, in the absence of Mo2C additions, 

samples with the lowest amount of Ni3Al binder show relatively poor densification, 

achieving less than 95% of theoretical density. However, with an addition of only 1.25 

vol% Mo2C the final sintered density increases to ~99% of theoretical, highlighting the 

positive effect the carbide has upon the sintering response of Ti(C,N) cermets with high 

N:C ratios. In general the sintered densities of the samples all increased as the amounts of 
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Mo2C and percentage of Ni3Al were increased, and essentially all Mo2C containing 

cermets were sintered to in excess of 99% of theoretical density. 

 

Figure 38. The effects of Mo2C additions on the sintered densities of the Ti(C0.3,N0.7)-

Ni3Al cermets. 

During liquid phase sintering carbide grain coarsening occurs, due to partial dissolution 

of the Ti(C0.3,N0.7) into the binder phase, and subsequent re-precipitation. The reduction 

of surface energy of the solid particles is the primary driving force for small grains to 

dissolve and large grains to grow. It has been shown that the addition of Mo2C acts as a 

grain refiner in the Ti(C,N) systems [2,9]. It has been suggested that the addition of Mo 

improves the wettability between the ceramic and metallic phases, which actually 

decreases the solubility of Ti(C,N) in the binder, and consequently limits grain growth by 

solution-precipitation [21]. The dissolution of the Ti(C,N) grains is then lowered by the 

presence of a shell that has high amounts of Mo, which is less soluble in the binder phase 

than Ti(C,N) alone. This shell formation creates more carbonitride grains with smaller 

Ti(C,N) cores and limits further growth under conventional sintering conditions [22,23]. 

However, it has also been suggested that Mo2C acts as a grain refiner because of the 

retarding effect it has on the solid/solid boundary mobility of the Ti(C,N) grains, which is 

a common effect seen in ceramics [24]. The carbonitride grain size determines an 

important characteristic in the cermet system. Firstly, the in-situ hardness, which sets the 

upper limit of the hardness increases with decreasing grain size. Secondly, the binder 

MFP, which is proportional to the grain size, is reduced. Consequently, there is an 

increase the binder hardening effect by the reduction of the MFP [25]. Figure 39(a) 
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shows the mean Ti(C0.3,N0.7) grain size as a function of the amount of Mo2C present. It is 

clear that as the Mo2C content is increased, the average grain size steadily decreases, 

from between 2.5 and 3.5 µm down to between 1.5 and 2.0 µm. It is worth noting that 

without the addition of Mo2C the average grain sizes are substantially larger than that of 

the Ti(C0.3,N0.7) starting powder, which has a D50 of ~1.7 µm. As the amount of Mo2C 

increases the average particle size steadily decreases, approaching the average starting 

powder size. 

Figure 39(b) highlights the effects of Mo2C addition on the contiguity of the cermets, 

which is a measure of the contacts between Ti(C0.3,N0.7) grains. It can be seen that the 

contiguity actually increases slightly with Mo2C additions, for a constant Ni3Al content, 

indicating greater aggregation of the carbonitride grains with increasing Mo2C content. 

Typically, a uniformly dispersed microstructure is desired for optimum mechanical 

properties, with the hard ceramic phase homogeneously distributed throughout the 

metallic binder. In terms of crack propagation ceramic grain-grain contacts can be viewed 

as weak points within the structure, as a growing crack will more easily fracture such an 

interface than cut through a tough metallic ligament. As a consequence, this increasing 

contiguity may result in a reduced toughness and, potentially, wear resistance. In contrast 

to the contiguity, the binder MFP decreases with increasing Mo2C addition, and therefore 

understandably scales with the Ti(C0.3,N0.7) grain size. The volume percentage of the 

binder plays the largest role in determining this parameter, but other factors such as the 

contiguity and the average carbide grain size also have a relationship to the mean free 

path. From Figure 39 it can be seen that as the amount of Mo2C is increased the binder 

MFP decreases by up to 50%, for the three Ni3Al binder contents studied.  
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(a) 

 

 (b) 

 

(c) 

 

