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Abstract  

High temperatures and harsh operating conditions lead to wear in aero-engine 

components such as the disc-blade interface. Under dry sliding conditions, metal-to-

metal contact leads to adhesive transfer and wear because of their similar chemical 

properties. To reduce this, dissimilar material combinations can be used which 

reduces friction between the surfaces. However, implementing this solution can be 

challenging because it requires materials capable of providing both strength and 

resistance to heat/oxidation. This means incorporating similar elements into the alloys 

to meet these requirements. 

An additional way to avoid metal-to-metal contact is to have an oxide layer on the 

surface. As sliding begins, the transient oxide layers on the surface break down due 

to adhesive wear. This exposes fresh metal, which then oxidises, generating wear 

debris in the contact area and resulting in abrasive wear. These debris particles collect 

in the grooves created by the abrasive wear and form a compacted oxide layer, which 

appears smooth and glossy under visual inspection, known as 'glaze'. The glaze layer 

serves as a protective coating, enhancing the durability of the interface by reducing 

oxidation, friction and wear, However, the effectiveness of glaze in reducing surface 

degradation is highly dependent on the rate of generation of glaze and the breakdown 

of glaze, so the balance between these is essential. Moreover, it is influenced by 

various operating and environmental conditions such as temperature, load, speed, 

humidity, and composition of materials etc. Temperature has been widely studied, 

however, there is limited research available on other factors like load, speed, 

environmental factors etc. Therefore, this study aims to investigate the influence of 

different factors on the formation of glaze, including contact pressure, sliding time, and 

historical dependence, to determine the optimal conditions for maintaining an effective 

glaze. 

In order to carry out the above-mentioned aims, wear tests were carried out using a 

ball-on-flat test configuration. This study primarily investigated the effect of operating 

temperature and the load conditions. Initially, a similar material combination was used 

for both disc and the pin, then a dissimilar material combination to understand the 

influence of alloying elements on the glaze generation process. Finally, the history 

dependence of glaze was studied to understand whether having a pre-glazed surface 
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reduces severe wear. Both friction data and surface examinations were conducted 

post-test. The results have shown that temperature has a higher influence on glaze 

generation compared to pressure.  At lower temperatures, severe adhesion and 

abrasions were predominant, while at higher temperatures, mild oxidation was 

observed. The temperature thresholds vary for different materials depending on their 

chemical composition. For example, nickel alloys exhibited low wear rates above 

250°C, whereas cobalt-based alloys required temperatures above 400°C. The 

chemical composition of the layers formed at different temperatures were different and 

this determined the effectiveness of these layers in providing wear resistance. 

Dissimilar material tests indicated that a certain combination (i.e. Cobalt with Nickel 

based alloys) can have a positive influence by reducing surface degradation and wear 

rate especially when there is a higher variation among the alloying elements. The 

history dependence of glaze has a positive effect by reducing the severe wear seen 

at low temperatures to an extent however, there is no indication of no glaze layers 

forming. This suggests that further tests are required to confirm whether this is valid 

for all conditions and materials. 

Finally, a wear map was produced with the input parameters such as temperature, 

load and the wear rate for like-on-like material tests. This allows the prediction of wear 

behaviour at various test combinations.  
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Chapter 1 Introduction  

1.1 Project motivation 

Friction and wear are an inevitable problem that affects all areas of engineering. Under 

normal conditions, good design practices with appropriate material selection and 

lubrication can be used to reduce the effects of friction and wear on components. 

However, there is a high demand for higher efficiency aero engines increasing 

performance; recent advances in gas turbine design involve high temperature and 

pressure improving thermal efficiency and power output. One of the challenges when 

doing this, however, is the increase in high-temperature corrosion and wear of 

components.  

Engine components are subject to severe temperature gradients, mechanical loads, 

and corrosive/erosive particles. This includes erosion in the blade tips caused by sand 

particles, ash etc, fretting fatigue, corrosion, and oxidation [1].  Due to variations in the 

centrifugal load and temperature, the components expand, contract, slide and press 

against each other causing damage to them.  

Sliding wear, in particular, is caused by the relative motion between two surfaces; this 

leads to various wear mechanisms such as adhesion, abrasion, oxidation, corrosion 

etc. causing changes in the geometry, operating performance of the components and 

reduction in the dynamic strength of the materials [2]. This in turn leads to safety risks 

and reduces the operating life of the components and the engine efficiency by 

weakening materials causing material loss, reducing surface hardness, changing the 

component geometries (such as differences in clearances) and promoting crack 

initiation and propagation. 

The damage that occurs due to the above-mentioned mechanisms is observed in 

many parts within an aero engine. One such damage zone can be seen in the 

blade/disc contact. Both compressor and turbines are composed of several stages of 

blade/disc interfaces. Throughout operation, the components endure cyclic loading 

induced by factors such as rotational motion, which generates alternating tensile and 

compressive forces with each rotation. Additionally, temperature variances, 

particularly during engine start-up and shutdown, lead to expansion and contraction. 

Furthermore, aerodynamic forces, contingent upon operating conditions such as 
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altitude, speed, and throttle settings, contribute to this cyclic loading. These cyclic 

loading lead to blade/disc contact experiencing variations in centrifugal and thermal 

loading which then causes a combination of Low cycle fatigue (LCF) and High cycle 

fatigue (HCF) (see Figure 1-1). Due to the cyclic loading conditions LCF are usually 

associated with start-up and shutdown stages in an engine operation, where the 

components experience high variations in centrifugal load causing expansion and 

contraction of the blade producing ‘larger’ displacements, whereas HCF are due to 

high-frequency vibrations experienced by the blades during flight. These fatigue cycles 

initiate crack propagation, and thus premature failure of the components.   

 

 

Another example of damage caused by sliding is seen in Figure 1-2, showing how a 

leakage path is formed in the pipe connector as a result of wear. These connectors 

are used within the IP turbine of the Rolls Royce Trent engines connecting service 

piping from the central bearing chamber to the external dressings. Pipework routes 

through a zone of high-pressure air, thus connectors must be able to provide adequate 

sealing to maintain this pressure. However, due to the vibrations and centrifugal load 

causing small amplitude displacements, wear is formed on the surface leading to 

leakage paths of high-pressure air to form [4].  

 

Figure 1-1: Tribological loading on the blade root/disc contact [3] 

Sub-surface cracks form  
in the interfaces 
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The main wear mechanism involved in the aforementioned examples is adhesive 

transfer of materials between surfaces; it is more dominant in similar (chemical and 

mechanical properties) materials. This presents a challenge in aero-engines due to 

the need for heat and corrosion resistant materials limiting the material choices thus 

similar materials are often used. Under normal load, strong adhesive forces are 

observed between the contacting surfaces, and they stick together at the asperity 

junctions. As the surfaces move relative to each other, the asperity junctions are 

broken and usually, the tip of the softer surface is plucked off and adheres to the harder 

surface. Figure 1-3 shows the stages of adhesion between asperities and how they 

lead to metallic transfer and generating wear debris.  

Figure 1-3: Metallic adhesive transfer process between the contacting asperities to 
wear debris generation [5] 

Figure 1-2: a) worn spherical seal b) resultant leakage path formed due to the wear [4] 

15 mm 

Leakage path, 

causing reduction in 

efficiency 
Worn 

surface 
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Using dissimilar materials or making the surfaces harder can hinder the wear process 

though at extreme operating conditions such as high temperature and pressure this 

has not been found to be very useful as the wear rate and coefficient of friction tends 

to be higher. Therefore, it is better to avoid metal-to-metal contact. One way to avoid 

metal-metal contact is by having an oxide layer. Figure 1-4 shows how an oxide layer 

can act as a protective layer against wear; only a small amount of (bulk) material 

transfer occurs when an oxide layer is present leading to lower wear rates. Oxidation 

of surfaces under atmospheric oxygen conditions is a typical process, however, these 

(transient) oxide layers are usually thin, brittle and spall off easily with further sliding 

movement generating wear debris. At certain operating conditions, these debris are 

compacted and sintered together to form a wear protective layer called ‘glaze’ and this 

can reduce wear rate significantly. Glaze layer is a composite layer made up of wear 

debris which appears ‘glossy’ under visual inspection, and it tends to have low values 

of coefficient of friction. There are two ways to generate glaze; by using materials that 

promote glaze or by coating the bulk materials with materials which form a glaze. The 

process of generating glaze is thoroughly elucidated in section 2.4.5. 

 
Several methods have been adopted in recent years to promote the generation of 

glaze layer such as pre-oxidation of the surfaces, supplying oxide particles prior to 

sliding, increasing availability of oxygen, coating bulk material with glaze promoting 

metals etc. Coatings are the most common and reliable method and are used in 

various areas throughout the engine such as heat/corrosion resistant, anti-fret liner, 

compressor seals etc. Figure 1-5 shows some of the coatings used in turbine engines. 

