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ABSTRACT 

The abrasive wear resistance of ruthenium aluminide intermetallic and ferritic steel 

containing an iron-chrome sigma intermetaUic phase have been investigated in this study. 

A medium carbon wear resistant steel (MeV) was used in the study to facilitate 

comparison between wear resistances in the materials of interest. 

Specimens of ruthenium aluminide, MeV and ferritic stainless steels containing a sigma 

phase were produced. The MeV steel was quenched and tempered to match the bulk 

hardness of the as-received ruthenium aluminide. Five different grades of 

thermomechanically worked ferritic steels specimens were heat treated to produce 

different volume fractions of sigma phase. The mechanical properties of the specimens 

were investigated by compression testing and microhardness measurements. Abrasion 

testing was carried out on a pin on belt abrasion apparatus. The surface response of the 

specimens to abrasive wear was characterised by optical and scanning electron 

mIcroscopy. Microhardness of the specimens were measured with a digital 

microhardness machine. 

The wear resistance of ruthenium aluminide was found to be higher than all materials 

tested in this project. The wear resistance in some of the ferritic steels containing sigma 

phase was comparable to that of the wear resistant medium carbon steel. The surfaces of 

the specimens were shown to work-harden during the abrasion process. The 

corresponding work-hardening results showed that ruthenium aluminide had the highest 

work-hardening rate. It can be concluded that the work-hardening ability of the test 

materials correlates with their respective wear resistance properties. 
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CHAPTER 1: INTRODUCTION 

Intennetallic materials present a major challenge to conventional engineering materials 

because of their good specific properties, and have been extensively studied for structural 

and high temperature applications. An understanding of the wear behaviour of 

intennetallics constitutes an integral part of the knowledge necessary for their commercial 

application. It is in this context that a study of the abrasive wear response of ruthenium 

aluminide intennetallic and ferritic steels containing a sigma intennetallic phase has been 

undertaken in this project 

Abrasive wear can be severe, acting alone or in combination with other wear types. In 

industries such mining and agriculture abrasive wear accounts for approximately 50 % of 

the damage observed in the working tools. In order to reduce the effects of abrasive 

wear, given the economic implications of replacing worn components, numerous studies 

have been undertaken and different materials have been tested in order to select materials 

which are wear resistant in abrasive environments. In this context, the present project 

investigates the abrasive wear. ~ehaviour of two potentially wear resistant materials: 

ruthenium aluminide and ferritic steels containing the sigma phase. 

Ruthenium aluminide and sigma are intennetallic compounds fonned by metal elements. 

In spite of the excellent properties that intennetallics can possess, such as low specific 

gravities, high melting points, high strengths, high stiffuess and oxidation resistance at 

elevated temperatures, the use of these materials in high technology industries such as 

aerospace and aircraft industries has been limited because of their room temperature 

brittleness. However, the high hardness and strength of intennetallics may confer useful 

wear resistance. 
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The wear behaviour of ruthenium aluminide is of' interest because there is local 

abundance of ruthenium, which occurs as a by-product of platinum benefaction in South 

Africa. There could also be economic spin-offs if ruthenium aluminide proves a suitable 

material for engineering applications. 

South Africa is a major stainless steels producer because of the. advantage of its mineral 

wealth. Ferritic steels are relatively cheaper than their competitors in the stainless steels 

group; the iron-chrome sigma intermetallic which occurs. in ferritic steels is however a 

source of concern because of the brittleness associated with this phase. This has serious 

consequences in critical applications such as nuclear plants where ferritic stainless steels 

are often used. It is therefore of interest to investigate the role played by this phase in the 

abrasive wear behaviour ofthe ferritic steels, as this may open other avenues in which the 

sigma prone ferritic steels can be applied. 

This work is an attempt to assess the abrasive wear of ruthenium aluminide compared to a 

commercial wear resistant material of similar hardness. Further, the influence of the hard 

sigma intermetallic phase on the abrasive wear behaviour of ferritic stainless steels is also 

assessed. A series of heat treatments was carried out in order to produce a variation in the 

volume fraction of sigma phase, with a view to determining the optimum volume fraction 

for abrasive wear resistance. 

Chapter 2 presents a survey of the literature pertaining to wear, particularly abrasive 

wear; and intermetallic materials, with the emphasis on ruthenium alurninide and sigma 

phase. The materials and experimental procedures used in this study are described in 

Chapter 3. The results obtained are presented in Chapter 4, and discussed in Chapter 5. 

Finally, conclusions are drawn regarding the use of the materials studied in applications 

requiring wear resistance. 

2 
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CHAPTER 2: LITERATURE SURVEY 

Since the aim of the present work is to investigate the abrasive behaviour of materials 

containing an intermetallic phase, the literature survey consists of two sections: abrasive 

wear and intermetallic materials. The study of abrasive wear is part of a larger concept 

known as tribology, which is essentially the study of friction, lubrication and wear of 

materials. The tribosystem is a collective term for all elements which are relevant to the 

characterisation of a wear problem, including the environment and the materials involved. 

Engineering materials may suffer from one or more modes of wear; these may include the 

following: 

Adhesive wear: occurs when asperities between two surfaces adhere to one another 

leading to material transfer or loss from either surfaces [1,2, 104]. 

Fretting Wear: occurs when there is a very low amplitude vibratory motion between two 

surfaces under load such as in bolted parts [3]. 

Corrosive Wear: occurs when there are chemical or electrochemical reactions between a 

surface and its environment [4, 104]. 

Erosive Wear: occurs when there is a high velocity contact between a solid surface and 

fluids such gas, wind and liquid. Examples ofthis type of wear include: cavitation, liquid 

impingement and impact erosion [4, 5, 6]. 

Fatigue Wear: occurs when subsurface microcracks are subjected to cyclic loading· 

leading to the failure of the material by fracture [7]. 

Sliding Wear: occurs when two bodies are in contact and are also in relative motion; 

sliding wear may be of adhesive or abrasive nature [8]. 

Abrasive wear is a process by which one surface is worn by hard asperities of another 

surface with which it is in contact and relative motion [9, 104]. 

3 
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2.1 Abrasive Weal' 

Abrasive wear essentially involves the rubbing together of two surfaces under a load. One 

of the two surfaces under consideration must be relatively rough and harder compared to 

the other. Under such conditions the rough and harder surface will be responsible for 

most of the abrasive wear. It is important to note that, the involvement of rough and hard 

surface in not only a necessary condition, but that it is an important characteristic that 

distinguishes abrasive wear from other forms of sliding wear in the removal of material 

from a surface undergoing abrasion [10]. 

During the process of abrasive wear, the surface may respond by plastic deformation or 

microchips may be produced due to the cutting effect of the abrasive or fracturing may 

occur in the case of brittle materials. 

Dowson argued that wear in general can be classified according to its effects on materials; 

alternatively the classification can be based on the physical nature of the underlying 

processes [10]. There are two broad categories of abrasive wear: two-body and three

body abrasive wear 

Two-body Abrasion 

Two-body abrasion occurs as a result of two surfaces in relative motion. The important 

condition in this type of wear is that the two surfaces must be significantly dissimilar in 

their hardness. The harder surface must also be relatively rough in order to produce 

ploughing and cutting of material from the less hard surface [2]. Depending on the wear 

conditions two-body abrasion cart be further defined as mild or severe; this is discussed 

later in section 2.1.1. In some situations two-body abrasion can be clearly distinguished 

from three-body abrasion, but this is not always the case. 

4 
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Three -body abrasion 

Three-body abrasion occurs when a relatively harder body is trapped between the rubbing 

surfaces. Depending on the nature of the harder body, and the processes it may 

experience, its hardness can be greater than one of the surfaces or both. The general 

mechanism of material removal in this type of wear involves ploughing or gouging of the 

surface. Rock crushers, ball mills, sandblasting equipment and sand conveyors are some 

examples where three-body abrasive wear is experienced. The trapped particles may also 

be derived from the presence of air-borne dust. Corrosion products can also contribute to 

enhanced abrasion by trapped particles. It is also possible that wear debris produced 

during adhesive wear may be subsequently work-hardened by the rubbing motion and 

later result in abrasion of one of the surfaces. Another process may involve embedding 

of the abrasive particles in the softer of the surfaces, so that further motion between the 

two surfaces results in the harder surface being abraded [2]. 

2.1.1 Parameters That Influence Abrasive Wear 

There are many factors that influence abrasive wear of materials [11,12]. These 

parameters are grouped together collectively as the tribosystem. Some of these 

parameters, and their interrelationships, are discussed below. 

Properties of an Abrasive 

Size 

Abrasive papers are commonly used to simulate size effect in abrasive wear processes. It 

was found that the greater the grit size the higher the wear rate of the material [13]. Other 

workers [14, 15] came to a similar conclusion, but considered the grit size effect in terms 

of the material's wear resistance. It has been established that not all abrasive particles in 

contact with the surface being abraded contribute towards the volume wear observed on 

it. The number of abrasive particles responsible for the wear process was found to be less 
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in coarse grit size abrasive papers than in fine grit size abrasive papers [14]. It was 

therefore inferred that the real contact area is influenced by the abrasive particle size, 

where the contact area is greater for finer grit size paper [16]. 

Coarse particles under high load often fracture. This follows after the fracture stress of 

the abrasive particles has been exceeded. The fracturing of the abrasive particles 

contributes to producing fresh angular edges that can cut small chips from the surface. 

This can result in an increase of the wear rate in the abraded material. The fracture stress 

in coarse grit abrasive papers is exceeded much faster than in fine grit abrasive papers. 

This is to be expected because the load is borne by fewer particles in coarse grit abrasive 

papers, resulting in high local stresses experienced by the abrasive particles. This 

argument supports observations that the wear rate generally decreases with decreasing 

abrasive particle size [15, 16]. 

Shape and Orientation 

High wear rates can result when microchips are cut from the surface by abrasive particles 

under load. The rate at which the surface will be worn is dependent on the number of 

favourably oriented abrasives that can cut chips from the surface. The conditions for 

cutting to occur were placed in perspective by Sedriks and Mulhearn [17, 18] when they 

defined a critical attack angle to be the angle formed between the leading face of an 

abrasive and the surface being abraded. They suggested that below this critical angle no 

cutting will occur. When this condition holds, the ..abrasives plough the surface; in this 

case wear debris is produce by the combined effect of the hard abrasive and a fatigue 

failure mechanism. Further work on commercial abrasive papers has supported the 

observation that debris material produced does not occur only by microchip cutting [16]. 

It was argued that this was because the shape of a large number of abrasive particles on 

abrasive papers is such that their resultant attack angles are less than the critical attack 

angle for cutting. Moore [19] argued that the importance of the shape of the particle is in 

the formation of the cross-sectional area during abrasion. He further argued that a high 

6 
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wear rate in the material will be caused by the reduction of the cone angle of the pyramid 

or decrease in the radius of the spherical abrasives. He suggested that the wear rate in 

such instances can be determined by taking the ratio of the grooves' cross-sectional area 

and the projected area of contact. If the ratio is high, the wear rate will increase 

proportionately. The relation of geometrical aspects to abrasion rate has also been 

supported by other workers[20]. 

Surface Characteristics afthe Abraded Material 

Surfaces of materials are never completely smooth even after fine metallographic finish. 

Although instruments such as the Talysurf may be used to determine the smoothness of 

surfaces, Barwell [21] has argued that high resolution microscopes are necessary to reveal 

the true nature of the material surface. The characteristics of the 'surface features are 

important in determining the behaviour ofthe material in an abrasive environment. 

Near Surface Microstructure. 

The microstructure of the near surface region gives an indication of the properties on 

which the wear resistance of the material is dependent. The microstructure itself is 

dependent on factors such as chemical composition, production history of the component 

and its response to other elements in the tribosystem. An important factor is the crystal 

structure of the near surface region that experiences the immediate effect of the abrasive 

particles. 

The interaction between the environmental elements and the surface of the material may 

give rise to the formation of oxide films on the topmost part ofthe surface. The presence 

of an oxide layer in many cases reduces the contact between asperities of materials. 

Since wear is dependent on the dynamics of asperity contact, oxide layers formed may 

contribute to reducing the rate of wear on the surface. These oxides are easily formed in 

metals since they are sensitive and reactive to the environment. 

7 
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been argued that, if an oxide layer is removed from a metallic sUI'Iac:e on 

fonned under ordinary atmospheric conditions, will 

be covered by a new monomolecular oxide layer [3]. 

of the surface microstructure approximates a simple of wear 

material. Surface strength measurement is often reVlres;en1tea 

this regard the microstructures that yield 

wear """'A." ...... ,A'-'''' to the material. 

h~"rlnpcc is greater than the mUlnSlC narane~;s 

wear of the abraded material is approximately proportional 

proportionality between wear resistance and h3.l:dness 

SUt1'lectea to metallurgical processes prior to testing. However it is 

are inadequate for comparing wear 

]. In spite of this fact Kruschov [25] reported a linear relation bet'weeln and 

eSl:st3.l1Ce for commercially pure metals in the annealed as shown 

2. Metals such as lead (Pb), Tin (Sn), copper (eu) and nickel (Ni) ",n ... ", .. 

varied with impurity content still fell on the same as 

Similar results were obtained for with ",u'"'''' ..... "1'I~ .... ,... content. Work-

material prior to the test was reported to 

wear resistance [25, 10]. 
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Figure 2. 2. Relative wear resistance and hardness for different annealed metals (After 

Kruschov [25]). 

Oberle [26] contends that the high hardness sought to increase wear resistance III a 

material proportionally increases the elastic deformation that such a material can tolerate. 

To estimate the elastic limit of strain in different materials, a ratio of hardness to the 

elastic modulus was suggested for convenience. This ratio, which Orbele called the 

'Modell' when multiplied by 106
, indicates the depth of indentation penetration that a 

material can sustain without exceeding its elastic limit. High Modell materials have the 

ability to absorb energy elastically and prevent load from building up. Low Modell 

materials deform plastically much faster; bearing metals have been made out of the low 

Modell alloys for their advantage in being easy to reshape in service in the case that 

misalignment occurs. The Modell concept divides materials into two broad categories of 

low wear (high Modell) and high wear (low Modell) using their bulk hardnesses. It was 

argued that the high Modell values improves the wear resistance of high melting point 

materials. 
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In addition to the intrinsic hardness of the abraded material, the hardness achieved during 

the abrasion process plays an important role in wear resistance. The applicability of this 

principle is demonstrated in Figure 2. 3 [27]. Wear plotted against the original bulk 

hardness produced a wide scatter of results, whereas wear plotted against the work

hardened hardness falls within a <.::omparatively narrow band. Steels with a high final 

hardness exhibit little wear even if their initial hardness had been low. 
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Figure 2. 3. Gouging wear ratio against the hardness of various materials. Open data 
points represent original bulk hardness and full points represent work hardened 
hardness (After Borik [27J). 
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Work -hardenability 

Hardening of a material provides a better resistance to wear, but the process of work

hardening is also important during the abrasion process [14,21,25]. The significance of 

the work hardening in wear resistant materials was emphasised by Ball [28] in his work 

on the design of wear resistant materials. He suggested that the process of wear that 

results in the damage of the material at the surface occurs when the critical fracture strain 

is reached. During this process other sections of the same material are at different levels 

of strain as shown in Figure 2.4. 