Figure 39. The effects of the Mo2C and Ni3Al contents on the microstructural parameters 

of the TiC0.3N0.7-Mo2C-Ni3Al cermets: (a) Ti(C0.3,N0.7) grain size, (b) Ti(C0.3,N0.7) 

contiguity, and (c) the Ni3Al binder MFP. 
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The effects of Mo2C additions on the microstructures of Ti(C0.3,N0.7) samples with 30 

vol% Ni3Al, are shown in Figure 40. As the amount of Mo2C is increased the 

agglomeration effects noted in terms of the binder MFP and contiguity can be seen, 

leaving regions of the microstructure depleted of the carbonitride phase. The grain 

refinement effects of the Mo2C additions are also apparent. In addition, as the Mo2C 

content is increased a third, brighter contrast phase becomes more apparent. EDS analysis 

demonstrates that these areas are rich in Mo. The typical core-rim structure, which often 

appears in Ti(C,N) cermets prepared with Mo2C [23,26,27], was not visible in these 

particular samples, even when viewing the structure solely with BSE (Figure 41). The 

formation of the Mo phase in the binder and not in the usual core rim structure has been 

seen in a previous study where the thickness of the phase depended upon the quantity of 

Mo present in the samples [28]. Figure 42 highlights the microstructure at higher 

magnification, along with the associated EDS maps, confirming the presence of the Mo-

rich secondary phase. It is clear that the Mo2C regions are significantly larger than the 

initial powder size (~1-2 m), and result from either an aggregation phenomena during 

the milling stage or through precipitation from a Mo-rich liquid phase during sintering. 

Examining the elemental maps in more detail, it is clear that there is no significant 

association of C with the Mo-rich regions, indicating that the precipitation/phase 

separation mechanism may be more probable. 

(a)            (b) 
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(c)            (d) 

      

(e) 

 

Figure 40. Typical SEM micrographs of the effects of varying levels of Mo2C on the 

microstructure of Ti(C0.3,N0.7) prepared with 30 vol % Ni3Al: (a) 0 vol% Mo2C, (b) 1.25 

vol% Mo2C, (c) 2.5 vol% Mo2C,  (d) 5 vol% Mo2C, and (e) 10 vol% Mo2C. 

 

Figure 41. High magnification BSE image of 30 vol% Ni3Al-10 vol% Mo2C highlighting 

the Ti(C0.3,N0.7) phase, demonstrating the absence of a core-rim structure in the present 

materials. 
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Figure 42. EDS elemental mapping of the microstructure of Ti(C0.3,N0.7)-40 vol. % 

Ni3Al-10 vol. % Mo2C cermets, highlighting the presence of sizeable Mo-rich regions. 

6.3.2 Hardness and Indentation Fracture Resistance 

Figure 43(a) demonstrates the effects of Mo2C addition on the hardness of the 

Ti(C0.3,N0.7)-Ni3Al cermets. Broadly speaking, the hardness increases with decreasing 

Ni3Al binder content, as the lower modulus intermetallic is replaced by the significantly 

higher modulus ceramic phase. The response is more complex at the lowest Ni3Al binder 

contents. As demonstrated previously in Figure 38, in the absence of Mo2C, the cermet 

density is negatively impacted for 20 vol% Ni3Al, which is also reflected in a 

significantly reduced hardness (Figure 43(a)). However, just 1.25 vol% Mo2C addition 

results in a 40 % increase in the hardness for this composition, due to the significant 

improvement in densification. The hardness ultimately decreases slightly at the highest 

Mo2C content, as a significant portion of the Ti(C0.3,N0.7) phase is replaced by the lower 
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hardness Mo2C [26]. The addition of Mo has also been reported to potentially result in 

some solid solution strengthening of the binder phase [2,23]. As the amount of Mo2C is 

increased the quantity of Mo dissolved in the binder is also increased, eventually forming 

the discrete Mo-rich regions noted earlier. 

The effects that Mo2C have on the IFR of the cermets are presented in Figure 43(b), and 

the response is somewhat more complex than for the hardness. For the lowest Ni3Al 

contents it is apparent that the IFR increases proportionally with the amount of Mo2C 

added to the microstructure for a given volume percentage of binder, with a maximum 

increase of ~55% from the Mo2C-free samples for cermets prepared with 10vol% Mo2C. 