They are applied to the bulk materials when the material properties contradict the 

design requirements; bulk materials are chosen so that the components have the 

required overall mechanical strength. Coatings are then used to enhance the surface 

Figure 1-4: Metallic adhesive transfer process when an oxide layer is present [5] 
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properties to improve the performance, especially at the contact interface so that the 

bulk/substrate material is protected against wear and deterioration caused by the 

operating and atmospheric conditions [1]. One of the ways coatings prevent bulk 

material damage is by having a transient oxide layer present before being in contact 

and once the surfaces move relative to each other, the transient layer is broken down 

generating oxide wear debris. These debris are further broken down and collect at the 

grooves. Further sliding leads to the generation of the glaze layer. However, the 

efficiency of glaze layer is determined by its ability to form a stable layer which is 

determined by a combination of operating and atmospheric conditions. 

As highlighted, metallic coating systems are used to create a thin oxide layer to act as 

a protective layer. An important factor when considering metallic coatings is the 

composition and the active elements in the materials. Active elements are those that 

quickly form compounds with other elements present in the alloy. These elements 

actively participate in the alloys chemical reactions and plays crucial roles in 

determining the microstructure, mechanical properties, and performance of alloy 

materials, making it essential for detailed investigation. The primary elements in the 

chosen materials used in this study are Nickel, Chromium, Cobalt and Iron. If the 

content of the active element is too high, it leads to rapid internal oxidation and 

unstable glaze generation [4]. Hence, the composition of coatings needs to be in a 

defined range along with the appropriate of coatings operating conditions to be able 

to create a stable glaze layer.     

 

Figure 1-5: Various types of the coatings used in gas turbine [1] 
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Whilst glaze can be used to reduce wear, sliding wear is still a complex phenomenon 

and involves several processes such as loss of material to wear when two surfaces 

are in contact, adhesive transfer, diffusion of ions between surfaces and oxidation 

which leads to the formation and breakdown of oxide layers creating wear debris. All 

these processes are influenced by the operating (temperature, load, speed etc.) and 

atmospheric conditions (humidity, partial pressure of oxygen, presence of 

contaminants etc.). Nevertheless, glaze has not been investigated in detail, especially 

in regard to the above-mentioned conditions. Hence, this study will aid the engine 

manufacturers to improve their understanding of the processes involved with the 

formation of glaze, thus designs can be improved accordingly to minimise the wear 

and deterioration of components.  

1.2 Aims and Objectives  

The overall aim of the study is to investigate the development of glaze formation and 

subsequent breakdown under dry sliding conditions for Nickel and Cobalt based 

superalloys. The influence of various operating conditions will be studied to produce a 

wear map differentiating between different wear regimes and material responses and 

to understand fundamental drivers for glaze formation. 

To achieve this the following objectives were defined: 

1. Review of literature to find gaps, appropriate test methods/data to compare 

against etc. 

2. Evaluate different design of the experiment set-up, specimen geometry, choice 

of test conditions etc. 

3. Undertake tribological tests with similar material combinations at various 

operating conditions to establish the extent of factors affecting glaze 

generation. 

4. Conduct dissimilar material tests to determine the combinations of materials 

that promote or hinder the glaze generation.  

5. Carry out tests to analyse the history dependence to observe if there is any 

influence when a glaze layer is already present on the surface. 

6. Produce a wear map with temperature, load and wear rate for each material 

combination; in order to identify preferable operating conditions.  
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1.3 Thesis layout 

Following the introduction to this research, a review of previous studies relating to the 

topic is presented in chapter 2. The review focuses on the generation of a transient 

oxide layer during the initial stages of sliding and how this leads to the formation of a 

wear-resistant glaze layer. This also includes a review of the factors influencing the 

generation/breakdown of glaze layer. Moreover, early wear maps presenting wear test 

data are detailed. This review helped to form the above-mentioned aims and 

objectives.  

Chapter 3 describes the test rig and methods used to conduct the experiments. In this 

study, a ball-on-flat contact configuration is used and contact modelling is carried out 

as well. The test materials, data acquisition methods and signal processing are 

detailed. This chapter also introduces test procedure and post-test analysis methods. 

Chapters 4 and 5 present the experimental study of similar materials at varying 

temperatures and normal loads. The normal load was varied between 15 to 37.5N (i.e. 

0.5-1.1 GPa) and the temperature ranges from 250C to 6000C. At room temperature, 

interrupted tests were carried out to observe the progression of glaze layer formation. 

However, this was not continued for higher temperature tests due to results being 

significantly affected because of the changes in the contact. Chapter 6 introduces 

experimental data from tests conducted with dissimilar material combinations at 

varying temperatures and a normal load of 25N. This chapter focusses especially on 

the influence of alloying elements and how they promote or hinder the generation of a 

stable glaze layer. Chapter 7 details work carried out to examine the history 

dependence when a glaze layer is already present on the surface. 

Finally, chapter 8 and 9 discusses the outcome of this research and future directions 

the work could be taken.   
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Chapter 2  Background theory and Literature Review 

2.1 Introduction  

This chapter reviews the relevant literature in dry sliding wear and the formation of 

glaze layer. Sections 2.2 covers the fundamentals of frictional force and the influence 

of asperity interaction in wear. Sections 2.3 discusses the wear mechanisms observed 

in sliding situations and a detailed literature review of oxidational wear and how that 

leads to glaze formation. Additionally, the impact of wear debris interaction is also 

reviewed. Several of the relevant testing methods are mentioned in 2.5.  This chapter 

concludes with a summary of the work previously done on glaze formation and how 

this information will be used in the current study. 

2.2 Background theory 

2.2.1 Engineering Surfaces  

The surfaces of solids present complex issues as there are irregularities on any 

surface ranging from bulk flaws to nanoscopic imperfections and friction arises due to 

these irregularities. The surface condition has a huge impact on the overall tribological 

performance of a system. They are made of peaks and valleys; the peaks or the high 

points of the surfaces are called the asperities. Friction and wear are a result of the 

nano and micro scale interactions that occur at these asperity peaks and junctions. 

The presence of asperities mean that the real area of contact is determined by these 

asperities as they usually support major loads in contacts. The true contact area is 

often less than 10% of apparent contact area (see Figure 2-1) [6], [10]. This leads to 

high stress concentrations being generated by the contacting asperities and can result 

in high temperatures, welding or tearing of the asperities [7] [8] [9]. 

 

Figure 2-1: The basic concept of contact area [10] 
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Machined/finished components may have a surface layer which is different to the base 

material depending on the machining processes and the surrounding environment. 

Figure 2-2 shows layers in a solid surface and this contains contaminant layer, 

adsorbed gas layer, oxide layer and work hardened layer; oxide layer may penetrate 

the bulk material. Overall, the surface becomes complicated, and the formation of 

these layers depends on the composition of the bulk material and its surroundings. 

These variations in the surface layer can have major impact on the friction behaviour 

when two surfaces interact. 

 

In order to quantify the roughness of the surface, various parameters can be used 

such as peak to valley height, centre line average (CLA), amplitude density function, 

root mean square etc. CLA is one of the most used measures and it is the average 

deviation of the profile from the mean line. They are usually used when specifying 

surface finish. However, both CLA and root mean square measurements of quantifying 

roughness do not mean much, typically can only be used as a guide because there is 

a lack of sensitivity to the shape of the profile (i.e. do not provide information on local 

variability). These limitations can be overcome by using peak to valley height or total 

roughness height. Other surface roughness quantification method involves use of 

stylus profilometry or 3D laser scan, but comes with its own limitations. Thus, it is 

essential to carefully evaluate different methods according to the wear mechanism 

involved [12] [13]. In tribological surfaces, the roughness changes throughout the 

processes due to material wear.  

Figure 2-2: Layers with a solid surface [10] 
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2.2.2  Friction  

Friction is the resistance to motion, when two surfaces slide over one another both 

lubricated and dry contacts are affected. It is manifested in many ways such as energy 

dissipated during relative motion (heat, noise etc.) and the friction force needs to be 

overcome to initiate or sustain motion. The three laws of friction (Amontons and 

coulomb) are [7] [9]: 

• Friction force is independent of the apparent area of contact. 

• Friction force is directly proportional to normal load, and it is independent of 

apparent areas of contact; 𝐹𝑓 = 𝜇𝑁, where 𝜇 is the coefficient of friction and N is 

the normal force.  

• The coefficient of friction is independent of sliding speed. Although this is not true 

in all cases. 

 

Although a wide range of research on friction has been conducted and many friction 

models developed, basic understanding of friction mechanisms is still lacking in 

information, with many unanswered questions such as how the energy is dissipated 

and the nano/micro scale mechanisms etc. One of the limitations when studying 

surfaces and tribological performance is the lack of ability to directly observe the 

contact interface. It is important to understand what happens in the interface and how 

the interface evolves especially the interaction between the nanoscale particles 

because the events that occur at the atomic scale has an influence on events that 

happen at macroscopic scale [14]. Figure 2-3 shows the different length scales of 

surfaces and the information that can be captured by studying at that scale. At the 

highest magnification scale, interactions at atomic and chemical reactions between 

the elements/components can be investigated, then the microscopic level surface 

looking at wear debris and wear scar etc. is possible.  

Figure 2-3: Surfaces at different magnification scale [15] 
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Bowden and Tabor [9] developed a more realistic theory considering the real area of 

contact.  They pushed a steel/brass pin into an indium surface and then removed it. 