(=0 

MATERIAL AT THE 

STRAIN (, 

WORN 

SURFACE 

/ 

MATERIAL EXPERIENCING 

THE YIELD STRESS 

UNDEFORMED BULK 

MATERIAL 

DISTANCE 

BElOW 

SURFACE 

MICROHARONESS. 

DISLOCATION DENSITY 

OR STRAIN 

INTRINSIC HARDNESS 

OR DISLOCATION DENSITY 

AT ZERO PLASTIC STRAIN 

Figure 2. 4. Schematic illustration of the deformed surface layer of an abraded or 
eroded material (After Ball [28]). 

For a wear resistant material a microstructure that never accumulates critical fracture 

strain under the imposed abrasive stress is ideal. Alternatively the microstructure should 

be such that the critical strain is slow to accumulate [28]. Materials with three different 

yield strengths were considered against a hypothetical stress distribution frequency of 

abrasive or erosive strikes as shown in Figure 2. 5. 
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thennal and mechanical hardening processes [29]. This observation was supported by 

Ball [28] who suggested that there is no simple and direct relation between wear 

resistance of the material and physical properties such as fracture toughness, yield 

strength, ultimate tensile strength and elongation. Work-hardening in the material can be 

affected by the crystal structure, presence of impurities, thennal effects and 

microstructural effects such as recovery and recrystallisation [30]. 

Relative Hardness of the Abrasive and the Abraded material. 

The relative hardness of an abrasive and the maximum hardness of the surface that 

experiences abrasion allows a definition of two processes, namely, hard abrasive 

condition and soft abrasive condition. These two conditions are discussed below. The 

hardness of the abrasive in three-body abrasion detennines whether it will be present as a 

loose particle or it will be embedded in the softer of the rubbing surfaces, this will in tum 

influence the abrasive condition [2]. 

A process is defined as hard abrasive when the hardness of an abrasive exceeds the 

maximum hardness of the wearing material. This maximum hardness in the wearing 

material may be attained during the wear process, but due to the random distribution of 

contacting particles the surface hardness is unlikely to be unifonn. Therefore the 

maximum hardness becomes more important as a parameter than the overall strength 

attained by the whole effective surface [30]. A study by Richardson showed that the hard 

abrasive condition is related to the average maximum hardness of the wearing surface 

[14]. 

14 
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The process of soft abrasion occurs when the maximum hardness of the wearing material 

or its constituents is equal to or slightly exceeds the hardness of an abrasive. This occurs 

when the bulk hardness or maximum hardness is approximately 0.8 times or more than 

the hardness of an abrasive [14]. Materials that have comparable bulk hardness to the 

abrasive particles' hardness work harden slowly. The relative wear resistance on a soft 

abrasive is greater than on hard abrasive. 

Eyre suggested [6] that wear resistance of materials on any abrasive will rapidly increase 

when the ratio of the material's hardness to the abrasive's hardness is greater than 0.5. 

When this critical value is attained transition in wear loss may occur as illustrated in 

Figure 2.6. 
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Figure 2. 6. Relative wear resistance against the (metal/abrasive) hardness ratio (After 

Eyre [6]). 
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Influence of Temperature Oil the Abraded Surface 

Temperature effects on the surface of the material may result in microstructural changes 

depending on the nature of the material being abraded. This makes the temperature under 

which abrasion occurs an important parameter. For instance temperature change has an 

effect on the rate of oxidation and the types of oxide formed on the surface. The nature

and properties of the oxides formed are important to the wear resistance of the exposed 

surface. Oxides such as formed in the presence of aluminium and chromium can be 

beneficial under suitable conditions, as they can offer protection due to their impervious 

properties. 

The role played by temperature has been illustrated in an experiment involving the 

tribology of cobalt in vacuum. It was found that the wear rate in cobalt at 350°C was a 

hundred times greater than at 280°C, as shown in Figure 2. 7. The temperature 

contribution was attributed to both ambient and frictional heating. It was found that the 

temperature changes observed were independent of the speed of the abrasion test [3J. The 

increase in temperature expands the true area of contact by multiplying the number of 

asperities. This condition holds where temperature dominates over other effects or in their 

absence. If the true area of contact is larger and the hardness of the abrading surface is 

lower the wear rate will be higher than if the conditions were reversed [3]. 
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t 0·8 Wear rare 
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Q; 
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Figure 2. 7. The friction coefficient vs Ambient temperature. Wear rates are indicated 
by the values of the slopes (After Halling [3]). 
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In metal to metal wear, a transition from adhesive to abrasive wear may be observed due 

to asperity welding. The effect of temperature is pronounced in soft, low melting point 

bearing alloys in metal to metal wear. Bowden and Tabor [31] compared the influence 

melting point has on wear behaviour; their results showed that the low melting point 

materials exhibit higher wear loss than the high melting point materials. However it was 

reported that welding that occurs in low melting metals are easily broken during the 

abrasion motion resulting in these metals suffering less damage [26]. Conversely higher 

melting point materials such as ferritic steels suffer more damage from the welding 

process, due to the high pressures and extensive areas over which welds are formed [26]. 

The temperature attained on the surface during abrasive wear may be affected by the 

thermal conductivity of the material under a load. Richardson [30] suggested that high 

temperatures at the surface are proportional to the size of asperities and are localised. He 

further suggested that such a condition may exist even during slow abrasion. This implies 

that frictional heating is induced by the rubbing motion of the asperities. Bowden and 

Tabor [32] suggested that heating generates hot spots on the surface, which in turn 

increases the reactivity of the surface, and of the wear fragments, with the environment 

[32]. The rapid hea~ing and cooling of the hot spots during the wear process can 

introduce phase changes that can influence the rate of wear in the material. The phase 

change process requires a sufficiently high temperature for interdiffusion; at such 

temperatures alloy formation at the interface may also occur. At very high speeds of 

several hundred meters per second the melting temperature of the metal can be reached; 

the onset of the melting is often accompanied by the low friction and wear [32]. 

Richardson [30] found that steels he had tested had a diverse response to the temperature 

and there was no significant thermal hardening or softening resulting from the rubbing 

action. He concluded that if the recrystallisation of a material is above the ambient test 

temperature, frictional heating at moderate sliding speeds will not affect the abrasive wear 

considerably. 
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Effect of Load on the Abrasive and the Abrading Surface. 

The size effect of the abrasive particles on the rate of wear is dependent on the applied 

load. The wear rate increases proportionately with increasing load with a few exceptions 

[23J; this increase may in turn bring about other effects such as a rise in temperature due 

to frictional heating. 

Mild wear is characterised by low loads, low speeds, fine wear debris. In metals there is 

little contact between asperities on the surface due to protective films on the surface [31J. 

These films can be reformed as the new surface of the metal is exposed by the rubbing 

process [24]. 

A transition may occur from mild to severe wear when the load is increased; this occurs 

when the ratio of the load to the apparent area of contact is approximately one third of the 

hardness of the softer material [3]. The transition is attributed to the interaction of the 

plastic zones below the contacting asperities as illustrated in Figure 2. 8. Surface A is 

assumed relatively harder than surface B such that at the contact points surface B yields 

plastically resulting in the creation of plastic deformed regions represented by the dark 

ellipsoidal regions. These regions are isolated in mild wear because of the lighter loads 

involved. Deformation of surface structure is comparatively less than in severe wear. 

The subsurface damage is confined to regions closer to the surface. 

SURFACE A 

SURFACEB 

Figure 2. 8. The schematic cross-section of surfaces of two specimens touching at 
their asperities. The ellipsoid regions represent the plastically deformed areas below 
the of cOlltact. 
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Severe wear is marked by large wear debris, roughened abraded surfaces, an increase in 

the amount of asperity contact and an enlargement of their area of contact [32]. During 

the 'running in period' in machines severe wear may be observed, but this may change to 

mild wear as _ the surface become smooth. The tra..T1sition to mild wear can also be 

improved if the temperature generated by frictional losses promotes the formation of 

stable protective oxide film on the surface. 

SURFACE A 

SURFACEB 

Figure 2. 9. The cross-section of specimens making contact at asperities. The increase 

in size of the contacting points results in the overlapping between some of the plastic 

regions. The ellipsoidal regions represent the plastic deformed areas below the points 

of contact. 

Figure 2. 9 shows severe wear, in which the number and the size of some of the area of 

contact has increased as a result of the higher loads which press the two surfaces closer 

together. There is also some interaction between some of the adjacent deformation 

regions below the points of contact. The crystal structure of the surface layer becomes 

heavily distorted during the severe wear process. 
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Archard and Hirst [23] plotted the wear rate against load from their initial wear against 

time graphs. Their result for ferritic stainless steel rubbing on har~ened tool steel were 

presented graphically as shown in Figure 2. 10 to illustrate the transition that occurs with 

the increase in load. From the graph it is clear that at higher loads the wear rate is 

increased, as indicated by a clear transition to a steeper slope. There are examples where -
this transition is not as simple as observed in Figure 2. 10. Conditions have been reported 

where the surface may exhibit a combination of mild and severe wear instead of their 

sequential occurrence. Such an example is the wear rate of the 70/30 brass against load 

shown in Figure 2. 11 [23]. The test was conducted against hardened tool steel as in the 

previous example. The region between A and B indicates the loads that produced a 

combination effect of mild and severe wear. 
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Figure 2. 10. Logarithmic graph of wear against load for ferritic stainless steel (After 

Archard and Hirst [23 j). 
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Figure 2.11. Logarithmic graph of wear agaimt load for 70130 brass (After Archard 

and Hirst [23]). 
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Figure 2. 12. Wear against sliding distance for ferritic stainless steel at different loads 
(After Archard and Hirst [23]). 
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In Figure 2. 12, curves 1 to 6 present the result for ferritic steel rubbed on hardened tool 

steel. The loads used were 2000g, 1500g, 930g, 580g, 330g, and 80g respectively. The 

volume wear loss during abrasive wear shows a proportional increase with the applied 

load over the same distance [23]. 

2.1.2 Mathematical Models Of Abrasive Wear 

In abrasive wear, the interaction between different parameters leading to abrasion is often 

complicated; but some parameters may be neglected in order to simplify the model 

solution to abrasive wear in laboratory simulations. The close agreement between some 

models and the experimental data has contributed to identifying some of the main 

parameters common to many abrasive wear situations. Models of abrasive wear are based 

on the features produced by different mechanisms such as ploughing, cutting and cracking. 

These mechanisms occur on a micro scale but have effects on a macro level. In general 

ploughing and cutting occur in predominantly ductile materials and microfracture in 

predominantly brittle materials. 

Abrasive Wear In Brittle Materials 

Fracture is the dominant mode of abrasive wear in brittle materials [33,34]. Abrasive wear 

involves indentation and scratching by abrasive particles under load; fracture may be 

initiated by this indentation process or may develop from pre-existing flaws. Lawn and 

Wilshaw [33J investigated the stress distribution in brittle materials due to indentation by 

indenters of various shapes. Figure 2. 13 shows how cracks are induced by a sharp 

indenter. The point of contact in this case is at a single point with the assumption that the 

contact is perfectly elastic. This ideal condition of contact is never observed because 

inelastic (plastic) deformation occurs to relieve the stress concentration. The sharp 

indenter then introduce a small area of plastic deformation immediately below this region 

(Figure 2. 13 (i)); a flaw will occur and later develop into a crack (Figure 2. 13 (ii) and 

(iii)). . . 
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The resulting crack will run preferentially along the contact axis provided there are no 

other defects that can act as crack initiation points. On unloading the material, the 

median vent closes up but does not completely heal (Figure 2. 13 (iv)). A further 

reduction of the load results in the development of lateral cracks indicated (by c-c) in 

Figure 2. 13 (v). When the load is completely removed the lateral cracks initiated 

continue growing until they intersect with surface as illustrated in Figure 2. 13 (vi). The 

process of reopening the median vent and the formation of the lateral cracks is repeated 

when the material is re-Ioaded [33]. 

+ + 

I I -m m 

• 

Figure 1. 13. Schematic illustration of a crack induced by the deformation associated 
with a point indentation from a sharp indenter (After Lawn and WilshawI33]). 

The volume wear loss by brittle fracture can be estimated by using two equations 

involving the wear rate per unit abrasion distance. Hutchings derivation of equations 1 

and 2 is based on the removal of material by lateral cracks when a sharp indenter slides 

over the surface and forms a plastic groove as in Figure 2. 14 [35]. 
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Conical 
indenter 

............. c ......... :----

Figure 2. 14. A schematic representation of the point indenter and the lateral cracks it 
forms as it carves a groove over the surface of the material (After Hutchings [35]). 

The dark shaded region represents the plastically deformed region from which lateral 

cracks initiate after the indenter has passed. The length and depth below the surface of 

the cracks is represented by "c" and "b". These cracks contribute to the total wear debris 

produced [35]. The total wear loss is represented in terms of the wear rate per unit sliding 

distance and is given by the following equations: 

9 

Q =a N (%).w8 
I' , 1 

2 J 
K, .H2 

Where Q = the wear rate per unit sliding distance 
a 1 = a material-independent constant 

N = number of particles making contact with the surface 
Kr = the fracture toughness of the material whose surface is abraded 

E = the Young modulus of the material 
H = hardness of the material 
w = normal load on each particle 

Equation 1 

Equation 1 was derived from combining the crack length "c" which is a function of E, H, 

w, ~ and the crack depth "b" beneath the surface which is dependent on E, H w. 

Another equation with the same practical meaning but arrived at differently is equation 2: 
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Equation 2 

The symbols for equation 1 have the same meaning as in equation 2. The two equations 

differ only in the ratio EfH which is the brittle index value; this ratio does not vary greatly 

between hard brittle solids [35]. 