However, the effect that Mo2C has on the samples varies greatly depending upon the 

volume percentage of binder present. At 30 vol% Ni3Al binder the response is less 

significant, and the IFR is almost independent of the Mo2C content, with a peak increase 

of ~30% noted for the lowest Mo2C addition (1.25 vol%). For the samples with 40 vol% 

binder the increase was as much as 130%, which largely arises from the low density and 

IFR arising in the absence of Mo2C. In this instance the peak in IFR is actually occurring 

at 2.5 vol% Mo2C, and then decreases significantly for higher Mo2C additions, in a 

manner similar to the hardness (Figure 43(a)). There is a general IFR trend for the 30 and 

40 vol% Ni3Al cermets, with a peak at relatively low Mo2C contents, and then a 

reduction in IFR at higher levels Mo2C. These transitions can be seen to follow the 

microstructural observations highlighted earlier (Figure 40), that with increasing Mo2C 

content there is both a decreasing homogeneity in the microstructure and an increase in 

both the volume fraction and size of the Mo-rich regions. The reduction of the carbide 

grain sizes also play a key role in the reduction of the IFR for the higher amounts of 

Mo2C, where larger grains are normally associated with higher IFR values [26,29,30]. 

Clearly, in the present case Mo2C additions above 2.5 vol% result in a significant 

degradation of both microstructural homogeneity and mechanical properties. 
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(a) 

 

(b) 

 

Figure 43. The effects of Mo2C and Ni3Al contents on: (a) the Vickers hardness, under a 

5 kg load, and (b) the IFR, under a 30 kg load. 

6.3.3 Reciprocating Wear Behaviour 

Typical examples of the COF curves for samples with varying compositions are 

presented in Figure 44. There is no significant influence from the composition of the 

sample on the resulting curves, with steady state COF values typically within the range of 

0.55 to 0.65. This is somewhat surprising given the significant differences observed 

within the microstructures that arise from varying the Mo2C content in particular. It is 

apparent from Figure 44 that the most significant variation arises from the applied load 

during wear tests. At the lowest load (20 N) the COF curves invariably highlight a 
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‘running in’ period, where there are moderate fluctuations before the COF reaches a 

relatively steady state value. Typically this steady state response is reached within 

approximately 30 to 60 minutes, and highlights the probability of a transition in wear 

mechanism during this period. Conversely, at the higher loads of 40 and 60 N, a steady 

state COF response was achieved much more rapidly, typically within 5 to 10 minutes. 

This response indicates that any transition in wear mechanism occurs rapidly, and the 

materials quickly reach a condition where they are wearing in a nominally predictable 

manner. 

(a) 

 

(b) 

 

Figure 44. The effects of applied load on the typical COF curves obtained for: (a) 20 

vol.% Ni3Al and 1.25 vol.% Mo2C, and (b) 40 vol.% Ni3Al and 10 vol.% Mo2C. 
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The mean COF values for the 20, 40 and 60 N applied loads, determined by calculating 

the average COF value for the complete duration of the reciprocating wear tests are 

shown in Figure 45. It is apparent that there is a greater variation in the COF values for 

the samples subjected to an applied load of 20 N. In this instance there appears to be a 

general increase in the COF values as the amount of Mo2C was increased. The clear 

exception to this trend is the 20 vol% Ni3Al samples, prepared without Mo2C additions, 

which show the highest COF of all. This likely arises from the high residual porosity in 

these samples, resulting in a different wear response, which is discussed in greater detail 

in the subsequent paragraphs. In contrast to the response at the lowest load, at 60 N the 

COF is largely constant at ~0.55 for all the various compositions. Ozdemir and 

colleagues reported COF values between ~0.53 and ~0.76 for hot-press, reaction sintered 

Ni3Al tested under relatively low loads (2 to 10 N) [31]. Broadly similar COF values to 

those determined for the current cermets were reported by Gong et al, for an Fe-

containing Ni3Al alloy, with a COF of 0.55 ± 0.02 [32]. This value was shown to increase 

to 0.68 ± 0.02 with a 6 vol% Cr3C2 addition in that work, but was lower to 0.45 ± 0.02 

with a similar volume fraction addition of MnS. 
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(b) 

 

(c) 

 

Figure 45. The effects of Ni3Al and Mo2C contents on the average COF at: (a) 20 N, (b) 

40 N, and (c) 60 N. 

Figure 46 presents the specific wear rate values for the various Ti(C0.3,N0.7) cermet 

samples tested in the present study. Several features are apparent from examination of 

this data. It is generally apparent that as the applied load and binder content were 

increased so too did the wear rate, although there is some apparent scatter in the data. 