Two main mechanisms proposed for friction are adhesion and ploughing. They 

observed that the force required to separate the surfaces was greater than pushing 

them in, also as the surfaces separated some of the soft materials adhered to the 

harder material. This phenomenon is caused by adhesion.  It is based on the concept 

that the contact is made up of many asperity contacts and the high pressure causes 

local welding in the contacts; these are then broken as the surfaces move relative to 

each other. Ploughing or plastic deformation is also caused by a hard-conical asperity 

ploughing into softer surface. Hence, the total friction is given by the sum of the friction 

arising from adhesion and ploughing. 

𝜇𝑡𝑜𝑡𝑎𝑙 =  𝜇𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 + 𝜇𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 

Recent studies using AFM and TEM [13] [14] has helped to understand how the debris 

are generated and the influence of its interactions on the friction and wear properties 

of the system. Single asperity studies [14] have shown that complex events occur on 

the surface such as the rearrangement of atoms which leads to macroscopic changes 

in the surface. Mishra, Inkson and Bobji [16] investigated how wear particles are 

formed and interact in real time using an in-situ TEM triboprobe. They noticed that, 

once reaching the nano hardness of the material, plastic deformation started to occur 

at the contact generating nanoscale wear debris. Figure 2-4 shows the formation and 

interaction of wear particles.  Some initial particles are swept along and are removed 

from the wear track. Some particles are trapped; these trapped particles play a vital 

role in the material wear process by joining together to form elongated clusters. They 

observed that the wear particles roll, spin, and slide in the contact leading to changes 

in the friction behaviour; in particular the rolling action seems to reduce the friction. 

With further sliding, two mechanisms were seen with the trapped particles; they join to 

form clusters and then dissociate into smaller particles. The agglomeration and 

breakdown of clusters leads to tribofilms being formed on the surfaces and it is 

dependent on the number of particles, size, and geometry. Although this research 

gave an insight into how and what happens to the wear debris, the generation of the 

tribofilm is not fully understood and how the rolling motion of debris results in wear 

reduction [11]. Better understanding of the fundamental processes involved in friction 

and wear is essential to improve the performance and the life of components.  

(Equation 2.1) 
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2.2.3 Wear 

Wear is the progressive loss of material over time because of interaction between two 

contacting surfaces moving relative to each other. There are various equations and 

models developed to predict the wear of materials. However, the most well-known 

equation is Archard’s wear equation [17], 

𝑊 =
𝐾𝑁𝐿

𝐻
 

where W is the wear volume (m3), K is the dimensionless wear coefficient, N is the 

normal load (N), L is the sliding distance (m), and H is the hardness of the materials 

(Pa).  

Figure 2-4: Formation and interaction of wear debris a) debris swept along and out of the 
track b),c) trapped particles scooping small chunks of material d) particles join together to 
into rounded particles of 100nm approx. [16] 

 

(Equation 2.2) 



- 13 - 
 

Sliding wear between two metallic surfaces can cause severe surface damage.  sliding 

wear of metal alloys is complicated as it depends on various factors such as the 

properties of materials involved, how it reacts with the environment, and experimental 

conditions. Burwell described that there are four types of mechanical wear that occur 

in sliding situations, and they are adhesive, abrasive, fatigue (delamination), and 

chemical wear. These mechanisms can operate singly or in combination [18]. 

2.2.3.1  Adhesive wear  

Adhesive wear is when materials are transferred from one body to other. It occurs at 

the sliding contact between similar materials. The basic concept for adhesive wear 

mechanisms is that real contact between surfaces occurs at the asperities. At these 

junctions, bonding occurs between surface asperities. When the surfaces move 

relative to each other, these junctions are broken, and new ones formed. Usually, the 

tip is plucked off the softer asperity leaving them adhering to the harder surface. 

Subsequently they become loose and give rise to wear debris. High temperatures 

accelerate adhesive wear since the bond occurs in atomic scale and adhesive wear is 

usually higher during the run-in period. However, the mechanism in which wear debris 

are formed is still not clear due to difficulties in direct observations of the adhesive 

contacts. 

According to Holm’s findings [19], plastic deformation occurred on asperities and then 

they are worn away by gradual removal of atoms as surfaces slide relative to each 

other. On the other hand, Archard [17] proposed that wear debris are generated due 

to cracks being formed on the surface and fracture. Recent asperity level studies have 

shown both mechanisms (gradual smoothing and fracture) and it is illustrated in figure 

2-5.     

Aghababaei [20] [21] simulated wear debris generation using the assumption that it is 

produced due to two wear mechanisms: plastic deformation and fracture (see Figure 

2-2).  They observed that there is a critical junction size where smaller junctions have 

a gradual smoothing and larger junctions form debris by fracture. Although there are 

still many unknowns such as the influence of surface roughness, size of debris formed 

etc.  
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2.2.3.2 Abrasive wear 

Abrasive wear occurs because of the motion relative to the surface of either harder 

asperities (two-body abrasive wear) or because of hard particles trapped between the 

surfaces (three-body abrasive wear) causing the softer asperity to be pulled out. The 

damage happens via plastic deformation, cutting, ploughing and brittle fracture [7]. In 

sliding motion, abrasive wear is usually initiated by having third body particles i.e. wear 

debris in the contact. Wear occurs via four mechanisms- cutting, fracture, accelerated 

fatigue due to repeated deformations and individual grains being pulled out by the 

harder particle (see Figure 2-6).  

Figure 2-5: Wear debris generation mechanisms [20] 

Figure 2-6: Abrasive wear mechanism [7] 
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2.2.3.3 Fatigue and delamination wear 

Fatigue wear occurs due to repeated cyclic loading, this leads to small cracks being 

formed below the surface. Further deformation and loading cause the cracks to 

extend, propagate and join with adjacent cracks. Delamination occurs due to many 

deformed layers/cracks being formed below the surface layer which leads to 

subsurface cracks and removal of thin and long sheet like debris. Figure 2-7 shows 

how parallel subsurface cracks are formed in reciprocating fretting wear.  

 

2.2.3.4  Chemical wear 

Chemical wear is influenced by the environmental conditions and contact mechanics 

in which the systems operate. Sliding action increases the surface temperature and 

creates surface cracks which aids chemical reactions by diffusion of active elements 

between the surfaces. This can eventually lead to oxidation and corrosion. 

Additionally, the chemical reactions can make the surface softer and weaker making 

it prone to crack nucleation [22]    

 

Figure 2-7: Subsurface cracks and debris formation in delamination wear [22] 

 

Figure 2-8: Chemical wear: how the contact geometry and debris amount changes 
over repeated sliding [22] 
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2.3 Literature review on Oxidative wear and formation of glaze 

In the 1950s, Archard [17] and Hirst observed that an oxide layer appears in real areas 

of contact (typically a transient layer) which prevents metal-to-metal contact, leading 

to mild wear at a reducing wear rate by hindering the growth of welded junctions 

between contacting surfaces. Since the transient oxide layers are usually thin, these 

are broken down easily with further sliding, generating wear debris, which leads to 

severe adhesive and abrasive wear (due to third body) resulting in large metallic debris 

being produced in the contact interface. The wear debris are either removed from the 

contact surface resulting in a higher wear rate or retained within the wear track. Those 

debris that are retained in the wear track are further broken down into smaller particles 

and are oxidised with further sliding. These particles combine and are collected within 

the grooves and low points on the surface. This layer is usually called a tribologically 

transformed structure (TTS). Figure 2-9 shows a schematic of the evolution of TTS 

from generation of third body particles as a result of wear. However, it is observed on 

several occasions that the TTS will gradually crack giving rise to wear. This type of 

wear is categorised into two modes, mild (when a TTS is present) and severe wear. 

However, these categories are not defined clearly.  Later, Quinn [23] [24] defined mild 

and severe wear according to the morphology and wear rate at various operating 

conditions. In mild oxidational wear, an oxide layer acts as a protective film which has 

high contact resistance and oxidised wear debris (less than 1µm) whereas in severe 

wear, plastic deformation and adhesive transfer is dominant with larger wear debris 

(between 1-100µm).  

Most of the early studies [20] [21] [25] on TTS and oxide layers are conducted at room 

temperature. At higher temperatures, a different phenomenon was seen where a 

protective/lubricating layer being formed on the surface which significantly reduces 

wear rate. The protective layer is formed when wear debris that are retained on the 

surface are sintered and consolidated to form a solid layer, these layers are typically 

two to three times harder than the base material. This layer appears glossy and 

smooth under visual inspection. Thus, it can be referred to as a ‘glaze’ layer.  

 



- 17 - 
 

 

Stott described three ways of oxide formation in a low reciprocating sliding setting [25]: 

1. Oxidation-scrape-reoxidation: takes place in two stages. Oxidation of asperities 

occurs whilst in contact. The rate of oxidation depends on the material 

properties and its operating parameters such as contact temperature, duration, 

and speed. With sliding, the oxide layer is removed, exposing fresh areas of 

metal for further oxidation. 

2. Existing oxide layer (prior to sliding) is not removed or only partially removed, 

so further sliding leads to compaction of wear debris leading to thickening of 

this oxide layer over time.  

3. Wear debris generated during the initial stages are further broken down by the 

sliding action, this leads to new unoxidised areas of debris for further oxidation.  