The normalload on each particle in both equations is greater than 1. For N particles over 

an apparent area of contact A, the total normal load will be Nw.' If it is assumed that the 

particles have the same linear dimension d then N is proportional to Ad- l12 resulting in the 

modification of equation 2 to: 

Q = a 3 --1 --3--=--1 Equation 3 
- -

A 4 K 4.H2 
. c 

Where W = a fixed load distributed over each particle as "w" 

A = apparent contact area 

The product of fracture toughness and the hardness of the worn material are the two 

important mechanical properties common to equation 1 to 3 quantifying the wear rate 

experienced by a brittle solid during the process of abrasive wear. It has been argued that 

exponents for the fracture toughness and the hardness in these mathematical models are 

determined by amongst other parameters the mode of material removal in brittle solids 

[36]. 
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Abrasive Wear in Ductile Materials 

Abrasive Wear by cutting and ploughing 

Cutting and ploughing are the dominant modes of abrasive wear in ductile materials such 

as metals. The cracking mode may occur in ductile materials but is overshadowed by the 

other two modes to an extent where it can be considered negligible. 

Sedriks and Mulhearn [17] showed that when a chip is cut from a material surface of non 

work-hardening material the cross-sectional area of the resultant groove formed is given 

by equation 4; providing the geometry and the orientation of the abrasive is known. 

A = W (1 + ,Ll. tanb] 
c. p l ,Ll- tanb 

Where W = applied load 
p = yield pressure of workpiece material 

,Ll = coefficient of friction between the contacting surfaces 

b = rake angle = a-90° (a = attack angle) 
c= constant 

Equation 4 

When an abrasive does not cut a chip but only scratches the surface, the cross-sectional 

area of the groove is represented by equation 5. 

,Ll'.W 
A=-----

c.s.cota +c.p 

Where ,Ll = coefficient of friction 
s = shear strength of the material 

Equation 5 
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A plot of the groove cross-sectional area against the attack angle for the conditions 

represented in equations 3 and 4 gives the minimum attack angle at which a chip will be 

cut. This value is determined by the intersection of the two graphs as shown in Figure 2. 
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Figure 2. 15. The cross-sectional area vs attack angle for equation 3 and 4. Graph I 

represent equation 3 and graph II represent equation 4 (After Sedriks et al [17]). 

The point ac is the critical attack angle at which a chip will be cut from the surface. The 

approach represented in Figure 2. 15 essentially divides the abrasive particles into two 

groups; one which has the correct minimum attack angle for cutting chips and the other 

which only carves scratches because the attack angle is less than the minimum. 

It has also been suggested that the transition from ploughing to chip formation occurs 

when the critical depth of penetration by an indenter of a known radius is exceeded [22]. 

The value that marks the start of the transition is give by: 
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Equation 6 

Where he = critical depth of indentation 

P y = the yield stress of the material 

R = radius of the indenter 
't = shear strength in the contact area 

The ratio of abrasive particles that cut chips to those that merely rub grooves was 

estimated by Mulhearn and Samuels for abrasives that are bound to the abrasive paper. 

The results they obtained are represented in Figure 2. 16. They found that for their case 

study of bonded silicon carbide abrasive there is a well defined critical attack angle above 

which a chip was cut. They also found that the critical attack angle was independent of 

the indenting load [16]. Hutchings [35] suggested that the attack angle is a function of 

the Young's Modulus and Hardness of the surface (Le. : ). Using this ratio the critical 
s 

attack angle for many metals can be estimated to be approximately between 30° and 900
• 

When the : ratio is below the critical value of the material, ploughing will dominate 
s 

over cutting mode of abrasive wear. The opposite will hold if the ratio is equal or 

exceeds the critical value of the material under consideration. 
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Figure 2. 16. The distribution frequency vs the attack angler After Mulhearn and 

Samuels {16J). 

The shaded area of the graph in Figure 2. 16 represents the distribution frequency of the 

attack angles that are equal and greater than the critical attack angle. For such angles the 

wear loss by debris formation is higher. The unshaded area represents the conditions 

when the attack angles of the abrasives are lower and chips are not formed but the surface 

is grooved. 

Hutchings [35] considered the removal of material from ductile material by a moving 

conical indenter. It is assumed that only a certain proportion of the groove is removed as 

wear debris; the rest of the displaced material is piled on the sides of the grooves formed 

[35]. Figure 2.17 represents the schematic of the conditions assumed; the material is 

assume~ to be abraded purely by plastic deformation. 

Surface 

Figure 2.17. A cross-section view of a sharp cone indenter (After Hutchings {3SJ). 
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The normal load on the indenter as it moves through the material is given by 

2 1r.R 1 2 2 
W= P.--=-p.1r.x tan a 

2 2 

Where W = the normal load supported by the indenter 
P = the stress acting over the area of contact 

R = the radius of the indenter 
x = depth of the groove formed by the indenter. 

Equation 7 

The volume removed from the groove without being detached from the surface can be 

estimated by equation 8. When a known fraction of the groove material is removed as 

wear debris equation 9 is used to predict the volume wear produced by one particle per 

unit sliding distance. 

dV = f!.a.x = f!.x 2 . tan a 

2 2n.w 
q = 1]. x . tan a = --'-,--'-

1r.P.tana 

Where dV = the volume removed as wear debris 

I! = the sliding distance by the indenter 
q = volume wear loss per unit sliding distance by one indenter 

2.1.3 Abrasive Wear Of Inhomogeneous Materials 

Equation 8 

Equation 9 

Abrasive wear models based on inhomogeneous (or multiphase) materials have been 

developed in order to improve the performance of materials under abrasion. The 

descriptive terminology of multiphase material differs from one author to the other; in 

this project for purposes of simplification, the term composite will be adopted to describe 

both inhomogeneous materials produced by transformation/precipitation and artificially 

produced composites. 
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Composite materials are essentially constituted by distinct individual phases with 

different properties. The combination of the individual phases to fonn a composite can 

occur as a result of common equilibrium transfonnation or precipitation mechanisms in a 

particular system. Composites can also be artificially produced by mixing a harder 

reinforcing phase with a softer matrix such that in the final product the harder phase is 

embedded in the softer matrix. The reinforcing phase in artificially produced composites 

is commonly in the fonn of particles, whiskers, fibres or weaves [37]. Ideally it is 

expected that the composite will combine the best and suppress the worst properties of 

the constituent phases. 

Kruschov [38] expressed and showed mathematically that the wear resistance of the 

composite is a linear function of the product of the volume fraction and the relative wear 

resistance of the respective constituent phases. In tenns of the total wear rate Kruschov 

in effect expressed what is know as the inverse rule of mixtures (IROM). Garrison [39] 

argued that this rule is applicable only if the wear rate of the composite is proportional to 

the load, which he pointed out is true for ductile metal systems. The inverse rule of 

mixtures was reported to not hold when wear rate of the composite depends on the area of 

individual constituents and is non-linearly dependent on load as in ceramics [39]. Linear 

rule of mixtures (LROM) gives improved results compared to the inverse rule of mixtures 

because it does not emphasise the dominance of one phase [40]. Based on this 

observation it was reported to be suitable in predicting the wear rate of the composite 

with phases having similar properties. In spite of the shortcomings in the inverse rule of 

mixtures, this rule was reported to predict the wear rate of composites better when the 

constituent phases have different characteristics [40]. For an example the inverse rule of 

mixtures was applied in the epoxy-CuAI and NiCrBSi-WC systems; it was reported to be 

accurate when the size of the abrasive grooves is smaller than the microstructure of the 

reinforcing phase, in the composite, but deviated from the predicted results when pull out 

of the reinforcing phase occurs during the abrasion process [40]. 
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Axen and Jacobson [37] introduced the equal wear (EW) and equal-pressure (EP) 

concepts for models based on two phase composites in order to explain their behaviour in 

relation to the load distribution. Their assumption for the equal-wear model is that the 

reinforcing phase carries .the maximum possible portion of the load. In such conditions 

the composite takes full advantage of the hardness of the reinforcing phase and suffers 

minimum wear (i.e. attains maximum wear resistance). In the equal-pressure model the 

reinforcing phase carries the minimum portion of the load; this results in higher wear rate 

(i.e. minimum wear resistance) [37]. The increase in wear rate in the equal-pressure 

model is attributed to two possible modes of wear in the composite. The first mode is 

when the reinforcing phase is removed as part of a small wear chip. The second mode is 

when the matrix strength around the reinforcing particles is weak, thereby exposing the 

reinforcing phase to fracturing or being pulled loose during the abrasion event [37]. The 

effect of the wear resistance of the reinforcing phase as its volume fraction increases 

improves the wear resistance of the composite in the equal-wear conditions. This effect 

is less in the equal-pressure condition see Figure 2. 18. 

As the volume fraction of the reinforcing phase increases the equal-wear condition 

follows the predictions of the linear rule of mixtures; the equal-pressure conditions of the 

composite is predicted by the inverse rule of mixture. As can be seen from Figure 2. 18 

the magnitude of benefit for the composite in the latter conditions is not optimum 

compared to the equal-wear conditions. The AhOrSiC system investigated by Yamada 

et al [41] agreed well with the model of the linear rule of mixture. The investigators 

reported an improvement in the wear resistance of the composite with the increase in the 

volume fraction of the silicon carbide, the harder of the two ceramic phases. 
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Figure 2. 18. Wear resistance vs fraction of the reinforcing phase. Qp :::: wear 
resistance of reinforcing phase, Qm = wear resistallce ofmatrix(After Ax ell and 
Jacobsoll [37]). 

In order to evaluate the abrasion behaviour of a composite the following parameters are 

important : the size (d~) and volume fraction (fv~) of the harder reinforcing phase, 

strength of the interface, total interface area per unit volume(SClJ) ), properties of the 

matrix and the mean free path (A)between the harder reinforcing phase, as shown in 

Figure 2. 19. It must be noted that the mean free path and the total interface area per unit 

volume are dependent on the size and volume fraction of the reinforcing phase(s) [40]. 
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Figure 2. 20. Schematic of the microstructure of an isotropic composite (After Simm 
and Fretti [40J). 

The importance of size and volume fraction of the reinforcing phase was emphasised in 

the Si3N4-TiC system [36]. In this system it was reported that abrasive wear of the 

composite was influenced by the grain size of the reinforcing phase (TiC). The abrasive 

wear resistance of the s:omposite increased as the grain size of TiC was reduced. The 

volume fraction of TiC particulates was kept below a certain volume fraction for effective 

resistance against wear. 

A different approach in the assessment of abrasive wear of inhomogeneous materials was 

adopted by Zum Gam [22] where he considered the hardness ratio of the abrasive to that 

of the material. The abrasive wear of a homogeneous material was compared to that of an 

inhomogeneous material. One material contained high volume fraction of carbides in the 

matrix (inhomogeneous) and the other material had no carbides or the volume fraction 

was comparatively low to be considered less significant (homogeneous). The graphs of 

abrasive wear against the hardness ratio he obtained (i.e. abrasive's hardness/material's 

hardness) are shown in Figure 2.21. 
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Figure 2. 20. Abrasive wear against hardness ratio. (After ZUni Gahr{22]) 

The graph illustrates the transition from the low wear to higher wear for both 

homogeneous and inhomogeneous materials. At the intersection of the graphs where the 

hardness ratio is equal, the two materials have the same hardness provided abrasives of the 

same type are retained. The matrix of the inhomogeneous material is softer relative to the 

homogeneous material at the point of intersection; but the overall abrasive wear resistance 

of the inhomogeneous material is superior. 
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2.2lntermetallic Materials 

Intermetallics are compounds formed by two metallic elements, and are characterised by 

order in their crystal structures. The term order defines the tendency of one atom to form 

a strong bond with that of a different kind. The order in the crystal structure of 

intermetallic is termed long range order. This type of crystal order involves arrangement 

of ordered domains of atoms on a scale larger than 10-50 A [42]. Crystal ordering in 

certain intermetallics can be maintained until the melting point. Other intermetallics lose 

the order in the crystal structure when a critical temperature is reached below the melting 

temperature of the compound. In order to distinguish intermetallics falling in the two 

groups from each other, Cahn [43] suggested a term "reversibly ordered intermetallic" for 

intermetallic compounds that undergo a disordering process before their melting point is 

reached; and the term "intermetallic" to describe the intermetallic compounds that remain 

ordered until their melting point. The differentiation is technically important but remains 

difficult to implement as all compounds that fall under the two categories are still referred 

to as intermetallics. Implementing these terms is also made difficult by the fact that 

much research work still needs to be covered in the field of these new materials for their 

classification to be simplified. 

Intermetallic compounds are distinguished from the ordered metal alloys by the strong 

directional bonding between the elements involved [44]. These compounds are stable 

over a narrow range of composition which lies approximately around the stoichiometric 

ratio of the elements. Intermetallics have raised much interest as possible structural 

materials because of their high moduli, yield strengths and melting temperatures. They 

also possess qualities that makes them suitable for application at elevated temperatures, 

such as creep and oxidation resistance. Intermetallic compounds have a comparatively 

low self-diffusion coefficient which account for the good creep resistance in these 

materials. Creep resistance is also enhanced by the degree of ordering an intermetallic is 

able to achieve in its structure [44]. 

36 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Another factor that makes intermetallics attractive is their excellent specific properties 

(e.g. moduli, yield strengths, etc. per unit mass) when compared to the conventional 

engineering materials. This is more particularly relevant in aircraft and space industries 

where the reduction of weight and the maintenance of good structural properties in a 

material is important. Intermetallic compounds possess an ability to work-harden rapidly 

compared to the metals from which they are derived [44]. Their major disadvantage is 

brittleness at room temperature. This brittleness is attributed to a number of factors such 

as, strong directional bonding, insufficient slip systems and poor grain cohesion [45]. 