This increasing wear rate trend was also seen in broadly similar cermet systems using the 

same testing apparatus [14,33]. There was also a substantial decrease in the specific wear 

rate for the lowest binder content samples (20 vol% Ni3Al) when the Mo2C content was 

increased from 0 to 1.25 vol.%. As noted earlier, these samples suffered from retained 

porosity in the absence of Mo2C additions, which results in significantly increased wear 

rates. This likely arises as both the hardness and toughness are negatively impacted by 
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the presence of the porosity, and the cermet will effectively have a lower modulus. As a 

consequence, greater damage is imparted into the microstructure under the Hertzian 

contact loads, and the measured wear rate increases. However, with the introduction of 

Mo2C the wettability of the system was improved, thus resulting in significantly 

increased sintered densities and improved wear resistance. 

In contrast, for the samples with 30 and 40 vol% binder there was an increase in the 

specific wear rate when the Mo2C content was increased from 0 to 1.25 vol% Mo2C. This 

is potentially due to the introduction of the third Mo phase making the microstructure 

inhomogeneous. Increasing the Mo2C content even further can be anticipated to improve 

the wettability of the system, allowing the constituents to form a stronger bond with one 

another. There is also further refinement of the Ti(C0.3,N0.7) grain size with increased 

Mo2C addition. It is believed that these factors broadly contribute to an increasing wear 

resistance of the system relative to the lower Mo2C contents (excluding the Mo2C-free 

samples which generally exhibit the lowest specific wear rates), even though the 

microstructural inhomogeneity is greatest in the high Mo2C containing cermets. It should 

be noted that the specific wear rates for the Mo2C containing cermets examined in the 

present study are consistently higher than were observed for a range of TiC and Ti(C,N) 

prepared with a similar reaction sintered Ni3Al binder, but without Mo2C additions [15]. 

In that prior study, the measured wear rates were between 0.5 and 5x10
-7

 mm
3
/Nm, 

compared to values between 2 to 35x10
-7

 mm
3
/Nm for the materials examined in the 

current study. A further comparable study, for Ti(C,N)-based cermets prepared with the 

IC-50 Ni3Al alloy (a sub-stoichiometric composition containing Zr and B [34,35]) using 

melt infiltration, also resulted in similarly low specific wear rates, between 0.5 and 

10x10
-7

 mm
3
/Nm [14]. 
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(c) 

 

Figure 46. The effects of Ni3Al and Mo2C contents upon the specific wear rates of the 

Ti(C0.3,N0.7) based cermets, at applied loads of: (a) 20 N, (b) 40 N, and (c) 60 N. 

6.3.4 Microstructural Examination 

The severity of wear the samples suffered during sliding varied as the amount of Mo2C 

was increased. This was especially apparent in the samples with the lowest Ni3Al binder 

content of 20 vol%. As demonstrated in Figure 46(c) the amount of Mo2C present greatly 

influenced the specific wear rate of the 20 vol% Ni3Al samples. In the absence of Mo2C 

additions the wear rate was ~60x10
-7

 mm
3
/Nm, while for 1.25, 2.5, and 5 vol% the rate 

was ~10x10
-7

 mm
3
/Nm, before rising again to ~35x10

-7
 mm

3
/Nm. Representative SEM 

images of the ends of the wear tracks of these samples can be seen in Figure 47, where 

the damage to the microstructure becomes less obvious as the amount of Mo2C is 

increased, before increasing again for the highest Mo2C content. 
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(c)                                                                    (d) 

      

(e) 

 

Figure 47. Representative SEM images demonstrating the effects of Mo2C additions on 

the severity of the wear suffered for Ti(C0.3,N0.7)-20 vol% Ni3Al samples at 60 N applied 

load: (a) 0 vol%, (b) 1.25 vol%, (c) 2.5 vol%, (d) 5 vol%, and (e) 10 vol% Mo2C. 

In cermet systems the tribolayer is the region that is formed after three-body debris has 

undergone substantial attrition due to the wear process [14,33]. It is predominantly 

composed of oxides from the components that make up the structure of the tribo-pair. 