 

Figure 2-9: The generation and evolution of a tribologically transformed structure 
(TTS) [25] 
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Each of these play a dominant role under different conditions. For example, the 

metallic debris mechanism is dominant at lower temperatures whereas the oxidation-

scraper oxidation mechanism may be dominant at higher temperatures. 

Figure 2-10 shows a schematic of how the morphology of the glaze layer changes in 

the steady state period as the sliding continues. Figure 2-10a shows a thin glaze layer 

on top of the very deformed alloy and oxides. With further sliding, glaze is broken down 

and deformed alloys/oxides are fractured generating more debris. Figure 2-10c, shows 

the glaze layer formed after a longer sliding duration. The layer below the glaze has 

only oxide particles, this is due to increased plastic deformation (surface cracks are 

formed allowing more oxygen into the alloy for oxidation) with sliding, and a rise in 

temperatures at the apparent area of contact due to frictional heat. The morphology 

varies continuously over sliding time. For instance, in the run-in period the surface just 

has undeformed alloy. With further sliding, surfaces start to deform due to stress, 

leading to cracks on the surfaces and therefore generation of wear debris [26].  

 

Once a glaze layer is established, two competitive processes occur; the breakdown of 

layers leading to more wear debris, or further sintering and compaction to form a 

further thicker glaze layer. If the rate of breakdown of layers is higher than generation 

of glaze, wear rate will be higher. The balance between the formation and breakdown 

of glaze layers will dictate the wear resistance of the material combination or materials. 

The rate at which the formation and breakdown of glaze depends on the operating 

parameters, contact conditions and chemical composition of the materials/wear 

debris. Moreover, the effectiveness of the glaze is determined by the thickness of the 

Figure 2-10: Schematic of the morphology of the glaze layer formed on Nickel 
alloys at elevated temperature as the sliding progresses [25]. 
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layer, and it is a product of rate of oxidation, time available for oxidation and 

temperature [27]. 

 

Figure 2-11 shows what happens to the wear debris formed during sliding and the 

wear debris has a major influence on the subsequent wear behaviour. The wear debris 

are either retained in the contacting surfaces or removed from the contact. The wear 

debris that are retained on the surfaces can either act as a third body and cause 

abrasion leading to more wear or combine and form glaze layers.   

Jiang, Stott and Slack [29] conducted sliding wear studies on Nimonic 80A, for the 

running in period or when the glaze is broken down, and the contact is essentially 

metal-metal leading to metallic wear debris due to adhesive transfer and delamination. 

They found that the debris that are not removed from the surface are broken down into 

smaller fragments and oxidised if appropriate environmental conditions are present. 

Figure 2-11: Wear process (modified version of Jiangs representation) [28] 
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The fine oxide particles adhere to the grooves in the contacts, and with further sliding, 

the particles are subjected to compression and compaction. During these processes, 

the fine particles are sintered together to form compacted layers of oxides, i.e. glaze.  

If the glaze is not stable, it can be easily broken-down releasing wear debris, this acts 

as a third body causing serious abrasion. A model to describe the behaviour of wear 

particles is described. It is supposed that a layer of wear debris is in contact with a 

layer of similar material wear debris, and then it is assumed that four mechanisms of 

movement can happen within layers. The loose wear debris at the contact surface may 

rotate, roll forward, skid or entrapped in the surface. Figure 2-12 shows the schematic 

illustration of the four mechanisms when a normal load is applied. Both rolling and 

rotating result in wear since they are not restricted and can freely move along with the 

opposite rubbing surface. When adhesion occurs with the neighbouring particle, both 

rotation and rolling mechanisms are restricted and the following mechanism depends 

on the adhesive strength and the friction force between particles. The behaviour of 

wear debris depends on the chemical composition, dimensions, and properties of the 

particles [30]. 

Iwabuchi et al. [31] [32] studied the effect of supplying oxide particles to the contact 

prior to sliding. It was noticed that the addition of the oxide particles before sliding 

reduces severe wear at the run-in period because of the quicker formation of the oxide 

layer reducing the metal-metal contact. However, it was easily broken down because 

of not having enough oxide particles; a critical number of particles were needed to 

Figure 2-12: Schematic illustration of possible mechanism for relative motion of debris 
particles during sliding; (a)rotation, (b)skidding, (c) rolling, (d)entrapment [29] 
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form a stable glaze. The critical amount is determined by the balance between the rate 

of breakdown and glaze layer formation. Additionally, the composition of the supplied 

particles needs to be considered for the stable generation of a glaze layer. The rate of 

reduction in wear rate depends on the load and surface roughness. The critical value 

increases with increasing load and increasing the surface roughness reduces the time 

it takes to form a stable layer since the grooves on the surface act as a particle 

accumulation site and aids the compaction process. 

Finally, Hiratsuka and Muramoto [33] investigated the effect of wear debris in wear 

mode transition when a copper pin was rubbed against an iron disc. Before the 

transition to mild wear, the debris generated were large metallic particles, whereas, 

after the transition, the wear debris were found to be fine black oxides. When the debris 

were removed from the contacting surface, the transition to mild wear does not occur 

due to no glaze layer being formed. As the load is increased, the time taken for 

transition increases however, the coverage of glaze is also increased with applied 

load. Increasing speed at low loads had minimal effect on the time taken for the glaze 

to form, but as the operating conditions are increased, the time taken also increases.  

As highlighted in the preceding discussion the formation and breakdown of glaze is 

influenced by various factors; this includes the material composition, operating and 

environmental impacts. Each of these plays a vital role and having the right 

combination of parameters has a significant effect on the formation of stable glaze. 

For instance, in order to form a stable glaze layer, it is necessary to allow diffusion of 

active elements into the contact surface and the rate of diffusion depends on the 

temperature, which in turn is influenced by the load and speed (through the addition 

of flash temperature). 

2.3.1  Factors influencing glaze formation  

2.3.1.1 Contact conditions 

Temperature is one of the main factors that influence the rate of glaze generation and 

the efficiency of the layer. It affects the kinetics of the oxidation process and thus the 

glaze formation process. The microstructure of the glaze layer and the rate at which 

they are formed is highly dependent on the temperature. This is because oxidation of 

debris/metals occurs due to the diffusion of ions into the surface and the rate of 

oxidation increases exponentially with an increase in temperature [30]. Additionally, 
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sliding increases surface temperature which leads to softening and melting (at extreme 

conditions) of surface layers. This is further accelerated by high sliding speed and 

load. 

Most metals and alloys have a critical temperature, above this, the wear rate becomes 

significantly lower due to a stable glaze layer being generated. The critical temperature 

depends on the chemical composition of the debris/materials and the operating 

conditions. The maximum temperature it can reach depends on the melting points of 

the contacting surfaces [34]. 

Since the temperature has such a significant influence in the formation of glaze, it is 

essential to take the flash temperature into consideration when deciding the total 

surface temperature, which is determined by the ambient temperature plus the flash 

temperature contributions.  Flash temperature occurs close to the true area of contact 

where energy is dissipated creating a short period of very high temperature compared 

to the bulk temperature, even reaching melting points of material under certain 

conditions. Being able to predict the flash temperature can provide significant 

information on changes in the mechanical and tribological properties of the contact. 

Several analytical models to predict the flash temperature rise have been developed 

considering the contact geometry, material properties, operating variables etc. Two of 

the most used models are Archard and Kuhlmann-Wilsdorf model [35]. Archard’s 

model works for mild wear conditions and is not reliable at high loads and speeds. It 

is based on the heat flow between contacting surfaces. Unlike Archard’s model (only 

circular contact), the Kuhlmann-Wilsdorf model allows both circular and elliptical 

contacts to be modelled, moreover, it can also use dissimilar material combinations. 

Kuhlmann-Wilsdorf’s flash temperature for unlubricated wear for circular and plastic 

contact between asperities is given by [35]: 

∆𝑇0 =
𝜇𝑣(

𝜋𝑁𝐻𝑠

𝑁𝑐
)1/2

4𝜆1(
1

𝑍0
+ 𝜆𝑟)

 

where 𝜇 is the coefficient of friction, v is the sliding speed, N is the normal load, Hs is 

the hardness of the softer material, Nc is the number of contacts, λ1 is the thermal 

conductivity of the softer surface, λr is the ratio of thermal conductivities between the 

(Equation 2.3) 
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two surfaces, r is the radius of the contact, d is the density and c is the specific heat 

capacity.  

 

𝑍0 =
1

1 + 𝑣𝑟/3
 

𝑣𝑟 =
𝑣

𝜆/𝑟𝑑𝑐
 

As seen from the above equation, flash temperature is highly influenced by the load, 

sliding speed and material properties. However, the accuracy of this model is dropped 

by the difficulties to find/measure the number of asperities and true area of contact.  