Deformation of any material requires sufficient slip systems for the movement of 

dislocations, intermetallics are not an exception to this requirement. In terms of the 

microstructure the dislocations move easily in high symmetry crystals because of the high 

number of slip systems available, compared to a few that may be present in low sym,metry 

crystals. Therefore the low symmetry associated with the microstructure of some 

intermetallics limits the amount of deformation they can undergo. This factor contributes 

to the observed brittleness in intermetallics. However, certain intermetallics with high 

symmetry crystals remain brittle as a result of poor grain boundary cohesion in the 

polycrystalline microstructure. An example of the latter case is a compound of nickel 

aluminide (NhAl) whose single crystal has high ductility but the polycrystalline material of 

the same compound is brittle. There is a body of theory that supports the notion that 

intermetallics generally deform at low· stresses because of the movement of 

superdislocations. The dislocations occur in pairs or in units of four that are closely 

spaced and always move in groups [45, 46]. The lattice structure is preserved by the 

group movement of these dislocations, this phenomenon is known as lattice dislocation 

resistance. It has also been argued that lattice dislocation resistance can also be produced 

by quenching an intermetallic from above its melting point [47]. It is further argued that 

the lattice dislocation resistance (or surperdislocation movement) has a limiting effect on 

cross-slip in the crystal structure, thus resulting in the embrittling of the material [45, 46, 

47]. 
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In spite of good physical and mechanical properties in the intennetallics compounds, their 

room temperature brittleness limits their use as structural materials. It was reported that 

metallurgical processes such as rapid solidification by melt spinning improved ductility 

in certain intennetaUics. Other processes such as thennomechanical grain refinement 

were also reported to have improved ductility in nickel aluminide (NiAI) [43]. The 

elongation reported in nickel aluminide was approximately 40 % when the critical grain 

size is below 20 microns [48]. Alloying with elements such as boron is another method 

reported to have improved ductility in intennetallics such as ruthenium aluminide and 

titanium aluminide at room temperature. Intennetallics with crystals belonging to either 

an ordered fcc (or LI2) or ordered bcc (or B2) crystal system have better ductility than 

intennetallics belonging to other ordered crystal systems [48]. Metallurgical process such 

as alloying can serve to enhance the ductility they already possess. 

A better abrasive wear resistant intennetallic composite consisting of molybdenum

silicide reinforced with niobium (MoSi-Nb) was reported [49, 50]. Following this 

improvement, it is suggested that further research into abrasive wear behaviour of 

intennetallics will culminate in the development of good abrasive properties in these 

compounds. Molybdenum-silicide, it is argued poses a serious challenge to the 

dominance of cobalt based composites as abrasive wear resistant materials [51]. The 

results come in support of other independent studies that found that mechanical properties 

of multi phase materials were better when compared to monolithic intennetaUics [52, 51]. 

It was also reported that bronze is preferred as wear resisting material for journal bearing 

material under high loads [53]. The bronze owes its wear resistance properties to the 

presence of delta (8) intennetallic compound (Cu31SnS) in the copper-tin system [53]. 

Another intennetaHic cobalt-molybdenide-silicide (Co3Mo2Si) of the Laves phase family 

was reported to prevent other fonns of wear at high temperatures such as seizure. 
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The hardness of the Lave phase is approximately 1,200 HY. The wear resistance of 

systems that precipitates this phase, such as the Mo-Co-Si ternary system benefit from its 

high hardness [53]. 

2.2.1 Ruthenium Aluminide (RuAl) 

Ruthenium aluminide is an intermetallic compound formed between ruthenium and 

aluminium. The formation energy of ruthenium aluminide is approximately 35.8 

kcallmol, this is higher than some of the intermetallics such as nickel aluminide. The 

crystal structure of this intermetallic is an ordered body centred cubic (i.e. B2 [cP2]); 

which consists of two interpenetrating simple cubic lattices with one type of an atom at 

the body-centre of a sublattice of the second type atom [54]. The lattice parameter for the 

crystal structure is approximately 3.03 A. 

The anti-phase boundary in the B2 intermetallics is created by the dissociation of the 

<111> superdislocation [55]. It is essentially a region of discontinuity that breaks the 

order in the crystal lattice structure of the material. The order in intermetallics is broken 

by the formation of bonds between atoms of the same kind during the growth of adjacent 

crystals. The existence of an anti-phase boundary improves the cohesive strengths and 

ductility of an intermetallic [56, 57]. 

A ruthenium aluminide compound that is close to stoichiometry has an approximate 

melting temperature of 2060°C with a Young's modulus of 267 GPa. The yield stress of 

the unalloyed stoichiometric composition of ruthenium aluminide is ~ 1000 MPa; for the 

same composition but alloyed with boron the yield strength is ~ 2000 MPa. Fleischer 

[46] reported that the yield strength is also sensitive to the variation of ruthenium content 

from stoichiometry; it shows an increase with the higher ruthenium content and a 

decrease when ruthenium content is lower [46]. The specific gravity lies between 7.3 and 

8.89 g/m
3 depending on the stoichiometry of ruthenium aluminide compound considered 

[58]. 
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The oxidation resistance in ruthenium aluminide up to ~ 1200°C is enhanced by minor 

additions of elements such as chromium and yttrium. It must be noted that the oxidation 

resistance is also provided by the aluminium in the compound. The hardness of 

stoichiometric or near-stoichiometric ruthenium aluminide varies between approximately 

2.7 and 3.7 GPa at room temperature [57]. 
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2.2.2 The Sigma Phase 

Sigma phase is a term which describes certain complex intermetaUic compounds formed 

between transition elements. It is an electron compound formed by bonding between 

terminal elements. The formation of this phase in many binary systems follows a set of 

criteria such as : (a) One element must be electronegative and the other electropositive, 

(b) The atomic radii of the elements must be approximately equal [59], (c) The unit 

structure formed must belong to the tetragonal crystal system [60, 61, 62], with the lattice 

parameter ratio (cia) of approximately 0.52 and (d) The average electron per atom ratio 

(e/a) of approximately 7 to 7.12 [63]. Examples of the systems capable of forming the 

sigma phase include Manganese-Vanadium (Mn-V), Cobalt-Vanadium (Co-V), Iron

Chrome (Fe-Cr), Iron -Molybdenum (Fe-Mo) etc. As an intermetallic compound the 

sigma phase is characterised by room temperature brittleness [64]. 

Sigma phase in iron chromium steels was first discussed by Bain and Griffiths [65] who 

referred to it as the 'B' constituent before being later named 'sigma' by other workers. 

They found sigma to be stable below a temperature of 950°C. This temperature of 

stability was determined later to be 820°C as shown in the iron-chromium equilibrium 

phase diagram in Figure 2. 1 [66]. Sigma phase was reported to be the stable low 

temperature phase in the 50:50 iron-chromium system with less than 10% nickel. The 

role of sigma in reducing ductility of the steel as a result of its room temperature 

brittleness is confirmed by a number of workers [67]. However its role in the 475°C 

embrittlement of ferritic steel is dubious [67,68]. Sigma precipitates very slowly in some 

iron chromium alloys. This has lead to some workers expressing doubt about its 

existence; in spite of working with compositions reported to be sigma prone [69]. 
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Figure 2. 21. Iron-Chromium equilibrium phase diagram (After Novak [66J) 

Sigma phase in ferritic stainless steels 

Stainless steels are used widely as structural materials because of their advantageous 

corrosion resistant properties. Chromium contents above 12% provide stainless steels 

with exceptional oxidation and creep resistance. As a result stainless steels can be used 

for corrosion resistance and as high temperature creep resisting materials. Without these 

properties stainless steels could be equalled or exceeded by many other steels in 

formability and mechanical properties [70]. Within the group of stainless steels 

competition exists between the ferritic and austenitic grades. In many engineering 

application ferritic stainless steels are preferred to austenitic grades, because of their 

relative low cost and improved pitting and crevice corrosion resistance under reducing 

environments [71]. The competitiveness of ferritic steels against austenitic grades is 

enhanced by their wide range of yield stresses. Ferritic steels are also easily workable 

because they possess comparatively low work-hardening rates. Application of ferritic 

steels has lead to development of new grades within this group. 
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New definitions are used in order to differentiate between the grades within the ferritic 

group. The two major grades are the "Ferritic" and "Super ferritic". The latter 

description refers to the ferritic steels with chromium content of no less than 18%; this is 

a term recently adopted in the stainless steel industry. Elements such as titanium and 

niobium are used in stabilising ferritic steels because of their strong ability to form more 

stable carbonitrides than chromium. The formation of titanium or niobium carbonitrides 

is beneficial in preventing chromium depletion. Chromium in the stainless steels is 

important in corrosion protection of the substrate [72, 73]. It is clear from the factors 

mentioned that developing desired properties in ferritic steel may need a combination of 

different processes. Thermomechanical and alloying processes are the most important 

techniques used in improving the service properties in ferritic steel [74,75]. 

Ferritic stainless steels suffer from a dominant shortcoming in that many are susceptible 

to the 475°C embrittlement. The cause for this embrittlement was reported to be due to a 

number of factors, such as precipitation of the inherently brittle carbides and nitrides at 

grain boundaries. It was also reported that in high chromium steels the embrittlement is 

aggravated by the presence of the brittle chromium-rich ferrite [64, 76]. Further 

argument for the embrittlement was suggested as the formation of the sigma phase [77] 

which occurs in the miscibility gap of the iron-chrome equilibrium phase diagram, shown 

in Figure 2. 21. However doubt has since been expressed about the role of sigma phase 

because its embrittlement effect was reported to be sensitive to the heat treatment at 

temperatures above the "brittle temperature" of the ferritic steels [78, 79]. The view that 

the embrittlement is caused by the chromium rich ferrite has gained strong support from 

many workers [80]. None of these factors alone have conclusively accounted for the 

observed embrittlement [72]. 
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The role played by alloying elements in raising the critical temperature over which sigma 

is stable was an important observation in the study of the iron-chrome system. It 

culminated in the development of research interest to improve the understanding of the 

mode and rate of sigma precipitation [65]. Alloyed steels were reported to have a higher 

rate of sigma precipitation than pure binary systems [65]. 

Hall and Algie [81] suggested that sigma's stability temperature and compositional range 

is increased by addition of certain alloying elements. It was also reported that some 

alloying elements may show no effect and others may retard the precipitation of the 

sigma phase [81,82]. Further investigation by other workers reported that austenitic [83] 

and ferritic microstructures have an influence on the formation of sigma. The rate of 

precipitation being relatively faster in the latter microstructure [84]. 

Grain boundaries are preferentially sites for sigma precipitation because they are regions 

of high energy. The precipitation of this phase at grain boundaries has an effect of 

lowering the energy of the system. Sigma can also precipitate in the interior of the grains 

along preferred matrix planes and dislocations [83]. The precipitation kinetics are 

influenced by processes such as grain refinement [84]. This process effectively reduces 

the diffusion paths over which elements can traverse to the sites where sigma formation 

will start. Thermomechanical processes such as hot and cold working influence the rate of 

sigma phase precipitation in the microstructure [77]. It has also been argued that prior 

precipitation of titanium carbide and other secondary phases which act as chromium 

reservoirs can promote the formation of the sigma phase in the steel [84]. The presence 

of elements such as manganese, vanadium, titanium and niobium were reported to 

enhance the formation of sigma phase by their ability to stabilise the ferritic 

microstructure. Care may need to be exercised not to exceed the limits when adding 

alloying elements. Their excessive concentrations may retard sigma precipitation where 

it may be needed. 
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Other elements also identified as promoting the rate of sigma formation are zirconia, 

nickel, molybdenum and the non-transition elements such as silicon, phosphorus and 

aluminium [81, 85, 86]. In order to understand how the alloying elements affect the 

sigma their role was considered in terms of being electronegative or electropositive 

relative to one another. 

A description of this approach is that, an electronegative element withdraws electrons 

from the sigma phase; and electropositive elements donate electrons to the sigma phase. 

Silicon, phosphorus and aluminium were used to illustrate this electronic effect. It was 

reported that additions enhanced the formation of the sigma phase. These elements were 

also found to increase the ability of sigma phase to accommodate extra electropositive 

elements such as vanadium and chromium. The electronegative aluminium was reported 

to retard the sigma formation when added in certain quantities [81, 87]. Therefore the 

addition of electronegative elements retard the formation sigma phase, except in the case 

where they are added in careful amounts to allow sigma to accommodate extra 

electropositive elements. 

Shortsleeve and Nicholson [88] in a different study of the effect of alloying elements, 

used silicon and manganese in ferritic steels to illustrate their influence on the 

sigma/ferrite boundaries. In terms of the chromium content of the steel, Cook and Jones 

[89] suggested that heating a steel containing 26 to 71 % chromium at 600°C will result 

in the formation of sigma. They also carried out work on the phase boundaries of the 

sigma and ferrite. Edmonds and Honeycombe [90] reported a temperature of 850°C at 

which they suggested sigma will precipitate. The upper most temperature estimate for the 

stability of the sigma phase was suggested by Bain and Griffiths to be just below 950°C. 

Gilman [91] suggested that repetitive recrystallisation in the steel has an effect of 

reducing the rate of sigma formation. 
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The effect of sigma phase in the steel is two fold, it can enhance certain properties on one 

hand and be deleterious on the other. Properties such as toughness, corrosion resistance, 

electrical conductivity and magnetisation are adversely affected by the presence of the 

sigma phase [72, 65, 81, 87 92]. However properties such as creep resistance and yield 

strength were as reported as promising [93]. 

In spite of the embrittlement associated with sigma at room temperature; hot hardness 

(creep strength) benefits from the sigma formation. Such strength was observed in engine 

exhaust valves [84, 91]. The wear resistance in some of sigma prone iron-chrome system 

was reported to have even performed better than mild steels [93]. A further discussion on 

the sigma properties was present by Williams and Paxton [68]; who in their work 

suggested the presence of an alpha-prime phase a' as responsible for the embrittlement of 

the iron-chrome steel. They suggested that this phase come as result sigma 

decomposition into alpha and alpha-prime phases (a and a') at temperatures lower than 

600°C. Although this is a possibility, the notion of a eutectoid decomposition of sigma 

they have suggested has not yet received wider support. 

The blocky morphology precipitates of sigma phase can prevent crack propagation in the 

steel [59]; conversely when the sigma precipitates are plate-like the steel becomes 

susceptible to crack propagation. This is because the sigma platelets are easily traversed 

by cracks and they may also act as sources for crack initiation [59]. Bain and Griffiths 

[65] have suggested that cracks observed in the steel in the presence of sigma phase are 

due to the volume change that occurs during the phase transformation to sigma; they 

pointed out that the high stiffness and low ductility associated with sigma was 

responsible for limiting the steel's ability to accommodate the strain imposed by the 

transformation; other workers have expressed similar views [94]. 
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CHAPTER 3: EXPERIMENTAL PROCEDURES 

3.1 Materials 

Ruthenium Aluminide 

Two small flat discs of 15mm diameter each and one solid cylinder of sintered ruthenium 

aluminide (RuAl) were obtained from Council for Mineral Technology (Mintek). The 

discs were prepared for metallography. A cylindrical specimen for compressive tests and 

a square specimen for abrasive tests were cut from the received cylinder. The dimensions 

of the compressive test specimen were 5.4 mm in diameter and 8mm in length; the length 

to diameter ratio was chosen in accordance with the ASTM recommendation to avoid 

buckling in the specimens during the compressive test [95]. The dimensions of the 

abrasion test specimen were 10mm x 10mm x 24mm, determined by the size of the 

specimen bracket on the abrasion apparatus, see Figure 3.1 and Figure 3. 2. Difficulties 

experienced in machining of the hard and brittle material of the specimens led to spark 

erosion being employed in specimen preparation. 