Table 7 shows the chemical composition of the various tribolayers formed in the 

Ti(C0.3,N0.7) cermets as the amount of Mo2C was varied, while using an applied load of 

60 N, determined using EDS. It is apparent that the O content for all the different 

compositions remained fairly constant at ~50 at%. The amount of material transferred 

from the counter face wear ball is also presented in Table 7, which confirms that adhesive 

wear has occurred during the frictional sliding process. 
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Table 7. The effects of Mo2C content on the chemical compositions of the tribolayers 

formed for Ti(C0.3,N0.7)-20 vol% Ni3Al at an applied load of 60 N; all compositions are 

given in atomic %. 

Element (KLM Line) 0 vol% 1.25 vol% 2.5 vol% 5 vol% 10 vol% 

O (K) 51.78 44.74 55.70 52.50 49.79 

C (K) 11.21 12.66 10.23 13.67 17.31 

Ti (K) 25.65 24.60 23.89 21.10 16.83 

Ni (K) 8.65 6.73 7.15 7.89 10.48 

Al (K) 2.40 1.90 2.04 2.25 3.09 

W (M) 0.31 0.18 0.17 0.27 0.22 

Mo (L) - 0.30 0.82 2.07 4.37 

 

Figure 48 demonstrates an EDS elemental map for a sample with 10 vol% Mo2C, 

subjected to an applied load of 40 N. A distinct transitional boundary of O concentration 

exists between the wear track and the undamaged microstructure. Outside of the wear 

track there is no measurable O content in the material. This observation confirms that the 

O is incorporated into the tribolayer through mechanical attrition, rather than frictional 

heating leading to oxidation; this is further supported by the relatively low temperature 

rises (up to ~110°C) noted when testing similar materials in the absence of Mo2C 

additions [15,36]. The clean boundary between the wear track and the microstructure 

indicates that there was no structural damage to the cermet beyond the wear groove itself, 

which is beneficial for the integrity of the composite. Distinct regions of Mo-rich material 

are observed in the microstructure, as noted earlier. However, there are also Mo-rich 

regions apparent within the tribolayer itself. This may suggest that mixing of the 

constituents may not have been fully complete, resulting in an inhomogeneous tribolayer 

structure. However, it is also possible that this is simply due to the tribolayer being 

relatively thin in these regions, with the Mo-rich regions sitting just below the thin 

tribolayer film. The high average atomic number of this region then still contributes a 

reasonable X-ray yield during EDS analysis. In support of this latter scenario, the other 

elemental species do not show such significant evidence of segregation within the 

tribolayer, while the Mo-rich regions also appear continuous with areas just outside of the 

wear track. 
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Figure 48. Typical examples of the EDS elemental maps obtained at the edge of a wear 

track. The cermet composition in this instance was Ti(C0.3,N0.7)-40 vol% Ni3Al-10 vol% 

Mo2C, tested under an applied load of 40 N. 

 

The effect of the applied load on the amount of wear the samples experienced can be seen 

in Figure 49. While increasing the applied load from 20 to 60 N it can be noticed that the 

amount of the tribolayer that formed becomes more distinct, along with the amount of 

spallation that occurs increases. In Figure 49(a) the tribolayer is discontinuous and the 

boundary is not clear, however as the load is increased to 40 N as seen in Figure 12(b) the 

layer covers the wear track region clearly and cracking can be noticed within the 

somewhat smooth layer, with clear areas of spallation occurring. In Figure 49(c) the 
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amount of cracking inside the tribolayer and the roughness increases dramatically 

indicating that a more severe amount of wear occurred.  

(a)                                                                     (b) 

       

(c) 

 

Figure 49. The evolution of the tribolayer while increasing the applied load in samples 

with 40 vol% Ni3Al-5 vol% Mo2C: (a) 20N, (b) 40N, and (c) 60N. 

To both quantify the thickness of the tribolayer and assess the presence of subsurface 

cracking in the microstructure upon wear testing FIB microstructural analysis was 

completed on a representative sample. In Figure 50 the cross section of a sample with 40 

vol% Ni3Al-10 vol% Mo2C that was subjected to an applied load of 60N can be seen. 