Lancaster [27] studied brass on hardened steel using a pin-on-disc device at various 

temperatures, loads, and speed conditions. It was found that at low speeds, the severe 

to mild wear transition is dependent on the time available for oxidation (because the 

effects of frictional heating are negligible) whereas, at higher speeds, the transition 

depends on the rise in the contact temperature due to frictional heating. The transition 

from severe to mild wear occurs after the critical temperature is reached. The critical 

temperature is defined as the mean temperature over the apparent area of contact 

and is not affected by the source of heating (either frictional or external). It depends 

on the combined magnitudes of load and speed. Additionally, critical temperature 

increases as the load is increased, meaning a higher rate of oxidation is required at 

higher loads to generate a stable oxide layer. Conversely, when the speed is 

increased, the critical temperature lowers due to an increase in frictional heating. Even 

in the absence of frictional heating, a glaze layer is formed as long as a critical 

load/speed limit is reached and the rate at which the glaze is formed is dependent on 

the time available for oxidation and compaction of the debris. Morphological 

examination has shown that there are smooth brown or black patches on the surfaces, 

i.e. glaze. Once the sliding conditions are considerably higher than the critical values 

for wear mode transition, a uniform and thick glaze is formed due to the rate of 

oxidation being higher than the rate of breakdown of the layers.  

Experiments conducted by Jiang [36] at 20°C, 150°C and 250°C have shown the 

effects of critical temperature. Although compaction of the wear debris occurred at 

20˚C (critical temperature is not reached), it did not sinter to form a glaze layer. At 

(Equation 2.4) 

(Equation 2.5) 
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150˚C, some glaze areas were seen but there was a large area of non-glaze region. 

This means that the temperature is close to critical temperature, but still limited 

sintering occurs. At 250˚C, a clear and stable glaze layer is observed.  

A similar study by Jiang et al [29] investigated the effect of temperature and wear 

debris in the wear process during dry sliding conditions by studying nickel alloys in a 

pin-on-disc rig setup at temperatures 20, 150 and 250°C. It was found that wear rate 

is reduced at the higher temperature. However, when the temperatures are varied 

rather than kept at a constant temperature, the wear rate was higher due to more wear 

particles being generated. This is mostly due to the time it takes for sintering and 

compaction at different temperatures. For instance, when the temperature is reduced 

to 150°C from 250°C, the rate of sintering and compaction reduces, so it takes longer 

to form a stable glaze layer leaving loose wear debris at the contact, since higher 

amounts of debris are formed at higher temperatures, i.e. 250°C. Excess time is 

required to compact these debris. Therefore, this debris can act as third body particles 

causing abrasion. However, they did not go to higher temperatures than 250°C to see 

if the rate of compaction and sintering would increase to a higher rate than debris 

generation. 

The applied normal load and the sliding velocity are the next important factors as they 

influence the wear rate through changes in the surface temperature as mentioned in 

Equation 2. The friction coefficient decreases with increasing pressure. Typically, at 

higher load, the flash temperature increases to a significant extent owing to a higher 

level of frictional heat generated at the contact surface. 

 

Figure 2-13: Variation in surface temperature due to flash temperature rises at 
different normal loads and sliding speed [37] 
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Early studies on surface temperature during sliding by Bowden and Thomas [37] have 

found that both load and speed influenced the surface temperature. Figure 2-13 shows 

the surface temperature as a function of load at varying speeds from a sliding wear 

test of steel against glass; as the load and temperature is increased, the surface 

temperature also increased. Material properties such as melting point defined the 

maximum temperature; except when the oxides are already present on the surface, in 

that case, the metals burn leading to very high temperatures. 

Similarly, Jordan and Stott [38] investigated the influence of load and substrate 

hardness on the establishment of glaze layers by using high-speed steel/ high chrome 

steel against a carbon steel disc at high temperatures (500-600˚C) and loads of 10,15, 

20N (i.e. an average contact pressure of 0.34 – 0.5 GPa). As the load is increased, 

the size of the wear debris particles increased. They found that it is harder for the 

larger debris to be collected into the grooves in the surface hindering the glaze layer 

formation. The effect of hardness was more obvious with the temperature variations. 

For instance, when the temperature was 500˚C the debris particles formed were 

harder compared to those formed at 550˚C, leading to more abrasion, increasing the 

overall wear rate. 

Li et al. [39] studied the effect of sliding speed on the generation of oxide debris and 

wear mechanisms involved with Ti–6Al–4V alloy against steel. The tests were carried 

out between 0.5 – 4 m/s and normal load between 10-50N (average pressure of 0.34 

– 1.5 GPa). An increase in the contact temperature was observed with the increase in 

speed, this led to an increased rate of oxidation of the debris. Low levels of glaze were 

seen at the lowest speed, i.e. 0.75m/s, due to not having enough debris for the 

compaction and thus generation of the layer. More recently, Zhang et al. [40] 

investigated the wear resistance of ZG42CrMo under various sliding speeds and load 

conditions at ambient temperature. They observed that as the load is increased the 

wear rate increases due to the formation of larger abrasive wear particles. However, 

as the speed is increased with load, the wear rate increases initially with a higher 

amount of wear debris forming, but once a critical load and speed are reached the 

wear rate decreases because of the rise in surface temperature which led to the 

formation of a protective oxide layer.  



- 26 - 
 

As discussed before, there are several factors affecting the glaze layer formation and 

many authors have sought to explore multiple factors in combination. An investigation 

conducted by Alkelae and Fouvry [41] studied the influence of various parameters 

such as temperature, sliding lifetime, load, amplitude, and frequency on nickel alloys 

Waspaloy (counter body) and René125 (as the sample). As the sliding duration is 

varied, a cyclic evolution of the wear rate is observed with an initial decrease in wear 

rate due to the glaze, it then increases because of the breakdown of the glaze and the 

cycle repeats. As the load and the amplitude are increased, an increase in the wear 

volume and larger wear debris are generated which are removed from the sliding 

interface before they are broken down into smaller fragments. This led to a larger wear 

scar. With increasing amplitude, the glaze was found to be stable until 120µm (having 

a glaze thickness of 35 µm), afterwards glaze is broken down due to fatigue. With the 

increase in frequency, there is a significant increase in the wear rate. Although a stable 

glaze layer is seen, it is immediately broken down generating more wear debris leading 

to a higher wear rate because of not having enough time to form a thick layer. 

However, the test temperature was only up to 400˚C; higher temperature tests are 

necessary to investigate the evolution of the microstructure as there will be changes 

in the oxide phases. 

Tests conducted by Wohltat [42] investigated the influence of various parameters such 

as material, load, temperature, frequency of sliding (speed), and history dependence 

on the generation of glaze. Studying the dependence of history is an important factor 

in an aerospace context since the temperature profile varies in a flight cycle such as 

during take-off/landing and cruise. Three materials were studied (MarM002, Inconel 

718, Inconel 713) at temperatures between 400˚C to 700˚C. They found temperature 

as the dominant parameter in the generation of glaze; with stable glaze formed above 

500˚C and a reduction in both coefficient of friction and wear width. With regards to 

the material type, alloys with a lower content of chromium (Cr) had better glaze 

generation capability making MarM002 (9%) the best followed by Inconel 713 (12%) 

and Inconel 718 (19%). Both load and frequency had a similar effect, hindering the 

glaze process as they are increased. With an increase in load (12.5 to 50N) and 

frequency, larger wear debris were formed increasing wear volume. Also, increased 

frequency led to the removal of wear debris from the wear track at the same time 

increased speed aided to break down the debris into smaller fragments. Finally, pre-
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glazed surfaces had a positive effect by reducing the coefficient of friction faster (i.e. 

lower number of cycles). They carried out two tests; 1) a combined test where a stable 

glaze was generated at 700˚C, then the same samples were tested at a lower 

temperature (600˚C) and 2) simple test without preoxidation at 600˚C. It was seen that 

it takes a lower number of cycles to generate a glaze on the pre-glazed surfaces. For 

instance, it only took around 580 cycles for a pre-glazed Inconel 713 against the 

Inconel 718 surface to generate a glaze, whereas the same material combination 

(without preoxidation) took around 1800 cycles to generate a stable glaze. So, the pre-

glazed surfaces can help generate glaze as the temperature is lowered (i.e. cruise). 

 2.3.1.2 Environmental conditions 

The operating environment has a major role in dictating how the glaze is formed on 

the interacting surfaces. The presence of an active gas will create an adsorption layer 

which reduces the adhesion forces between the contacting surfaces. Jiang and Stott 

[43] investigated the influence of partial pressure of oxygen in an oxygen/argon 

mixture at temperatures between 20-600˚C. An increase in partial pressure of oxygen 

reduced the wear rate owing to the reduction in the size of the wear debris and the 

increased number of wear debris. Thus, making the agglomeration and compaction 

process faster. This is due to both mechanical and chemical effects; as the partial 

pressure of oxygen is increased, there are more oxygen atoms available to react with 

the deformed surface layers and debris creating more oxidation. Additionally, the time 

required to have mild wear decreased with an increase in the partial pressure of 

oxygen. The wear rate was found to be independent of the partial pressure of oxygen 

once the critical temperature is reached (in this case, 400˚C). 

Moving away from the level of oxygen, Klaffke [44] investigated the effect of relative 

humidity and normal load on the friction and wear behaviour of steel at an ambient 

temperature of 25˚C. Relative humidity of dry (5%), normal (45-55%) and moist (100%) 

conditions were used and normal loads between 1 to 10N. As the relative humidity 

was increased from dry to moist, there was a decrease in the wear rate, this was due 

to more oxygen available for oxidation from the water vapour.  As the load was 

increased, the wear rate increased due to the higher loading of the asperities leading 

to more plastic deformation. Between load and relative humidity, the load had a more 

significant role in the production of glaze layers. Humidity acts as a lubricant and slows 
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down the severe wear process. However, the author did not investigate the influence 

of temperature, microstructure of the layers and sliding speed on the glaze formation. 