Mev (A medium carbon proprietary steel) 

MCV is a commercially available medium carbon steel which has the nominal 

composition shown in Table 3. 1. The dominant characteristics of this steel are high 

strength, toughness, hardenability and ease of machining even when hardened and 

tempered. The MCV steel was quenched and tempered to a hardness of approximately 

310 HV in order to match the hardness of ruthenium aluminide. Compressive test 

specimens and abrasion test specimens of the same dimensions as the ruthenium 

aluminide were machined. 
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Table 3. 1. The nominal composition of the MCV (from data provided by the 
manufacturers). The balance is iron. 

Element Content (wt %) 

CARBON 0.45/0.50% 

SILICON 0.25/0.35% 

MANGANESE 1.0011.30% 

NICKEL 0.40/0.75% 

CHROMIUM 0.40/0.75% 

MOLYBDENUM 0.20/0.30% 

Ferritic Steels 

Three grades of ferritic steels were provided by Mintek with compositions indicated in 

Table 3. 2. The specimens provided had been subjected to different thermo mechanical 

processes, as shown in Table 3.3. It must be noted that VF 550 was first reduced from a 

thickness of 45mm to 12 mm at a temperature of 1l00°C by rolling process and was 

subsequently divided into two halves: VF550 (i and ii) which received further treatment 

described in Table 3. 3. A portion of VF550 (ii) was cut and given further treatment 

shown by VF550 (iii) also in Table 3. 3. 

Table 3. 2. Chemical composition of ferritic steel specimens, the balance percentage 
is iron. NB the regions marked with -- indicate concentrations below 0.02 (Data 
supplied by Mintek[87]). 

Chemical Composition Of the Alloys (wt %) 

Alloys Cr Ni Mo Si Nb Ti Zr Al C N 

VF245 40.7 5.S2 -- -- -- -- -- -- 0.016 0.003 

VF 550 2S.7 -- 3.94 0.l5 0.25 0.15 - - 0.007 0.002 

VF660 38.S 2.25 2.03 0.17 -- -- 1.00 -- O.OOS 0.002 
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Table 3. 3. Summary of thermomechanical history of ferritic steel specimens [87]. 

Specimens Thennomechanical History 

Heat treatment (OC) Further working Thickness reduction 

VF245 1100 Q + WR (300°C) 24mm to 12mm 

VF550 (i) 1100 Q+CR l2mm to 6mm 

VF550 (ii) 1100 HR (l100°C) 12mm to 6mm 

VF550 (iii) 1100 HR (llOO°C) 6mm to 3mm 

VF660 1100 HR (llOO°C) 45mm to 12mm to 

6mm 

A systematic program of heat treatments was carried out on all the ferritic steel specimens 

~n order to produce specimens containing a range of volume fraction of sigma phase. 

Heat treatment was perfonned on the 10mm x 10mm x 24mm abrasion specimens cut 

from each specimen provided. The heat treatments were perfonned in order to identifY 

the heat treatment temperature and time required for precipitation of the sigma phase and 

to identify optimum heat treatment procedures. 

In order to accumulate the large amount of data required, the following procedures were 

adopted: initial heat treatments for 30 and 60 minutes were conducted at 600°C, 650°C, 

700°C, 750°C, 800°C and 850°C. On the basis of the results of these heat treatments, 

temperatures of 600°C and 650°C were selected for conducting further heat treatments. 

Sufficient specimens were machined in order to pennit twelve fresh specimens to be used 

for each heat treatment temperature. The duration of these heat treatments varied from 5 

minutes to 1 hour (at intervals of 5 minutes). 

The heat treatment procedure employed was that: twelve specimens of each grade at a 

time were simultaneously placed in the furnace at a chosen temperature (600°C or 

650°C). A specimen was taken out after every five minutes until all were removed from 

the furnace. As they were taken out of the furnace they were immediately quenched in 
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water. Errors inherent in opening the furnace during heat treatment were accepted on the 

basis that the procedure enabled a large amount of data to be accumulated. Heat 

treatment times and temperatures detennined by this method were treated with caution 

and used only as indicators of the appropriate heat treatment conditions. 

Comment 

The initial heat treatments were used to narrow down the temperature range which 

produced good results in tenns of sigma precipitation. Hardness and magnetic tests were 

perfonned in order to detennine if any transfonnation to sigma had occurred after the 

heat treatments. The emphasis in the second set of heat treatments was on the specimens 

that produced the two phase microstructure of sigma and ferrite. 

3.2 Metallography 

Ruthenium Aluminide and MeV 

Ruthenium aluminide discs and one cylinder of the MCV were hot mounted using IMP 

clear thennoplastic powder and a Buehler mount press hydraulic jack. Grinding of the 

specimens was carried out on Knuth Rotor machines with silicon carbide abrasive papers 

(grit size: 80, 180, 220, 320, 600 and 800 respectively). Diamond impregnated cloths 

(3jlm, Ijlm and 1/4 jlm respectively) were used to polish the specimens. 

The Struers® DP 9 apparatus was used for rotating discs on which the polishing cloths 

were mounted. Before proceeding with polishing, the specimens were placed in a beaker 

of alcohol in an ultrasonic bath for cleansing; the same procedure was repeated between 

the change over from one polishing cloth to another. The reason for this procedure was 

to improve the quality of the surface finish by preventing the contamination of the 

polishing cloths. Ruthenium aluminide did not need any etchant to reveal the 

microstructure; for MCV a 2 % dilute nital solution was used to etch the specimen. 
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Ferritic Steels 

The sequence of grinding and polishing was the same as in ruthenium aluminide and 

MeV. A dilute oxalic acid solution was prepared by dissolving 8g of oxalic acid pellets 

in 100ml of distilled water. The solution was used in the electronic etching of the ferritic 

stainless steel specimens in order to reveal their microstructure. The voltage for the 

electronic etching was between 3 and 5 volts. Micrographs of the microstructure were 

taken on the Reichert MeF3A ® optical microscope. The micrographs were used in 

determining the volume fraction of sigma that had precipitated in the specimens. The 

procedure involved image analysis techniques using the Leitz Focomat V35 photograph 

enlarger and Joyce Loebl image analyser facilities. The photograph enlarger was used to 

trace out the microstructure on the micrographs in order to improve the contrast for better 

volume fraction results on the image analyser. This procedure was employed after 

etchants such as the solution of hydrochloric acid (75ml) and nitric acid (25ml) were tried 

without any success for improving the contrast in the microstructure of the ferritic steels. 

3.3 Abrasion Testing 

Abrasion testing was conducted on a pin on belt apparatus under ambient unlubricated 

conditions. An 80 grit (~260/lm to 270/lm in grain size) alumina (A120 3) belt was used 

as an abrasive counterface against a specimen under load. The testing speed was 0.26 ms-1 

and the load on the specimens was 3.66 kg or 36.6 N. The starting surface roughness of 

the specimens before the abrasion test was kept between 2/lm and 3/lm. 

Operation of the Abrasion Testing Apparatus 

A specimen of appropriate dimension (i.e. 10mm x 10mm x 24mm) is inserted and firmly 

locked into a bracket and the surface measuring 10mm x 10mm is placed in contact with 

the abrasive belt. Weights are placed on the pin directly on top of the bracket holding the 

specimen (see figure 3.3 and 3.4). When the specimen is firmly positioned against the 
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abrasive belt the machine is switched on. A motor drives the abrasive belt around 

continually in one direction; the bracket holding the specimen moves simultaneously 

across the belt in a perpendicular direction to the motion of the belt (all motions occurring 

in the same plane) with the exposed face of the specimen firmly on the belt, Figure 3.1 

and Figure 3.2. 

Figure 3.1. Side view of the abrasion apparatus. A = direction of the specimen. B = 

the weights and the specimen bracket. 

Figure 3. 2. Front view of the abrasion apparatus, C = weights; below the weight is the 
specimen bracket. D = direction of the abrasive belt. E = the direction of the specimen 
relative to the abrasive belt. 
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The test procedure was as follows: the specimens were" placed in a beaker of alcohol 

which in turn was placed in an ultrasonic bath for approximately five minutes; they were 

subsequently dried and weighed on Sartorius R200D weighing balance before being 

tested on the abrasion apparatus. After every chosen testing time interval the specimens 

were placed in a beaker containing alcohol and placed in an ultrasonic bath. Following 

cleaning and drying mass loss was measured. Micrographs of the surface features were 

acquired using the Cambridge scanning electron microscope. 

The test interval for ruthenium aluminide and MCV specimens was 14 seconds. This 

rather short time interval was selected because ofa lack of information about the response 

of ruthenium aluminide to abrasive wear, and because of the brittle nature of the material. 

The short interval would in this case yield more data points than a longer time interval in 

the event of failure of the specimen. However this approach had a shortcoming in that 

the specimen was not yet 'run-in' after the first 14 seconds. Tests were carried out for a 

total of 70 seconds per specimen (i.e. 5 intervals) for both ruthenium aluminide and 

MCV. The same procedure was used for ferritic steels but at intervals of 28 seconds for 

each specimen in order to obtain satisfactory running-in. Apparatus set up was such that 

during each run the test specimen was exposed to a fresh part of the abrasive belt at any 

particular point. 

3.4 Mechanical Testing 

Compression tests were carried out on the ESH compression apparatus; the maximum 

load on the rig was 80 KN. Two MCV specimens were used initially to set up the 

apparatus for consistent reading. A third and fresh specimen of the MCV was 

subsequently used in the actual test; ruthenium aluminide was tested under similar 

conditions to the MCV. The data generated was collected electronically into a computer 

interfaced to the control panel. 
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The data obtained was converted into true stress-true strain values which were used in 

plotting graphs. The work-hardening rate against true strain graphs for both ruthenium 

aluminide and MCV were obtained from the slopes of their respective true stress-true 

strain graphs. The formulae used for the true-stress and true-strain are represented by 

equations 10 (a&b) [96]. Equation 11 was used to calculate the slopes of the true stress

true strain graphs obtained for ruthenium aluminide and the MCV steel [97]. 

Equation 10 

Equation 11 

Where: crn = Nominal stress 

En = Nominal strain 

crt, cr' = True Stress and the average value of the true stress respectively 

Ct, c'= True Strain and the average value of the true strain respectively 

n = the Number of data points over which the averages are taken. 

In order to determine the work hardening induced by the abrasion process in the two 

specimens, subsurface microhardness measurements were taken on sections through the 

abrasive test specimens. Taper sections rather than normal sections were produced, in 

order to obtain a reasonable number of indents in the immediate subsurface region, since 

this has the effect of magnifying the cross-sectional area. The procedure involved 

mounting the abraded surfaces on small sloping stages (slope ~5.4°); with a mixture of 

CIBA-GEIGEY Araldite-M-resin and the HY-956 hardener added in the proportions 5:1. 

The mounting took 48 hours to be completed. The principles involved are illustrated in 

Figure 3.3. 
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MOUNTING 
DIE 

MOUNTING 
COMPOUND 

5.4' 

SPECIMEN 

MOUNTING COMPOUND AND 
SPECIMEN EDGE TO BE 
REMOVED BY TURNING AND 
GRINDING 

~ERSEcmN 

TAPERED MOUNT 

Figure 3. 3. Stage-wise schematic of tlte process of making a taper section 

The exposed tapered surfaces were ground and polished in the same manner as was done 

in the metallurgical preparations of the microstructure. Microhardness was measured as a 

function of depth beneath the abraded surface. The microhardness of all specimens (i.e. of 

ferritic steel, ruthenium aluminide and MeV) were measured using a diamond pyramid 

indenter and a load of 2Sgf on the Matsuzawa MXT -a7 digital microhardness tester. The 

bulk hardness of the specimens were measured using a Vickers diamond pyramid and a 

load of 20kgf on the ESE WAY (Type SPVR.2.M) hardness tester. 

The depth to which the hardness induced by the abrasion process had persisted on the 

surface, was determined by micro hardness measurements on a tapered section of the 

abraded surface. To determine the depth, a formula: d = L "'sine was used, where L = 

linear distance measured and e = the angle of the taper section (5.4°). 
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Figure 4.2. Percent sigma volume vs log of heat treatment time at 600°C for VF245 
samples. 

Ferritic steel speCImens which had been heat treated for periods of 5 minutes to 60 

minutes were tested for abrasion resistance. Three specimens from each sample (VF660 

and VF245) heat treated for 30 minutes and 50 minutes as well as specimens in the as

received condition, were selected to facilitate a comprehensive wear rate comparison 

within each group. The hardness of specimens prior to abrasion testing is shown in Table 

4. 1. The hardness of the ferritic specimens increases with the length of heat treatment 

time as a result of the increase in sigma volume percent 

Table 4. 1. Bulk hardness measurements of the specimens prior to abrasion testing. 

Load = 20kgf 

RuAl MeV VF660 VF245 

Heat treatment none none none 30 50 none 30 50 
time 

(minutes) 
Bulk Hardness 300 310 200 310 364 274 372 412 

(HV) 
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The microstructures of the test specimens are shown in Figures 4.3 to 4.10. Figure 4.3 is 

an optical micrograph of ruthenium aluminide showing the presence of the lighter 

intergranular a-ruthenium phase between the darker ruthenium aluminide grains. The 

presence of this intergranular ruthenium phase is to be expected since the composition is 

super-stoichiometric with respect to ruthenium (52% Ru). 

Figure 4.3. Optical micrograph of ruthenium alum in ide specimen, showing the 

presence of intergranular a-ruthenium phase (light phase); the small dark patches are 
pores that occurred during the sintering process. 

In contrast to the ruthenium aluminide, the quenched and tempered MeV has a uniform 

microstructure of tempered martensite, as shown in Figure 4.4. 

Figure 4.4. Optical micrograph of Mev medium carbon steel, showing a uniform 
microstructure. 
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Figures 4.5, 4.6 and 4.7 show the microstructure in VF660 specimens before the abrasion 

test. Figure 4.5 is an optical micrograph of the as-received specimen showing fenite 

grains. Figures 4.6 and 4.7 are the optical micrographs of specimens heat treated for 30 

minutes and 50 minutes at 600°C respectively; showing two phase microstructure with 

different percentage volumes of sigma in a fenite matrix. 