Figure 50(a) displays a relatively low magnification back scattered image where the 

protective W strip along with remnants of the WC-Co wear ball can be noticed spread 

throughout the tribolayer, which is an indication of adhesive wear. In Figure 50(b) a high 

magnification image that displays both the thickness of the brittle tribolayer phase and 

the formation of subsurface cracking in the microstructure of the cermet. This subsurface 
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cracking further validates the claim that a more severe type of wear occurred in the 

samples with Mo2C added when compared to those without as noted in previous work 

[15]. 

(a)                                                                     (b) 

      

Figure 50. FIB generated section through the tribolayer in Ti(C0.3,N0.7)-40 vol% Ni3Al-

10 vol% Mo2C after wear testing under a load of 60 N for 120 minutes: (a) Low 

magnification BSE image showing the staircase cut and remnant W protective layer. (b) 

Higher magnification, mixed SE/BSE image of the end of the cut showing the tribolayer 

thickness, wear track profile and cracking in the tribolayer and microstructure. 

The WC-6Co counter face spheres were also examined for surface modification after 

wear testing. Table 8 shows typical examples of the surface compositions of the wear 

balls, determined using EDS, following testing over the full range of applied loads; for 

these examples the cermet had 30 vol% Ni3Al with 2.5 vol% Mo2C. There is clear 

evidence of both Ni and Ti transferred over from the cermet samples to the WC-6Co 

counter face for the higher applied loads (i.e. 40 and 60 N). There are also increasing 

amounts of O present on the surface of the WC-Co as the applied load is raised. This 

transfer of material, combined with an increasing O content, presents further evidence of 

an adhesive wear mechanism becoming dominant during the latter stages of testing. 

 

 

 

 

Cracking 
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Table 8. The effects of applied load on the chemical compositions of the tribolayers 

formed on the WC-6Co counter face sphere. The cermet composition for each test was 

Ti(C0.3,N0.7)-30 vol% Ni3Al-2.5 vol% Mo2C; all compositions are given in atomic %. 

 

Element (KLM Line) 20N 40N 60N 

C (K) 49.47 44.81 48.08 

O (K) 10.60 22.47 22.69 

W (M) 29.79 21.33 18.11 

Co (K) 5.40 3.52 2.99 

Ni (L) - 2.76 2.80 

Ti (K) - 1.88 2.13 

 

In terms of the effects of Mo2C addition on the observed wear modes, the amount added 

did not appear to have a significant impact. From Table 8 it can be seen that at the 

applied load of 20 N adhesive wear was not a major factor in the damage to the cermets, 

as there is essentially no Ni and Ti transferred to the counter face material. However, as 

the load is increased, to 40 and then 60 N, adhesive wear does become more of a factor, 

with the presence of transferred material on both the WC-Co balls and the carbonitride 

cermets, as displayed in Tables 1 and 2. From Figure 49 it is apparent that the transition 

from two- to three-body abrasive wear primarily occurs between 20 and 40 N, with 

significantly lower amounts of tribolayer generated at the lowest load. At 60 N adhesive 

wear is more prevalent, and eventually spalled regions of the relatively thick tribolayer 

arise in the samples subjected to 40 and 60 N. The overall progression of wear therefore 

one of two- to three-body wear at the lowest loads, with increasing amounts of adhesive 

wear at the highest loads due to binder extrusion and fragmentation of the carbonitride 

grains contributing the formation of a tribolayer. 
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6.4 Conclusions 

High-density Ti(C0.3,N0.7)-Ni3Al-Mo2C cermets were successfully manufactured by 

vacuum sintering. The addition of Mo2C improved the wettability and densification of the 

system, as samples prepared in the absence of Mo2C with 20 vol% Ni3Al had a relatively 

poor densification response (~94 % of theoretical). In contrast, the addition of just 1.25 

wt% Mo2C led to sintered densities in excess of 99 % of theoretical. The Mo2C additions 

also significantly reduced the average Ti(C0.3,N0.7) grain size, by lowering the solubility 

of the carbonitride phase into the Ni3Al binder. However, with higher Mo2C contents, an 

inhomogeneous microstructure developed, with Ti(C0.3,N0.7)-free regions and the 

formation of a Mo-rich phase whose size depended broadly on the amount of Mo2C 

added. 