2.3.1.3 Microstructure and chemical composition 

As outlined in the previous sections, wear debris plays a significant role in the 

generation of a wear-resistant glaze layer. Thus, studying morphology and the 

chemical nature of the debris would be of great importance to fully understand the 

behaviour of these layers. Previous studies have found that two processes dominate 

the generation of the glaze layer [30]; oxidation of the wear debris and sintering of the 

debris to form a compacted layer. Oxidation is promoted by the flash temperature rises 

and the plastic deformation caused by the sliding action which leads to surface cracks 

and porosity allowing oxygen atoms to diffuse into the bulk material. Sintering is led 

by the diffusion capacity of the elements in the metals to move from one to the other. 

Xin, Wang and Li [45] studied the microstructure of the subsurface caused because of 

fretting wear of Inconel690 against stainless steel. Their investigations found that the 

subsurface was made of five layers; a top oxide layer with nickel chromite and iron 

oxide, then a mixed oxide layer with fine grains of nickel oxide and chromium oxide, 

below that a tribologically transformed structure (TTS) with no oxides but recrystallised 

structure, plastically deformed layer with cracks allowing oxygen diffusion and finally 

the bulk material. A higher concentration of oxygen was found on the top layer, and it 

was reduced in the sublayers. This corresponded to the grain size with fine 

nanoparticles in the top layer with an increase in the sub-layers. TTS was found to 

have very little or no oxygen concentration. These layers were also observed in the 

studies conducted by Stott, Lin and Wood [19] during high temperature wear tests in 

nickel alloys (C263, Incoloy 910, Nimonic 75 and Nimonic 108). They observed a thin 

composite glaze layer; the chemical composition differed at different temperatures. 

Nickel oxide was dominant in all alloys up to 400˚C and above 400˚C nickel chromite 

was the dominant compound.  

Likewise, Viat et al. [46] attempted to find the role of alloying elements in the formation 

of glaze in a cobalt-based alloy (Haynes 25, HS25). So, they compared the tribological 

behaviour of HS25 to pure chromium, cobalt and nickel (since they are the main 

alloying elements in HS25). They observed that only cobalt was able to produce a 

similar glaze layer as HS25. They suggested that it was because cobalt had a better 
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diffusion capability, and the thickness of glaze is dependent on the sintering process. 

Sintering can only take place if the atoms can diffuse and create bonds on the surface. 

They concluded that glaze formation is more kinetically driven than 

thermodynamically.  

Progressing from Viat’s studies, Dreano et al [47] studied the microstructure of the 

glaze layer formed during the fretting of Haynes 25 against alumina. They observed 

three oxide layers (see Figure 2-14) with a transient oxide layer before sliding, as the 

sliding progresses a mixed oxide layer, and finally a stable glaze layer with mixed 

oxide sublayer. The chemical composition of each layer was different. The transient 

oxide layer is rich in chromium due to its capability to diffuse easily into the surface 

and react with oxygen. The mixed oxide layer is mainly composed of a chromium oxide 

layer with traces of other elements such as cobalt, nickel, tungsten, and manganese. 

A higher amount of oxygen was also present due to the cracks in the surface. This 

chromium-rich mixed layer is removed by further sliding leading to a chromium 

depletion in the layers and oxidation of cobalt. Cobalt oxides diffuse easily compared 

to chromium oxide creating a cobalt-rich gaze layer meaning cobalt has better 

sintering capabilities. However, both of these studies were carried out on a point 

contact for simplification, need to conduct studies on more representative contacts to 

fully understand the behaviour of these materials. 

  

Figure 2-14: Schematic illustration of the chemical composition of the tribological 

layers formed during HS25 [47] 
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In summary, although superalloys are known for their high wear resistance and 

strength, the extreme conditions under which they operate present several challenges, 

including surface fatigue, fretting wear, and limited options for high-temperature 

lubrication, adhesion, and abrasive wear. Additionally, they often have a high 

coefficient of friction, which can increase energy consumption and reduce efficiency, 

ultimately impacting overall performance. The heat generated by friction can 

accelerate material degradation processes, potentially shortening component lifespan. 

Therefore, managing friction in superalloys is crucial. Figure 2-15 illustrates wear 

coefficients under various sliding conditions, indicating that similar materials result in 

high wear coefficients. Thus, investigating different materials and their compatibility is 

necessary. 

 

2.4 Wear maps 

Just as understanding the factors influencing wear, it is also useful to look at different 

methods of presenting the experimental data collectively from the various tests, 

allowing comparison and prediction of material response. There are various methods 

Figure 2-15:  Wear coefficient in various sliding conditions [48] 
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of characterising the friction and wear response of a tribological system. The most 

common ones are the coefficient of friction, wear rates and morphological 

examination. However, this is limited in the information it can provide since it only 

provides information relating to particular situations such as sliding speed, load, 

temperature etc and it does not provide information on tribological characteristics such 

as wear mechanisms. This is due to the difficulties in presenting different types of wear 

data and the complex wear processes involved. This can be compensated by using a 

wear map.  

A wear map is a two-dimensional or three-dimensional map representing wear data. 

A wear map identifies and summarises the tribological response of a combination of 

materials and operating conditions, also the map can allow the prediction of the wear 

mode or the response of the contact interface for a particular operating condition. This 

includes wear modes maps, mechanisms, operating parameters, and material [50]. 

Figure 2-16:  Lim and Ashby’s wear map [50] 
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One of the earliest attempts at creating a wear map was done by Okoshi and Sakai 

[51]. They created a 3D wear map showing the behaviour of steel and brass in sliding 

conditions. Most of the early wear maps just included the wear modes and they did 

not provide any details on the mechanisms observed. Wear mechanisms were first 

introduced by Tabor showing the dominant wear mechanisms for a given set of 

conditions. Lim and Ashby [50] created collated data for steel-steel contact in sliding 

to create a 2D wear map, displaying both wear modes and mechanisms (see Figure 

2-16) using normalised pressure and sliding speed on the axes. The main objective 

was to allow the prediction of wear mechanisms and modes for a given set of operating 

conditions. However, the complex processes and factors that influence wear make this 

difficult. They characterised a zone of mild and severe oxidative wear with mild wear 

ranging from sliding speeds of 0.6 to 60 m/s and a wide range of normal pressure. 

Anything above the range of mild wear conditions, they considered it to be severe 

wear. 

 

Inman and Datta [52] generated a wear map using the high temperature sliding wear 

data between Incoloy MA956 and the Incoloy 800HT. As seen in Figure 2-17, the map 

is divided into three regions: 1) severe wear with a high rate of adhesive transfer, 2) 

severe wear with reduced rate of adhesive transfer due to unstable or thin oxide layer 

formation and 3) glaze region occurring between 630 and 750˚C. Although the map is 

informative for a range of speed and temperature conditions with the change in mass 

Figure 2-17: Wear map for nickel alloys with weight loss and glaze details [52] 
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information, the effect of the load is not presented. Since sliding speed and normal 

load are interdependent, both influences the surface temperature. This in turn has a 

major impact on the generation of glaze making the map a little ineffective.  

Since glaze formation is influenced by a range of factors, having a wear map with just 

two variables would not provide enough information to predict the wear response of a 

system. As such further development is needed in order to incorporate more details 

when mapping. Therefore, it will be beneficial to generate a 3D wear map with 

temperature, pressure, and speed data to highlight the formation of glaze and how to 

reduce wear using the appropriate conditions; moreover, the effect of surface 

temperature rises and the quality (whether it is stable and the thickness) of glaze layer 

at certain conditions need to be mentioned. These gaps in the wear maps are also 

linked to the fact that glaze is not studied in detail and the complexity involved with 

sliding wear and glaze formation.  

2.5 Testing methods 

As mentioned in previous sections, glaze layer formation and breakdown are very 

much dependent on the operating and environmental conditions and the ability to 

retain wear debris in the contact. Therefore, it is essential to design tests in such a 

way that the debris are retained as much as possible to improve the quality of the 

results.  

The most common and basic wear test used to analyse the glaze formation is ball on 

flat reciprocating tests. Using this configuration is useful in controlling the operating 

parameters and environmental conditions by adjusting the temperature, vibrations, 

load, and humidity. This test setup was used in most of the previous studies; however, 

it has poor debris entrainment along with small contact geometry causing significant 

drops in the pressure as wear occurs. This results in a point contact where the contact 

area is concentrated at a single point, typically occurring between curved or irregular 

surfaces creating extremely high contact pressures and localised stress 

concentrations (see Figures 2-18 a and c). The next step would be conducting tests 

using a flat-on-flat contact configuration as it allows better debris. One of the 

challenges with this type of contact is that it is difficult to get the alignment accurate. 

The contact pressure in a line contact is spread over a larger area compared to a point 

contact, reducing localised stress concentrations (see Figure 2-18 b). The final step 
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would be conducting tests using a more representative contact condition such as the 

fan blade rig at the University of Sheffield.   