Figure 4.5. Optical micrograph of as-received VF660 specimen, showing ferrite 
grains. 

Figure 4.6. Optical micrograph ofVF660 specimen after 30 minutes heat treatment at 

600°C, showing small grains of sigma phase in a ferrite matrix. 
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Figure 4.7. Optical micrograph of VF660 specimen after 50 minutes at 600°C, 
showing bulky sigma grains in a ferrite matrix. 

Figures 4.8, 4.9 and 4.10 show the microstructure In VF245 specImens before the 

abrasion test. The microstructure in the heat treated specimens in VF245 also contained 

two phases as in VF660 specimens; however the percentage sigma grains in VF245 

specimen heat treated for 30 minutes were greater compared to the equivalent specimen 

in VF660. Sigma grains in the VF245 specimen heat treated for 50 minutes were 

comparatively more massive with characteristic cracks showing clearly. Figure 4.8 is an 

optical micrograph of the as-received specimen showing ferrite grains similar as in Figure 

4.5. 

Figure 4.8. Optical micrograph of as-received VF245 specimen, showing ferrite 
grains. 
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Figures 4.9 and 4.10 are the optical micrographs of specimens heat treated for 30 minutes 

and 50 minutes at 600°C respectively; showing a two phase microstructure with different 

percentage volume of sigma in a ferrite matrix. Figure 4.9 shows the bulky sigma grains 

in ferrite matrix. Figure 4.10 shows cracks distributed across the sigma grains 

terminating at sigma-ferrite boundaries in the specimen heat treated for 50 minutes . 

. . '" 
." ....... 

. 
. ~ 

_....:....J----. ~ 

Figure 4.9. Optical micrograph ofVF245 specimen after 30 minutes heat treatment at 

600 DC, showing bulky sigma grains in ferrite matrix. 

Figure 4.10. Optical micrograph of VF245 specimen after 50 minutes heat treatment 

at 600 DC, showing cracks distributed across bulky sigma grains in a ferrite matrix. 
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4.2 Abrasion Testing 

Results of abrasion tests are presented as graphs of cumulative mass loss vs abrasion 

distance. The slope of these graphs thus represents the mass of material removed per unit 

abrasion distance. The measured cumulative mass loss showed a linear relationship with 

abrasion distance for all specimens; the slopes were determined using linear regression. 

Figures 4.11 and 4.12 show abrasion test results for ruthenium aluminide and MCV; the 

linear wear loss of ruthenium aluminide is observed to be half that ofMCV. 
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Figure 4.11. Cumulative mass loss vs abrasion distance/or ruthenium aluminide, with 
a slope (01' linear wear loss) 0/0.005 g/m. 
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Figure 4.12. Cumulative mass loss vs .abrasion distance /01' MCV, with a slope (01' 

linear wear loss) 0/ O. OJ 0 g/m. 
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wear IS 4.13 shows abrasion test results for the as-rec:enreo 

rrrtl''.lt~',.. than that of both ruthenium aluminide and MeV. ~r\t'~C1InT'l test 

VF660 after heat treatment 

observed as a result of heat treatment, sUl;gl::Stlng amount 

had no effect on the wear resistance. 
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4. 13. Cumulative mass loss vs abrasion distance for VF660 the 
conditio12, with a slope (or li12ear wear loss) of 0.012 glm. 
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14. Cumulative mass loss vs abrasio12 distance for VF660 after 30 

treatment at 600°C, with a slope (or li12ear wear loss) of 0.012 glm. 
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Figure 4.15 shows abrasion test results for VF660 specimens heat treated for 50 minutes. 

Linear wear in this specimen appears slightly reduced relative to specimens in the as

received condition and specimens heat treated for 30 minutes; however, the slope values 

for all three specimens of VF 660 are similar 
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Figure 4.15. Cumulative mass loss vs abrasion distance for VF660 after 50 minutes 

heat treatmeltt at 600°C, with a slope (or lbtear wear loss) ofO.011g/m. 
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Figure 4.16. Cumulative mass loss vs abrasion distance for VF245 in the as-received 
condition, with a slope (or linear wear loss) of 0.012 g/m. 
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(J) 
(J) 

.Q 
(J) 
(J) 
III 
E 
Q) 
> 
~ 
:s 
E 
:::I 
0 

0.4 

0.3 

0.2 

0.1 

i 

0 
0 5 10 15 20 25 30 35 40 

Abrasion distance (m) 

Cumulative mass loss vs abrasion distance for VF245 after 50 minutes 
treatment at 600 OC, witlt a slope (or linear wear loss) of 0.01 0 g/m. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

The volume wear rates in the specimens Were determined by using the following density 

values: 7.89 g/cm3 for ruthenium aluminide, 7.80 g/cm3 for MeV and 7.7 g/cm3 for 

ferritic samples. Figure 4.19 shows the volume wear rates for ruthenium aluminide and 

MeV. Figures 4.20 and 4.21 show the volume wear rates for the VF660 and VF 245 

specimens respectively. Since the densities of the materials are similar, these graphs 

show the same trends noted for mass loss: ruthenium aluminide has a superior wear 

resistance to Mev and both ferritic steels; little change in the wear resistance of VF660 

results from heat treatment; and VF245 shows a small but consistent decrease in wear 

rate with increasing heat treatment time. 

0.0014 

0.0013 
E 0.0012 ?; 
< 0.0011 E 
,£. 

0.0010 (]) 

ro 0.0009 .... .... 
co 0.0008 (]) 

~ 
(]) 0.0007 
E 
.2 0.0006 
0 
> 0.0005 

0.0004 

MeV RuAI 

Figure 4. 19. Volume wear rate vs material type. MeV == medium carbon steel, RuAI = 

Ruthenium alumbtide. 
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Figure 4.20. Volume wear rate vs heat treatment time/or VF660 samples. Omin = as

received sample (no heat treatment), 30min = 30 minutes, 50min = 50 minutes heat 

treatments 
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Figure 4.21. Volume wear rate vs heat treatment time/or VF245 samples. Omin = as

received sample (no heat treatment), 30min == 30 minutes, 50 min = 50 minutes heat 

treatments. 
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Figure 4.22 shows the of wear rate vs ercentage sigma volume for VF660. The 

wear rate is lowest when the is than 12% or greater than 25%. 

Figure 4.23 shows the graph wear rate vs pel'celltal2;e volume for VF245; the 

wear rate in this group decreases with IHl.d.w'l"ll.lJ:;; volume. 
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Figure 4.22. Volume wear rate volume/or 660 samples. 
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Figure 4.23. Volume wear rate vs percent samples. 
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An overview of volume wear rates for different material types is presented in Figure 4.24. 

The ferritic specimen used in the comparison was the highest wear resistant in this 

(ferritic) group. Ruthenium aluminide was the most wear resistant amongst the test 

materials as indicated by its low volume wear rate. 
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Figure 4. 24. Volume wear rate vs different types of materials. VF245 = The most 
wear resistant specimen in the ferritic group. 
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4.3 Condition Of Materials After Abrasion Testing 

Subsurface microhardness was measured using a load of 25 gf in order to determine if 

work-hardening had occurred and the depths to which it had persisted in the specimens. 

Increased microhardness values were observed within depths of 100 microns of the 

abraded surface, confirming that work-hardening had occurred as a result of abrasion. 

Figures 4.25 and 4.26 show the microhardness vs depth graphs for ruthenium aluminide 

and MeV respectively, after 18 meters of abrasion. 
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Figure 4.25. Microhardness vs depth graph for ruthenium alum in ide after abrasion. 
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Figure 4.26. Microhardness vs depth graph for Mev after abrasion. 
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The microhardness graphs of ferritic steel specimens tested in their as received condition 

showed a similar trend to that shown by ruthenium aluminide and MCV. Figure 4.27 

shows microhardness vs depth for VF660 in the as-received condition. Ferritic steel 

specimens heat treated at 600°C for 30 minutes and 50 minutes consisted of both ferrite 

and sigma phases. Microhardness measurements, which reflect the hardness of individual 

phases, show that both ferrite and sigma work-hardened as a result of abrasion. Figures 

4.28 and 4.29 show the microhardness vs depth graphs of VF660 with the two phases 

plotted separately but on the same system of axes for 30 minutes and 50 minutes heat 

treated specimens respectively. 
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Figure 4.27. Microhardness vs depth graph after abrasion for VF660 specimen in the 

as-received condition. 
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Figure 4. 28. Microhardness vs depth graphs after abrasion for VF660 specimen heat 

treated for 30 minutes at 600°C. 
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Figure 4.29. Microhardness vs depth graphs after abrasion for VF660 specimell heat 

treated for 50 minutes at 600°C. 

Figure 4.30 shows microhardness vs depth graph for VF245 specimen in the as received 

condition. Similarly as in 30 minutes and 50 minutes heat treated specimens of VF660 

the equivalent specimens of VF245 had two phases with completely different 

microhardness values. Figures 4.31 and 4.32 show the microhardness vs depth graphs of 

VF245 with the two phases plotted separately but on the same system of axes for 30 

minutes and 50 minutes heat treated specimens respectively. 
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Figure 4.30. Microhardness vs depth graph after abrasion for VF245 in the as
received condition. 
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Figure 4.32. Microhardness vs depth ,..'~r.II"':' after abrasion for VF245 heat treated for 
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After abrasion testing, the specimen surfaces were characterised using scanning electron 

microscopy. The abraded surfaces of ruthenium aluminide specimens were dominated by 

cracking, whereas all other specimens showed ductile modes of damage. Figures 4.33 

and 4.34 are scanning electron micrographs of ruthenium aluminide after 18 meters of 

abrasion, showing that crack formation and propagation occurred as a result of the wear 

process. After the same length of abrasion, MeV in contrast showed evidence of material 

loss by ploughing and cutting, as shown in figures 4.35 and 4.36. 

Figure 4.33. Scanning electron micrograph of the abraded surface of ruthenium 
aluminide, showing grooves and small multiple cracks. 

Figure 4. 34. Scanning electron micrograph of the abraded surface of ruthenium 
aluminide at high magnification, showing cracks that had formed on the surface after 
abrasion. 
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Figure 4. 35. Scanning electron micrograph of the abraded surface of MCV, showing 
wear grooves and debris. 

Figure 4.36. Scanning electron micrograph of the abraded surface of MCV at high 
magnification, showing a large debris particle lying across the wear grooves. 
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The surface response to abrasion of the VF660 specimens was similar in both the as

received and the heat treated specimens in spite of the presence of the hard sigma phase 

in the latter. The various percentage sigma volume in the heat treated specimens neither 

showed any difference in abrasion response between the specimens. Figure 4.37 is the 

scanning electron micrograph of the abraded surface of VF660 specimen in the as

received condition after 36 meters of abrasion, showing evidence of material loss by 

ploughing and cutting. Figures 4.38 and 4.39 are respectively the scanning electron 

micrographs of the abraded surfaces of the 30 minutes and 50 minutes heat treated 

specimens of VF660 after the same length of abrasion, showing similar features as in the 

as-received specimen of the same group. 

Figure 4. 37. Scanning electron micrograph of the abraded surface of VF660 in the 
as-received condition, showing wear grooves and debris. 
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Figure 4. 38. Scanning electron micrograph of the abraded surface of VF660 
specimen heat treated for 30 minutes, showing ductile shear lips, wear grooves and 
debris. 

Figure 4.39. Scanning electron micrograph of the abraded surface of VF660 specimen 
heat treated for 50 minutes, showing debris covering the wear grooves. 

77 



Univ
ers

ity
 of

 C
ap

e T
ow

n

The surface abrasion response of the VF245 specimens was similar to that shown by the 

VF660 specimens in both the as-received and heat treated conditions. The specimens 

were abraded for 36 meters and the material loss in these specimens was also by 

ploughing and cutting which is indicated by the ductile working of the surfaces. Figure 

4.40 is the scanning electron micrograph of the abraded surface of the as-received 

specimen of VF245 after abrasion. Figures 4.41 and 4.42 are the scanning electron 

micrographs of the abraded surfaces of the 30 minutes and 50 minutes heat treated 

specimens after the same length of abrasion. 

Figure 4.40. Scanning electron micrograph of the abraded surface of VF245 in the as
received condition, showing wear grooves and debris. 
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Figure 4. 41. Scanning electron micrograph of the abraded surface of VF245 
specimen heat treated for 30 minutes, showing less ductile working than on an 
equivalent VF660 specimen. 

Figure 4. 42. Scanning electron micrograph of the abraded surface of VF245 
specimen heat treated for 50 minutes, showing wear grooves and comparatively less 
debris. 
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4.4 Mechanical Testing 

Mechanical compression testing was conducted on the specimens in order to determine 

their rate of work-hardening. True-stress vs. true-strain curves were used to produce 

work-hardening rate vs. strain curves; the slopes of these curves, determined by linear 

regression analysis, were in tum used to determine the work-hardening coefficients. 

Figures 4.43 and 4.44 are the true-stress vs true-strain graphs for ruthenium aluminide 

and MeV respectively. 
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Figure 4.43. True stress vs. true strain curve for ruthenium alum in ide, showing a yield 
point at approximately 500 MPa. 
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Figure 4.44. True stress vs. true strain curvefor Mev, showing a yield point at 
approximately 1250 MPa. 
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Figure shows true-stress vs. curves 660 as-

recei ved and treated conditions. The treated 

is seen to little 

true-stress vs. curves for the and heat treated speCImens. 

The as specimen shows a slightly yield point the treated 

specimens both groups. 
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4. True stress vs true strain curves for VF660 specimens on the same 
system of axes in the as-received and heat treated conditions, showing similar yield 
points. 
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Figure 4. 46. True-stress vs true-strain curves for VF245 on the same 
system of axes in tlte as-received heat treated conditions, showing similar yield 
points. 
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Figure 4.47 is the work-hardening rate vs true strain graphs for ruthenium aluminide and 

MCV on the same system of axes, showing that the work hardening rate in ruthenium 

aluminide is superior than in MCV for the same amount of strain. The respective 

coefficients of work-hardening (or slopes values) of4.34 x 1011 (Pa) and 3.15 x 101\Pa) 

confirmed the superiority of ruthenium aluminide. 
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Figure 4.47. The work-hardening rate vs strain for ruthenium aluminide and MCVon 
the same system of axes. 
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Figures 4.48 and are work-hardening rates vs rnlP_<:1rr!'l1IT1 curves 
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CHAPTER 5: DISCUSSION 

Under the same conditions of abrasive wear, the materials investigated showed different 

wear rates and different mechanisms by which material was lost from their operating 

surfaces. In Chapter Four, quantitative wear results for all specimens were presented in 

terms of the wear rate. In order to understand the results, in the present discussion the 

term wear resistance has been used to facilitate a comparison of the different types of 

materials tested. Wear resistance is by definition the inverse of the wear rate, so that the 

lower the wear rate in a material the higher will be its wear resistance and vice versa. 