The improved densification from the addition of low volume fractions of Mo2C also 

enhanced the hardness and IFR. The hardness of low binder content cermets was 

predominantly improved through the removal of residual porosity. Some solid solution 

strengthening of the binder phase may also arise, as there was a small increase in 

hardness with increasing Mo2C content for the highest Ni3Al binder contents. However, 

this effect disappeared with lower binder contents, and the 20 vol% Ni3Al cermets 

actually showed a significant decrease in hardness at the highest Mo2C contents. This was 

attributed to progressive replacement of the higher hardness Ti(C0.3,N0.7) phase. The IFR 

demonstrated a significant benefit from the addition of low volume fractions of Mo2C, 

especially in samples with the higher binder levels. This may again relate to potential 

solid solution strengthening, increasing the binder yield stress, in combination with 

slightly improved densification. However, for the highest Ni3Al content cermets, a further 

increase in Mo2C above 2.5 vol% resulted in a significant decrease in the IFR, as the 

microstructure became less homogeneous, there was an increasing amount of the more 

brittle Mo-rich phase, and a reduction in the carbonitride grain sizes. Larger grains are 

normally related to higher IFR values due to the increase in the binder ligament 

dimensions. 

The addition of Mo2C was demonstrated to have a predominantly detrimental effect on 

the wear response of the cermets. While the COF was largely independent of Mo2C 

volume fraction, the specific wear rates were consistently increased, with the exception of 
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the most porous cermets prepared without Mo2C. It was observed that the wear resistance 

of the samples decreased as the amount of Mo2C was increased. Initially a transition 

between two- and three-body abrasive wear was observed, with a subsequent further 

transition to an adhesive wear mechanism, and the formation of a high O containing 

tribolayer on both the Ti(C,N) cermets and the WC-6Co counter face. The extent of 

tribolayer formation increased with applied load. 
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7 Conclusions 

In the present study the physical properties of TiC and Ti(C,N)-Ni3Al based cermets, 

manufactured through a simple reaction sintering process, were examined. Particular 

attention was given to the wear behavior of the new materials, for the purpose of 

determining the ideal composition of the bulk powder phase to be later used as a thermal 

spray coating. Cermets were prepared with the ceramic phases of TiC, Ti(C0.7,N0.3), 

Ti(C0.5,N0.5) and Ti(C0.3,N0.7), and were sintered at 1550°C for one hour with 20 to 40 

vol% Ni3Al. Using this general processing approach gave cermets with final densities in 

excess of 98% of theoretical. However, the highest N content Ti(C,N) ceramic phase 

suffered from relatively poor wetting characteristics, resulting in degraded densification 

upon sintering for the 20 vol% Ni3Al binder sample. To alleviate this problem in the high 

N content samples, a sintering aid was incorporated, in the form of Mo2C. The Mo2C was 

added in various volume percentages (1.25, 2.5, 5 and 10 vol%) and the characteristics of 

the samples were studied.  

The Vickers hardness of the various cermets were determined by applying a 5 kgf load 

normal to a polished surface, while the indentation fracture resistance (IFR) was 

determined through the analysis of the cracks formed in the samples after applying loads 

from 5 to 30 kgf, and assuming a Palmqvist type cracking system, which is typically seen 

in relatively ductile materials beneath the surface. In general, as the amount of C in the 

ceramic phase was decreased the hardness of the samples also decreased, for a given 

vol% of Ni3Al. In addition, as the amount of the ceramic phase decreased, the hardness 

also decreased in a nominally linear fashion. In the highest N content samples, the 

addition of Mo2C increased the hardness of cermets, reaching a maximum at 2.5 vol% 

Mo2C. The increase in hardness was believed to be a combination of two separate 

phenomena, first the addition of Mo2C acted as a strengthening aid in the form of solid 

solution strengthening, secondly the improved densification behavior reduced the 

porosity seen throughout the samples with the lowest amount of Ni3Al added. In contrast 

to the hardness, the IFR increased as the amount of the ceramic phase decreased, this was 

due to the increasing amount of ductile metallic binder present, which is able to bridge 

any cracks that form through the microstructure during loading. With the addition of 
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Mo2C, the IFR was further increased due to increased bond strength of the phases present 

in the samples. 

The wear responses of the cermets were determined by using a ball on flat sliding 

geometry, with a WC-Co (6 wt%) counter face. Wear tests were performed at a frequency 

of 20 Hz, over a range of applied loads from 20 to 60 N, for a test duration of two hours. 