 

Figure 2-18: Different test arrangements, a and c: pin on disc contact [53] [52] flat-
on-flat contact [54] 
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The fan blade rig at the University of Sheffield (Figure 2-19) allows more complex 

geometries to be tested and has good alignment meaning it has good force distribution 

without vibration. This rig provides oscillatory movement in the vertical direction 

through a hydraulic actuated system. This rig accommodates two stationary disc 

specimens and a blade specimen, and can have temperatures between room 

temperature (RT) and 600˚C. The blade is pressed against the disc samples at a 

constant horizontal load up to 1200N; at the same time, the fretting is initiated to 

simulate the effects of vibration (See Figure 2-20 left). As seen in Figure 2-20 right, 

this configuration allows two contact points so letting good debris entrainment and it 

would self-align. Since it is a disc on flat contact the drop in pressure was slow 

compared to ball on flat (this was observed in previous tests in the rig [55]. The main 

advantage of this rig is that more representative contact seen in aero engines can be 

tested such as the blade/disc interface.  

 

Figure 2-19: Sheffield University fan blade rig [55] 
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From the review of the studies on glaze and the testing methods, it is evident that 

debris entrainment and the changes in contact geometry is vital when designing 

experiments. As such, simple tests on the tribometers can help to determine the 

effects of surface temperature rises and the effects of load and speed on the wear 

response and coefficient of friction. Although some vital information is obtained from 

these tests, as they are not representative of the real geometries and conditions that 

are observed in engines. In turn, these tests can be combined with more 

representative rigs such as the University of Sheffield rig to study fan blade disc 

interface, as it mimics the geometry and debris entrainment of an actual blade/disc 

contact.  

2.6 Summary 

Sliding wear involves complex process and four main wear mechanisms are observed 

in dry sliding situations: adhesion, abrasion, delamination, and oxidation. Using 

dissimilar materials and making the surfaces harder can reduce the wear rate however 

this is not very practical in extreme operating conditions such as high temperature and 

pressure. Therefore, functional surfaces such as glaze that develop their own wear 

resistance offer a solution. This reduces severe wear by preventing metal-to-metal 

contact. To reduce the severe rate, it is vital to reduce the time it takes for the severe 

to mild wear transition by accelerating the formation of wear and producing a stable 

thick layer. Therefore, several methods have been attempted previously to promote 

glaze generation on the contact interface such as pre-oxidation, supplying oxide debris 

in the contact, coatings bulk material etc. These have been found useful but not 

Figure 2-20:  Loading and relative movement of the specimens (left) contact arrangement within 
the rig (right) [55] 
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effective enough. This is due to glaze layer generation being influenced by various 

operating and environmental conditions and it is only generated when a critical 

threshold is reached, making it harder to predict the efficiency of the layers formed. 

Moreover, getting the right conditions that promote glaze generation rather than hinder 

the process is also vital.  

The contacting surfaces undergo continuous plastic deformation due to the repeated 

sliding action, which leads to the generation of wear debris. Further sliding leads to 

fragmentation, agglomeration, and compaction of debris into the grooves in the 

surfaces creating a glaze layer. However, this process involves various steps and are 

influenced by many factors. 

The most important factor that determines the rate at which the glaze is formed is 

temperature followed by the speed and load. Glaze layer is generated once a critical 

temperature is reached, and it is highly influenced by the load and sliding speed 

because high loads and speed conditions create flash temperature on the surface. It 

is unclear how wear rate changes for a certain combination of temperature, load and 

speed conditions, and indeed the best combination to have a more effective glaze. 

Additionally, the microstructure of the surface and atmospheric conditions plays a 

significant role.  Although many studies have included the influence of temperature, 

they have not discussed the combined effect of temperature, pressure, and speed and 

the other conditions that have an influence on the glaze such as humidity, partial 

pressure of oxygen etc. Hence, a detailed understanding of the effect of these 

parameters on the overall wear rate and the coefficient of friction is required. 

Moreover, these parameters are interdependent such as the surface temperature 

controls the rate of oxidation and diffusion of active elements etc, this in turn has an 

impact on the microstructure.  Even though extensive work has been done on 

understanding the microstructure and its role in reducing wear rate, it has not been 

done for the material combinations studied in this study, and the change in the 

microstructure depends on the aforementioned parameters.  

In the present research, various temperature, load and test duration will be studied 

and their effect on other parameters and the overall wear. This will be done by looking 

at the changes in the microstructure and morphology of the contacting surfaces and 

wear volume. Additionally, wear maps can be used as a useful tool to represent and 
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predict tribological response and a detailed wear map for the formation of glaze does 

not exist. So, a 3D map with pressure, speed and temperature would be of great 

advantage to identify the best conditions to improve the efficiency of the glaze, as a 

wear map allows prediction of wear response for a particular material combination and 

operating variables, the information from this study can be used in the future.  

Previous research has shown that having a pre-glazed surface will reduce the wear 

rate, this needs to be further investigated to understand if this will be an effective option 

to reduce the severe wear. Also, one of the ways to prevent adhesive wear is to use 

dissimilar materials, therefore it will be interesting to study how different material 

combinations would behave especially the diffusion of active elements on the rate of 

glaze generation and whether moving to dissimilar materials reduces initial severe 

adhesive wear, whilst still promoting glaze formation for an appropriately selected 

material pair. 

Finally, having reviewed previous studies and the gaps in the knowledge on the 

generation of an effective glaze layer, it is important to understand the fundamental 

factors and combinations of factors that promote or hinder glaze generation. 

Therefore, experiments will be done on simple geometries and test conditions (such 

as a ball on flat on a tribometer) to fully understand the impact of operating conditions. 

The experiments on tribometers are really useful since they are readily repeatable and 

can use simple geometries, avoiding complications such as alignment issues. 
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Chapter 3 Methodology 

 
Chapter 3 introduces the methodology of the experimental study of the formation and 

breakdown of glaze. The chapter begins with explaining the test configuration, 

followed by the materials and contact modelling explaining the sample geometry 

chosen for the study. The latter part of the chapter describes data analysis methods 

and details the various surface characterisation methods such as imaging the wear 

scar, chemical analysis of the surface, image processing etc.   

  



- 40 - 
 

3.1 Introduction 

Although the literature review gives an insight into glaze formation, it is not fully 

applicable to this study since tests were carried out under different conditions such as 

the material combinations and operating parameters. Many of the previous studies on 

glaze formation have been conducted using a pin on flat/disc test configuration to 

obtain essential information. Similarly, the contact configuration preferred for these 

tests is a reciprocating ball-on-(flat)disc. This configuration is mostly adopted in 

tribological studies because it is relatively simple allowing more control over variables, 

so tests can be carried out to study the influence of a wide range of variables such as 

normal load, stroke length, frequency, temperature, test duration, and relative 

humidity. Additionally, it is more efficient at avoiding misalignment issues, therefore, 

high contact pressures can be achieved with a reduced normal load. Though the pin 

wears throughout the test making it difficult to maintain the initial contact conditions 

(i.e., high pressure), with careful design of the pin, relatively stable conditions can still 

be achieved throughout the test. A reciprocating mode is chosen rather than 

unidirectional sliding because wear debris retention and use of these debris are 

essential in glaze generation. These tests involve a flat and a spherically ended 

sample, sliding against the flat sample. Usually, the flat sample is stationary while the 

ball sample reciprocates in back and forth sliding motion, and the load is applied 

vertically downward through the ball sample [56] [57]. Friction and wear 

measurements can be easily obtained, and repeated tests under the same conditions 

can be done readily. This makes these types of tests ideal so that the fundamental 

driving factors of glaze can be studied easily with simple geometry, and can provide 

reasonable control on other variables.  
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3.2 Test materials  

This section describes the materials studied in the ball- on- flat tests, chosen based 

on the knowledge found in the literature review.  

Aero engines demand materials capable of withstanding high temperatures, pressure, 

and stress while remaining lightweight. Commonly used alloys in aero engines include 

titanium, nickel, high-strength steels, and cobalt-based alloys. These alloys are 

selected based on the specific material and mechanical requirements of each 

component. For example, titanium alloys offer excellent corrosion resistance, while 

nickel and cobalt-based alloys provide high temperature and oxidation resistance. In 

this study, nickel and cobalt-based alloys are chosen due to their frequent use in the 

applications outlined in Chapter 1. 

The materials selected were Inconel 718, Haynes 25 and C263 since they are 

frequently used in aerospace applications as they contain a high percentage of nickel, 

chromium and cobalt providing high temperature and corrosion resistance capabilities. 

The chemical composition and properties of each material can be seen in Tables 3-1 

and 3-2.  

Both Inconel 718 and C263 are Nickel-based alloys whereas Haynes 25 is a cobalt-

based alloy.  Although these materials contain similar alloying elements, the weight of 

the elements vary, with this likely to affect the composition and strength of the glaze 

layer formed because the rate of diffusion and oxidation of elements differs for each 

element, in turn making these a good choice. Some of the alloying elements include 

chromium (aids in the generation of a stable oxide layer and corrosion resistance), 

cobalt (provides strength to nickel), aluminium, titanium, iron, copper, tungsten, 

carbon, and molybdenum. Inconel 718 is the most used nickel alloy in gas turbine 

engines; hence it will be best to find out the glaze formation in these [55]. The process 

of creating these materials is similar, as all three rely on solid solution strengthening 

to dissolve various alloying elements into a nickel or cobalt matrix. Subsequently, they 

undergo a series of heat treatments and cooling to dissolve any secondary phases 

and remove impurities. The literature review suggests that the performance of glaze 

varies depending on the material, so looking at different materials aids in deciding the 

best material. Also, previous studies have shown similar materials provide a consistent 

and reproducible glaze to varying levels on various materials/combinations, therefore 
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it would be ideal to start with materials that generate glaze, and results can be 

compared to validate them. 