5.1 Abrasive Wear Of RuAI And MeV 

Ruthenium aluminide and MCV have similar bulk hardness; however the results of this 

study have shown that the wear resistance of ruthenium aluminide is superior to that of 

MCV. It is clear from these results that the initial bulk hardness of these materials played 

a minimal role in their abrasive wear resistance. In addition to the difference in wear 

resistance, different mechanisms of wear were observed in ruthenium aluminide and 

MCV, as presented in the electron micrographs of the specimens after abrasion (Figures 

4.33 and 4.35). 

Contrary to bulk hardness, the hardness attained on the surface during abrasion showed a 

strong relationship with wear resistance. This was established from microhardness results 

obtained from tapered sections of specimens after abrasion. These results showed that 

ruthenium aluminide developed a high micro hardness in the surface and subsurface 

region, to a depth of 100 microns, as a result of abrasion. The surface microhardness of 

MCV was comparatively lower. Indeed, a comparison of ruthenium aluminide with all 

other specimens investigated showed that it had the highest surface microhardness after 

abrasion. The surface work-hardening was accordingly the highest in ruthenium 

aluminide, which showed the greatest wear resistance. The role played by surface work-
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hardening during the abrasion process has been supported by many workers [25, 28]. 

Compression tests were used to determine the rates at which work-hardening occurred in 

the individual specimens. The results of compression tests further showed ruthenium 

aluminide to have a superior work-hardening coefficient to MCV and ferritic steel 

specimens. This indicated that ruthenium aluminide had an exceptional rate of work

hardening in addition to the high surface microhardness after abrasion. 

In spite of exceptional abrasive wear resistance qualities shown in ruthenium aluminide, 

its mechanism of wear is a source of concern because of the microcracks observed after 

abrasion (Figure 4.34). This may lead to rapid deterioration as material removal by 

abrasive wear may be enhanced by corrosion attack on the new surfaces exposed by the 

microcracks; fatigue failure may also be highly possible if cyclic stress are introduced. 

Electron micrographs of the surface after abrasion showed ruthenium aluminide to be 

characterised by little plastic deformation, indicating that it is a brittle material. The 

cracks observed in ruthenium aluminide are indicative of the brittle nature and response 

of this material to abrasive wear. The cracking during and after abrasion may be due to 

the high strain imposed by the abrasion process or coalition of pores inherent in 

ruthenium aluminide from the production process. A further source of cracking could be 

the mismatch strain that can arise between the work-hardened surface and the 

neighbouring less-deformed microstructure[98]. 

In order to optimise the wear resistance in ruthenium aluminide it may be necessary to 

reduce stress concentrators which initiate fracture such as porosity. This can be achieved 

by improving the production process of ruthenium aluminide to yield densities closer to 

the ideal. 

The wear mechanism in MCV was dominated by both ploughing and cutting of the 

surface as shown in electron micrographs of the specimen after abrasion (Figure 4.35). 

The type of response shown by MCV, in which plastic deformation is dominant, is to be 

expected in ductile materials such as metals and steels. 
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Mulhearn and Sedriks(16] suggested that there is a transition between the cutting and 

ploughing modes of wear based on the attack angle. They maintained that if the attack 

angle (which is the angle between the surface and the front face of abrasive) is above a 

certain critical value, cutting occurs readily. Ifthe angle is below this critical value of the 

attack angle ploughing will dominate. The fact that the two distinct modes of wear 

occurred together in MCV suggests that there were different angles at which the abrasive 

particles were oriented relative to the surface. 

5.2 Abrasive Wear Of Ferritic Steels 

Heat treatment procedures were identified and used to produce a dual phase 

microstructure consisting of the harder sigma phase in a ferrite matrix. The sigma-ferrite 

dual phase microstructure was aimed for because microstructures consisting of a harder 

phase and a relatively softer matrix (such as WC-Co) have been used successfully as wear 

resistant materials in numerous applications. It is known that sigma phase occurs in 

ferritic steel at certain temperatures, and the higher hardness of sigma in the relatively 

softer ferrite matrix appeared to present a similar system to WC-Co. An optical 

micrograph of the heat treated ferrite specimen containing sigma phase showed that 

cracks in the sigma phase characteristically tenninated at the ferrite-sigma grain 

boundaries (Figure 4.10). Microhardness results of the dual phase specimens showed 

sigma to have a much greater hardness than ferrite. The heat-treated ferritic steels 

accordingly possessed the desirable combination of hardness and ductility; it was thus of 

interest to investigate whether these materials offer advantages similar to systems such as 

WC-Co in abrasive wear 

Both phases in the microstructure of ferritic steels work-hardened during the abrasion 

process; sigma work-hardened more than ferrite as was shown in the microhardness 

measurements. The work-hardening coefficients in VF660 and VF245 specimens 

containing sigma phase were lower compared to the as-received specimens of the same 
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samples. However within each group (i.e. VF660 and VF245) the work-hardening 

coefficients were comparable between the heat treated specimens. 

Abrasion wear resistance in ferritic steels was considered by comparing the as-received 

(ferritic phase) to the heat treated (dual phase) specimens. It was found that abrasion 

resistance initially showed a slight improvement when percentage of sigma phase in the 

microstructure is above approximately 10% in VF245. A similar trend was observed in 

VF660 when percentage sigma phase is above approximately 20%. A comparison 

between the two ferritic steels groups showed that the 50 minutes heat treated specimen 

in the VF245 group was overall the most wear resistant compared to other test specimens. 

It was also found that the abrasion resistance in this specimen was comparable to that of 

Mev. 

It was expected that as percentage sigma phase increases in the microstructure its 

reinforcing strength as a hard phase will become more pronounced. On the contrary it 

was found that the relatively high concentration of sigma had little effect on the abrasion 

resistance in the ferritic steels. There are a number of possible factors which may have 

caused sigma to be ineffective. For example cracks on sigma suggested that it is a brittle 

phase with a possible low fracture toughness. 

Work by Hutchings [35J, Wayne et al [36] showed (through mathematical models) that 

fracture toughness in the abrasive wear of brittle material was a significant factor that 

needs serious consideration. According to the simplified models [35, 36] a brittle 

material with a relatively higher fracture toughness will result in a low wear rate and vice 

versa for a relatively low fracture toughness material. In the case of sigma, the 

introduction of a high percentage volume of this hard phase was accompanied by a 

reduction in the abrasion resistance (VF660) or resulted in a smaller gain than expected 

(VF245). The reason could possibly be that sigma is less tough and that this factor 

dominated over its potential reinforcing hardness. 
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Other factors that may have contributed to the ineffectiveness of sigma as a reinforcing 

phase in the ferritic microstructure although not easily evident include: The possible 

preferential removal of sigma phase during abrasion (a type of problem that is not 

uncommon in multiphase materials). Another cause could be the nature of coherency 

between the reinforcing phase and the matrix, that is, if the interface is weak it could 

have possibly contributed to the reduction in the abrasion resistance in the ferritic steels 

specImens. 

Surface characterisation in all ferritic steel specimens after abrasion showed that the wear 

mechanism was dominated by cutting and ploughing. The wear mechanism was similar 

in spite of the amount of sigma present in the microstructure; confirming that sigma had a 

limited effect in the abrasion behaviour of ferritic steel specimens, and did not play the 

reinforcing role envisaged. 

5.3 Wear Models 

Wear models involving abrasive wear at a microscopic level were an important step in 

understanding the effects that often lead, for example, to replacement of worn parts, 

failure of engineering components etc. These models have also contributed to the notion 

of designing better wear resistant components: Archard's mathematical model was one 

of the first to quantify abrasive wear in materials such as metals [23]. His equation 

essentially suggested that, wear rate was directly proportional to the load applied during 

the process of wear and inversely proportional to the bulk hardness of the material as 

indicated in equation 5.1. 

Q=KW 
H 

Where Q = Wear rate 
K = Severity index constant 
W = Total load 
H = Hardness 

Equation 5. 1 
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Equation 5.1 encompasses processes such as ploughing, cutting and fracture mechanism 

of wear with their respective geometrical conditions [33, 16]. This model was used in 

abrasive system involving metals and was supported by Kruschov [38] who showed that 

the equation holds true for commercially pure metal elements. The model however fell 

short in predicting abrasive wear rates involving ruthenium aluminide, MCV and ferritic 

steel specimens in the present work. This was mainly because the equation predicts a 

linear relation between the wear rate and bulk hardness. Results obtained for ruthenium 

aluminide and MCV showed on the contrary that in spite of similar bulk hardness 

between these materials, their wear rates were different with the latter showing 

comparatively weaker wear resistance. In ferritic steels, results showed that wear rates 

were not significantly affected by the increased bulk hardness conferred by the presence 

of sigma. The results showed that the surface hardness obtained during the abrasion 

process conformed better with wear resistance than initial bulk hardness, that is, the 

higher the final surface hardness (work-hardened hardness) the better the wear resistance. 

These factors show that the relationship between wear rate and hardness is more complex 

than suggested in equation 5.1, as suggested by other workers [25,28, 99]. 

5.4 Wear Of Inhomogeneous Materials 

Research for wear resistant materials has lead to the designing of artificial 

microstructures in materials such as composites for application in various wear 

environments. Principles such as the linear law of mixture were introduced in order to 

explain wear behaviour of composites under certain load distribution conditions. For 

example, when the load in a composite or any material with an inhomogeneous 
\ 

microstructure is largely borne by the harder and reinforcing phase, wear resistance 

increases [37]. This is providing the reinforcing phase in the microstructure is harder 

than the abrasive medium. Another principle based on the load distribution during the 

abrasion process is the inverse rule of mixture that is described in equation 5.2 [38]. 
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I 
Q-l = 'Lfo.Qi-1 

Where Q-l = Wear resistance (inverse of wear rate) of the material 

foi = volume fraction of the reinforcing components 

Qi -1 = Individual wear resistance of the reinforcing components 

Equation 5. 2 

Equation 5.2 suggests that the total wear resistance of a composite or inhomogeneous 

material is the sum product of the volume fraction and wear resistance of the reinforcing 

constituents of the material. It also predicts that the total wear resistance in the composite 

increases with the volume fraction of the reinforcing constituents. In the work presented 

here, however, an increase in the volume fraction of sigma phase in ferritic steels does not 

significantly increase the total wear resistance. The load distribution models for 

composites in predicting wear r~sistance in multiphase materials such as ferritic steels 

containing a harder sigma phase may need further research before being evaluated. Such 

a research may be commenced by determining the individual wear resistance of the sigma 

phase. Using Archard's model the models for composites also emphasised a dependence 

of wear resistance on the bulk hardness, neglecting the hardness that the material attains 

during the process of abrasion; which the results in the present· work have showed to be 

important. Shortcomings in the model could also be a result of overlooking other factors 

such as stress/strain effects of the interface between the reinforcing phase and the matrix, 

size of the microstructure and its behaviour during abrasion [40]. In spite of these 

shortcomings this model was successful in multiphase systems such as epoxy-CuA! and 

NiCrBSi-WC [40], Failure of equation 5.2 to predict wear resistance in the sigma-ferrite 

system shows that this relation cannot be generalised to all multiphase systems, an 

argument supported by several workers [37, 39]. 
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5.5 Overview. 

Wear resistant materials commonly contain cobalt, chromium and magnesium because of 

the excellent physical and mechanical properties that they possess [100]. The increasing 

use of intermetallic materials, valued for their high strength and oxidation resistance 

properties at elevated temperatures, in structural engineering applications has led to an 

interest in their tribological behaviour. Aluminium based intermetaHics are of particular 

interest for their weight saving properties. This has led to the use of intermetallic 

materials such as titanium aluminide and nickel aluminide in aircraft and aerospace 

industries. The tribological properties of ruthenium aluminide, however, have not been 

widely researched in spite of its excellent physical properties. Factors limiting research 

may include high production costs and a conservative approach to researching new 

materials. This trend is expected to change as more intermetallic systems are improved 

and applied in common engineering environments. Intermetallics, including ruthenium 

aluminide, may in future replace some of the dominant engineering materials. 

Understanding the tribology of these materials will become increasingly important in 

preventing possible catastrophic breakdowns and costly replacements ofwom parts. 

Ruthenium aluminide has relatively high density compared to other aluminium-based 

intermetallics, but it has high strength, high modulus, and excellent creep and oxidation 

resistance at elevated temperatures [46, 101]. Abrasive wear results in this project have 

shown that ruthenium aluminide also possesses potential as a wear resistant material, 

shown by its improved wear resistance compared to a commercial wear resistant steel 

(MeV), but ruthenium aluminide may need to be further compared with highly 

competent wear resistant material such as tungsten carbide, cobalt alloys etc. before being 

confidently accepted. 

92 



Univ
ers

ity
 of

 C
ap

e T
ow

n

It has been reported that the abrasive wear of nickel aluminide is relatively low as a result 

of the aluminium oxide scale that forms on its surface [102]. A similar scale has been 

reported in ruthenium aluminide [103], but was not observed in the present study. The 

effect of the scale on wear resistance in nickel aluminide highlighted an important 

concept of considering surface microstructure in assessing wear resistance in materials. 

Other workers have also emphasised the importance of surface microstructure in wear 

resistance of materials[lO, 22]. 

The presence of the intermetallic sigma phase in ferritic steels does not significantly 

enhance wear resistance. Nevertheless, these materials have potential as wear resistant 

materials if factors affecting sigma's ability to act as reinforcing phase can be understood 

and corrected. Properties such as work-hardening coefficient (work-hardening rate) and 

yield strength in ferritic steels showed a decline that accompanied the presence of sigma 

in the steel (Figures 4.45, 4.46,4.48 and 4.49). The wear resistance in VF660 specimens 

showed an increase with sigma volume when the percent sigma volume is above 30 % 

and also when sigma volume is below 20% ; for VF245 the increase was observed when 

the percent sigma volume was above 20 % (Figures 4.22 and 4.23). These factors in 

conjuction with others, such as, anisotropy in the matrix, reaction of the inherent cracks 

on sigma to high strains imposed by processes such a abrasive wear, effects of the 

chemical, thermomechanical and heat treatment on sigma-ferrite boundaries, if 

thoroughly understood can provide a basis upon which the sigma-ferrite microstructure 

can be further investigated for improving its wear resistance. 