The predominant modes of wear that were noticed to be occurring in the samples were a 

combination of two- and three-body abrasive wear, along with adhesive wear. Two-body 

abrasive wear occurs when two separate bodies come into contact with one another, and 

where one body is usually harder which wears away the other; in the current system the 

polished surface of the Ti(C,N)-Ni3Al cermet was the softer material, while the WC-Co 

ball was the material that wore away the microstructure. Three-body abrasive wear is 

very similar to that of two-body, but there is a third separate object introduced into the 

system, usually a contaminant that slides in between the two solid bodies. A transition 

from two- to three-body abrasive wear, as the dominant mechanism of wear, was seen to 

occur between the applied loads of 40 to 60N, after examining the specific wear rates of 

the materials. Adhesive wear was confirmed through EDS analysis, which showed the 

transfer of material from one face to the other; small amounts of W were observed 

throughout the tribolayer on the cermet, and traces of Ni and Ti were also found to be 

transferred to the surface of the wear balls. The specific wear rates seen in the samples 

were as low, or lower, when compared to the more conventional cemented carbide 

systems (i.e. WC-Co) and other TiC based cermet systems, achieving wear rates between 

0.5 and 3x10
-7

 mm
3
/Nm. 

In order to quantify the depth of tribolayer that was formed during the wear tests, focused 

ion beam (FIB) microstructural analysis was performed on several samples; FIB allows 

site specific micro-machining of the samples, to cut small sections through the tribolayer. 

It was found that as the applied load was increased, so too did the thickness of the 

tribolayer that formed. The general structure of the tribolayer was also observed 

following FIB micro-machining, where it was seen that the tribolayer forms in 

subsequent plate-like layers, which become more and more compact as the depth of the 

layer increases. 
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The addition of Mo2C had a negative effect on the wear resistance of the materials, where 

the specific wear rates were seen to increase by nearly an order of magnitude in some 

cases. The increase in the wear rate was thought to be because of an increasing 

inhomogeneity in the distribution of the carbonitride phase throughout the microstructure. 

This occurred in combination with the introduction of a third, Mo-rich, phase, thus 

helping to generate the inhomogeneous structure in the cermets. The increased severity of 

wear in the samples with Mo2C can be seen not only through the increase in specific wear 

rates, but also from the examination of the cross section wear tracks, where sub-surface 

cracking was observed that was not seen in the Mo-free samples. 

7.1 Suggestions for Future Work 

In order to fully understand the wear mechanisms and the transitions that occur in the 

current cermets, the evolution of the wear tracks should be studied over time, and not 

only dependent upon the applied load. The duration of the wear testing should be varied 

from short duration of ~15 minutes to longer times (i.e. several hours), in order to 

simulate use in service and to create a wear mechanism map where the various transitions 

of two- to three-body abrasive wear, and adhesive wear, can be clearly seen over time. 

Another aspect that could be examined to simulate the conditions these materials may be 

immersed in while in service is that the wear response of the cermets should be tested 

over a range of elevated temperatures. Since one of the major benefits of using Ni3Al as 

the binder phase is the increased strength the intermetallic phase experiences as the 

temperature is increased from ambient conditions to up to ~1100°C, while other metallic 

materials would typically see a decrease in their physical properties as the temperature 

was increased. In addition to the high temperature wear tests, the wear behavior of the 

samples should be tested in corrosive environments, where it is expected the wear rates 

would increase but the severity of which is not yet known. Since the ultimate goal of this 

research was to develop a protective coating to be thermally sprayed on substrates the 

techniques that should be followed to create a stoichiometrically correct composite 

particle also need to be determined, in order to create a feedstock powder production 

method that is both reproducible and low cost. The integrity of this system as a thermal 

spray coating should then also be observed, in terms of the uniformity and stability of the 

phases, with particular attention given to the carbonitride phase. In addition to the 
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microstructural observations, determining the optimal spraying conditions, including the 

ideal temperature, stand-off distance, fuel mixture, and spraying speed should be 

determined. Once the processing stages necessary to develop high quality coatings have 

been established, the properties of the coatings should also be evaluated. This includes 

the tribological and corrosion responses of the coatings, as well as the physical 

properties, such as the hardness and the IFR of the coatings. In addition, it will be 

important to evaluate the fatigue performance of the coated substrates in comparison with 

uncoated equivalents. 
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