It is important to note that work-hardening in ruthenium aluminide, MCV and ferritic 

steel specimens occurred during abrasion. The degree of work-hardening and the rate of 

work-hardening differed amongst the different material types. The importance of work

hardening was illustrated in the evaluation of wear resistance in the test specimens. It 

was found that the material with higher work-hardening rate (i.e. ruthenium aluminide) 

showed better wear resistance compared to MCV and ferritic steel specimens with 

relatively lower work-hardening rates. This was significant since ruthenium aluminide 
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started with similar hardness to that of MCV. These results showed that work-hardening 

of the surface during the abrasive process corresponds better with wear resistance than 

does the intrinsic bulk hardness ofthe material. Surface characterisation ofthe specimens 

in this project showed that under high strains such as in abrasive wear, ruthenium 

aluminide is susceptible to cracking in spite of its superior wear resistance compared to 

other specimens. 

Wear in the ductile materials investigated was dominated by cutting and ploughing as 

observed in MCV and the ferritic steel specimens. Mechanisms involved in the wear of 

material of interest are valuable in designing both components and environments under 

which such materials will perform optimally. It has been suggested that geometrical 

considerations are important in differentiating between cutting and ploughing [16]; 

another approach was presented by Moore and King [99J; who suggested an index 

parameter given by the ratio of fracture toughness of the material to its hardness. They 

maintained that the higher the index parameter the higher will be the plastic deformation 

mechanism of wear over the fracture mechanism; the opposite holds true for a lower 

index parameter. In the present study, although the materials have similar bulk hardness, 

ruthenium aluminide has a comparitively low fracture toughness, giving it a low index 

parameter which is consistent with the lack of plastic deformation observed. Moore and 

King's approach to mechanisms of wear is broader as it seeks to identify the wear 

mechanism dominant in any material irrespective of its ductility or brittleness. It also 

recognises that, as observed in the present work, tribosystems are complex and 

synergistic effects may occur between different mechanisms of wear. 
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CHAPTER 6: SUMMARY AND CONCLUDING REMARKS 

The wear resistance of ruthenium aluminide, MCV and ferritic steel has illustrated the 

importance of work-hardening and its contribution to the wear resistance in abrasive 

wear. Ruthenium aluminide was the most wear resistant of the materials investigated. 

Although it did not have the highest hardness, the work-hardening rate in ruthenium 

aluminide was greater than that of the other materials. 

The work-hardening rates which indicate the extent to which the surface work'-hardens 

served as a better measure than bulk hardness for predicting relative abrasion resistance 

between the test specimens. 

It was also clear that the microhardness measurements obtained after abrasion ( i.e. 

"work-hardened" hardness) consistently correlated better with abrasion resistance than 

bulk hardness, except in the case of the dual phase ferritic specimens where sigma's 

presence introduced a slight deviation. 

Microhardness measurements further showed that work-hardening was confined to a 

narrow region within approximately 100 microns from the abraded surface in the test 

specimens. Thi's shows that a very narrow region of the surface determines the 

tribological behaviour of the materials studied. 

VF245 ferritic steels are more sensitive to heat treatment temperature than VF660: 

Chemical and thermomechanical history in the ferritic samples played a role in 

influencing the precipitation of sigma phase at 600°C. Sigma precipitation occurred at a 

temperature of 600°C in all the ferritic steel specimens after at least 20 minutes of heat 

treatment. In ferritic specimens, work-hardening rates in the as-received specimens were 

greater than work-hardening rates in specimens containing the sigma phase. 
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Abrasive wear involving ferritic steel specimens showed that sigma had limited effect in 

improving their wear resistance. Wear resistance in ferritic specimens was comparable to 

that of a wear resistant MeV steel. The presence of sigma in the ferritic specimens 

slightly reduced the yield strength; however both bulk hardness and final surface work

hardening were improved by the presence of sigma. 

Wear models were unable to accurately predict wear resistance in the test specimens. The 

main shortcoming was that there was no provision for factors such as work-hardening. 

Ruthenium aluminide and ferritic steel containing the sigma interrnetallic phase have 

potential of being used as wear resistant materials if shortcomings in their mechanical 

behaviour are further investigated and corrected. 

High final surface work-hardening in the speCImens showed consistency with wear 

resistance (i.e. generally there is an increase in wear resistance the higher the surface 

work-hardening in the specimen and vice versa) as opposed to the work-hardening rate 

(work-hardening coefficient) which showed less consistency in relation to the wear 

resistance. 
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APPENDIX A 

Table AI. Taper section values after abrasion for ruthenium aluminide. 

RuAl 

Average linear distances Calculated values of Average hardness 

(J.!m) depth below surface (HV) 

(J.!m) 

110 85 593 

348 269 392 

683 528 361 

933 721 358 

1192 1150 305 

Table A2. Taper section values after abrasion for MeV. 

MCV 

Average linear distances Calculated values of Average hardness 

(J.!m) depth below surface (HV) 

(!lm) 

13 10 462 

13 170 318 

443 343 301 

708 547 302 

1068 826 299 
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Table A3. Taper section values after abrasion for VF660 specimen in the as
received condition. 

Average linear distances Calculated values of Average hardness 

(/-lm) depth below surface (HV) 

(/-lm) 

75 58 300 

136 105 241 

245 189 237 

347 268 233 

562 434 233 

Table A4. Taper section values after abrasion in VF660 specimens heat treated for 
30 and 50 minutes. 

Average linear distances Calculated values of Average hardness 

(/-lm) depth below surface (HV) 

(/-lm) 

30 minutes 50 minutes 30 minutes 50 minutes 30 minutes 50 minutes 

FR SG FR SG 

85 85 66 66 271 689 269 742 

125 125 97 97 253 683 249 724 

250 375 193 290 223 620 225 707 

500 625 386 483 213 572 206 592 

663 875 512 676 210 566 195 572 

788 1125 609 875 199 559 192 544 

FR = ferrite 

SG = Sigma 
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Table Taper section 
condition. 

Average 

500 

875 

Table A6. Taper section values 
30 and 50 minutes. 

Average linear distances 

(/lm) 

30 minutes 50 minutes 

65 

125 

250 

500 

750 

1000 1000 

1413 1092 

FR = ferrite 

SG=Sigma 

abrasion for VF245 in the as-received 

Average hardness 

(HV) 

263 

1 252 

237 

230 

232 

abrasion in VF245 specimens heat treated for 

Average hardness 

(HV) 

(/lm) 

30 minutes 50 minutes 

SG FR SG 

294 762 

270 750 

243 673 

641 

612 

413 578 

412 
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APPENDIX B 

Table Bl t'resenls physical of some table elements involved 
B2 lists some parameters 

[81]). 
formation of sigma 

Atomic Number 23 

in"""u", Point °C 1860 

Atomic Radius A* 1.35 

Structure b.c.c 

Atomic Number 

Melting Point °C 2468 

Atomic Radius 1.47 

Structure b.c.c 

Ta 

Atomic Number 73 

Melting Point °C 

Atomic Radius 1 

Structure b.c.c 

24 

1850 

1 

b.c.c 

42 

2620 

1.40 
b.c.c 

1.41 
b.c.c 

Goldschmidt atomic radius 

(After 

\ 

25 26 27 

1243 1534 1495 

1 1 1.25 
u -[:l·f.c.c-b.c.c b.c,c·f.c.c-b.c.c hcp·fcc 

2200 2450 1 

1 1.34 1.34 

h.c.p b.c.p f.c.c 

76 77 

3060 2430 

1 1 1 
h.c.p h.c,p f.c.c 

co-ordiation HUJl'll/vl 12 

28 

1453 

1 

f.c.c 

1 

1.37 
f.c.c 

78 

1 
f.c.c 

transformation the correSDOIldu12 tr:anstonnatlon t",n,n",,.,,,h,r,,,c 

l095"C f 1 133°C 
.C.C __ -::> 

and 
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TABLE B2. Binary Sigma Phase Systems 

System Lattice Parameter Composition elatom exchang Notes 

range at % "A" ratio e factor 

a,A I c,A I cia 

Grou p VA+ JS Lon g Period 

Mn-V 8.918 4.613 at 0.512 17-24%V at 600°C 6.52-6.66 0-0 Forms congruently from 8-Mn at I 
19%V 1050°C 

Fe-V 8.956 4.627 at 0.518 36-60%V 6.20-6.92 5-2 Fonns congruently from a-Fe at 

50%V -l200°C 

Co-V 8.877 4.598 at 0.518 44-66% V at 1000°C 6.36-7.20 7.4 Forms by peritectic reaction at 

50.5%V 1420°C 

Ni-V 8.98 4.64 at 0.517 55-73%Vat 1000°C 6.38-7.25 8.1 Forms by peritectic reaction at 

62%V -1270°C 

Fe-Nb - - - 45-49%Nb at 6.53-6.65 12.9 Fonns by peritectoid reaction at 

1000°C -540°C 

Group VI A + 1 S Long Period 

Mn-Cr 8.885 4.587 at 0.517 16-24%Cr at 6.76-6.84 -5.5 Fonns by peritectic reaction at 

20%Cr 1030°C 13 10°C 

Fe-Cr 8.799 4.544 at 0.517 44-50%Cr at 700°C 7.00-7.12 0-0 Fonns congruently from a-Fe at 

46.5%Cr -815°C 

Co-Cr 8.80 4.56 at 0.518 56-61 % at 1000°C 7.17-7.32 2.3 Fonns by peritectoid reaction at 

56.4 %Cr -1500°C decomposes at -540°C 

Mn-Mo 9.10 4.74 at 0.52 Narrow -36%Mo 6.64 3.6 diagram incomplete cr stable at 

37.3%Mo high temperatures 

Fe-Mo 9.188 4.812 at 0.5237 Triangular field-max 7.00-7.12 8.6 Fonns by peritectic reaction at 

50%Mo 44-50 %Mo at 1540°C. Decomposes at I I 80°C 

1480°C 

Co-Mo 9.228 4.827 at 0.523 Triangular fieJd 7.20 10.7 Forms by peritectic reaction at 

60%Mo -1 % wide at 1500°C -1585°C. Decomposes at 

-1250°C 
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APPENDIX C 

Some of the commonly used terminology in vanous tribological applications are 

presented in Table Cl. Tables C2, C3 and C4 presents classification of tribological 

processes. Superscripts in Table 2 refer to: solid worn by another solid; solid worn by 

gas; Solid worn by liquid; two surfaces in contact and worn by particles in a liquid 

trapped between them for the superscripts 2,3,4 and 5 respectively (After Peterson [7]). 

TABLE C 1. WEAR PROCESSES 

Corrosion Fretting 

2-Body Abrasion Cavitation 

3-Body Abrasion Fluid Erosion 

Fatigue Solid Erosion 

Impact Electrical Erosion 

Low Stress Abrasion Impingement 

High Stress Abrasion Particle Erosion 

Gouging Erosion Corrosion 

Wire Drawing Rain Erosion 

Delamination Deformation 
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TABLEC2. DESIGNATION 

Contact 

Solid None 

Fasteners, clearance fits 

Rolling contact bearings, gears 

None Water erosion, valve wear 

bends, deflectors 

Hammer 

Hard 

Rough Wear surface Tire wear 

Surface Rolling 

Hard 

Solid Rough Abrasion Abrasive Papers, files 

Surface 2-body wear 

Liquid Solid 3-body wear Dirt in components 

Dirt Abrasion 

Wear surfaces 3-body wear 

Rolling Dirt Abrasion contacts, cams 

Wear surfaces Erosion , slurry pumping 

blades 

Wear surfaces 

Rolling 

Gas/liquid Solid Particle Low 

Sliding Particle erosion or gases containing solid 

Particle 90° Shot and sand 

Impact Particle erosion 

Gas Solid Wear surface wear Soles of shoes 

Sliding 

Wear surface 3-body wear Rock 

Rolling 

Wear surface wear Earth 

low stress abrasion 

Soil abrasion 

Liquid Liquid 

Gas Erosion 

Rain Erosion 

Liquid Cavitation Valves, pipes 

Impact 

Particle Particle Wire drawing Valves 

Flow Erosion 
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TABLE C3. DESIGN WEAR REGIMES 

Description Designation 

Smooth solid sliding against an Dry sliding wear 

unlubricated smooth solid 

Smooth solid rolling against a lubricated lubricated sliding wear 

smooth solid 

Smooth solid rolling against an Dry rolling wear 

unlubricated smooth solid 

Smooth solid rolling against a lubricated Lubricated rolling wear 

smooth solid 

Smooth solid impacting smooth solid Impact wear 

Liquid or gas interacting with a solid Fluid erosion 

surface or compacted solid particles 

Solid rolling on a rough surface or Rolling abrasion 

compacted solid particles 

Solid sliding against a rough solid or Sliding abrasion ( 2-body abrasion) 

compacted solid particles 

Solid particles trapped between solid or 3-body abrasion 

rolling surfaces in a liquid or gas medium 

Solid particles interacting with solid Particle erosion 

surfaces in liquid or gas medium 

Liquid particles interacting with solid Drop erosion 

surfaces in a liquid or gas medium 

Gas or Vapour particles interacting with a Cavitation 

solid surface in a liquid medium 
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TABLE C4. WEAR P ARTICLE REMOVAL PROCESSES 

Adhesion and Transfer 

Corrosion film wear 

Cutting 

Plastic deformation 

Surface fracture 

Surface reactions 

Tearing 

Melting 

Electrochemical 

Fatigue 

Material weld at asperity tips, is transferred to the harder 

member possibly grows in subsequent encounters and 

eventually removed by fracture, fatigue or corrosion. 

A film formed by reaction with the environment or the 

lubricant is removed by sliding. 

A sharp particle or asperity cuts a chip. 

The surface is worked plastically. Cracks from, grow and 

coalesce forming wear particles. 

If nominal stress exceeds the fracture stress of a brittle 

material, particles can be formed by fracture. 

One material dissolves or diffuses into another. 

Elastic material can be tom by a sharp indenter. 

High temperature can cause wear by melting. 

The difference in potential on the surface due to a 

movmg. 

The surface is worked elastically. Microcracks form, 

grow and coalesce forming wear particles. 

Some more wear terminology are to be found in the ASTM wear and erosion volume 

[104] 
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