Materials Chemical composition (%) 

Ni Cr Co Fe W Mo Nb Ti Mn Cu 

C263 [58] 

[59]  

49.3 20 20 0.7 - 5.8 - 2.2 0.6 0.2 

Haynes 25 

[60] 

11 21 47.4 3 13.1 1 - - 1.5 - 

Inconel 718 

[61] [62] 

48 18 >1 18 - 3.0 5.25 0.85 0.35 - 

Traces of elements such as Al, P, B, Si, C, S are also present.  

Table 3-1: Chemical composition (weight, %) of the alloys used in the test. 

 

Properties C263 Haynes 25 Inconel 718 

Density (kg/m3) 8360 9130 8190 

Thermal conductivity (W/m.K) 14.26 10.5 11.4 

Specific heat capacity(J/kg°C) 461 403 435 

Thermal diffusivity (m2/s) 4.0E-06 2.8E-06 3.2E-06 

Elastic modulus (GPa) 205 225 200 

Table 3-2: Mechanical and physical properties of the test materials 

 

3.3 Contact modelling  

As discussed in Chapter 2, temperature, pressure, and speed play a significant role in 

glaze generation and breakdown. Hence, it is important to carefully choose the 

appropriate conditions to run the experiments to have an appropriate insight. 

Therefore, contact modelling was carried out to understand the influence of different 

contact radii on the load and how wear affects the pressure. 

Hertz contact modelling was used to model the pressure changes in the contact as the 

radius of the pin is varied. The variables used in the modelling are described in Table 

3-3 [63] [64].  Since all the materials have a similar elastic modulus and Poisson's 

ratio, only Inconel 718 is used to model the contact. 
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Radius (mm) 3.8, 6.35, 12.7, 20 

Normal Load (N) 25 

Elastic modulus (GPa), E [61] 200 

Poisson’s ratio,v [61] 0.294 

 

Table 3-3: Variables used in the contact modelling calculations carried out for Inconel 718 

 

The ball-on-disc contact arrangement gives a point contact, the equations used to 

calculate the pressure are detailed below. 

The ball on flat/disc contact arrangement gives a point contact, the Hertz equations 

were used to calculate the pressure. 

Reduced radius, R’ : 
1

𝑅′ =
1

𝑅1
+  

1

𝑅2
    (Equation 3.1) 

Reduced elastic modulus, E*: 
1

𝐸∗ =
1−𝑣1

2

𝐸1
+  

1−𝑣2
2

𝐸2
  (Equation 3.2) 

The contact will be a circular radius, it is given by: 

Contact area dimension, 𝑎 = √
3𝑃𝑅′

4𝐸∗

3

,    (Equation 3.3) 

where  𝑃 is the normal load. 

Maximum contact pressure, 𝑝𝑜 =  
3𝑃

2𝜋𝑎2    (Equation 3.4) 

 

Average contact pressure, 𝑝𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =  
𝑃

𝜋𝑎2
  (Equation 3.5) 

For the contact modelling, it was assumed that the wear scar generated was spherical 

and has a diameter of 4mm. Then, the wear volume equation as detailed in ASTM 

G133 was used to calculate the new radius, R1. 

𝑣𝑝 =
𝜋ℎ

6
[3𝐷2 + ℎ2]      (Equation 3.6) 

ℎ = 𝑅 − √𝑅2 −
𝐷2

4
       (Equation 3.7) 

where 𝑣𝑝 is the wear volume, 𝐷 is the diameter of the wear scar,  𝑅 is the pin radius. 

As the wear volume serves as the independent variable in this model, assumed a 
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range of volumes and applied them in the Equation 3.6 to compute a 'new diameter' 

for each volume. Subsequently, this 'new diameter' was used as an input in Equation 

3.6 to determine the new pin radius. 

The calculated ‘new radius, R1’ was added to the initial radius which was then used 

for further calculation of contact pressure.  

Figure 3-1 shows the variations in maximum and average contact pressure as the 

radius and the normal load is varied. As the radius increases both the maximum and 

average pressure decrease. With the increasing applied load, the pressure on the 

contact increases. The reduction in contact pressure is especially important because 

during the tests (with sliding) the pin wears increasing the radius leading to a reduction 

in the contact area and pressure.  

Therefore, it is essential to see the difference in the contact dimension as the pin 

wears. To model the ‘new’ pressure as the pin wears, the wear volume was assumed 

(from the literature for similar tests and parameters) and the geometry of the wear scar 

was to be spherical. This allowed the calculation of the new radius using the volume 

of sphere equation which was then used to calculate the new pressure [56] [65] [66] 

[67] [68].  
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Figure 3-1: The variation in average and maximum pressure as the normal load and radius of the 
pin are increased. 
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Figure 3-2 shows the ratio between average final pressure and the initial pressure 

against the wear volume when the applied normal load is 25N. As seen in the figure, 

there is a greater drop in the pressure at the lowest radii (i.e. 3.8mm and 6.35mm); 

dropping to less than 70% of the initial pressure. But, with the initial radius of 12.7mm 

and 20mm, the rate at which the pressure is dropped is reduced and it should be able 

to keep 80% of its initial pressure over the duration of a test. Maintaining as much as 

the initial pressure is crucial because the high pressure in the contact influences the 

surface temperature which in turn has the most impact on the glaze generation. This 

ensures stable conditions are achieved for the tests.  

Radius 

(mm) 

Average contact pressure (GPa) 

 
1N 5N 10N 25N 50N 

3.80 0.354 0.605 0.762 1.035 1.304 

6.35 0.251 0.430 0.541 0.735 0.926 

12.70 0.158 0.271 0.341 0.463 0.583 

20.00 0.117 0.200 0.252 0.342 0.431 
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Figure 3-2 The pressure variation as the pin wears for different radius 

Table 3-4: Summaries the average contact pressure at various radii and normal load 
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From Figures 3-1 and 3-2, it is concluded that a pin with an end radius of 12.7mm will 

be used for the studies as this would provide an initial maximum pressure of 0.71 GPa 

and average pressure of 0.47GPa when a normal load of 25 N is applied. The normal 

load of 25N was used for contact modelling (that would produce an average pressure 

of 0.47GPa) because literature has shown that good glaze is produced under these 

conditions [29] [42] [55]. 

3.3.1 Flash Temperature calculations 

Flash temperatures are calculated to get an insight into the changes in the temperature 

for the test conditions used in this study. Kuhlmann-Wilsdorf’s method is used, 

however there are some inaccuracies due to the inability to directly measure some of 

the parameters such as the hardness of the oxide and the number of contacts.  

Kuhlmann-Wilsdorf’s flash temperature for unlubricated wear for circular and plastic 

contact between asperities is given by [29]: 

∆𝑇0 =
𝜇𝑣(

𝜋𝑁𝐻𝑠
𝑁𝑐

)1/2

4𝜆1(
1

𝑍0
+𝜆𝑟)

      (Equation 3.8) 

where 𝜇 is the coefficient of friction, v is the sliding speed, Hs is the hardness of the 

softer material, Nc is the number of contacts, λ1 is the thermal conductivity of the softer 

surface, λr is the ratio of thermal conductivities between the two surfaces, r is the radius 

of the contact, d is the density and c is the specific heat capacity.   

𝑍0(𝑣𝑟 ≤ 2) =
1

1+
𝑣𝑟
3

             (Equation 3.9) 

𝑍0(≥ 2) =
9 8⁄

𝑣𝑟

1
2+

1

8

1/2                 (Equation 3.10) 

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, 𝑣𝑟 =
𝑣

𝑣𝑜
              (Equation 3.11) 

𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, 𝑣𝑜  =
𝐾(𝜋𝑁𝐻)

1
2

𝑃
1
2

     (Equation 3.12) 

 

where N is the number of contacts 
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Since this is done for like-on-like combinations, 𝜆𝑟is 1 and it is assumed that the oxides 

have a hardness of 9 GPa. Table 3-5 shows the parameters used in the calculation; 

the material properties are from the In718 data.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3-6 shows the rise in contact temperature  for the conditions described in  table 

3-5.  As seen in Equations  3.7 to 3.11, the accuracy of these temperature is highly 

dependend on  the CoF and the number of contacts as well.  

 

 

  

Normal load, P (N) 25 

COF 0.4 

Hardness, H (GPa) 9 

velocity, v (m/s) 0.0417 

Thermal conductivity, K (W/m.K) 11.4 

density, 𝜌 (kg/m3) 8170 

specific heat capacity, c (J/Kg.K) 435 

Thermal diffusivity, K (m2s-1) 3.207E-06 

Number of contacts 10 20 40 

Contact temperature, 𝑻𝟎 (⁰C) 60 42.17 31.25 

Table 3-6 The changes in the contact temperature as the number of contact points are varied 

Table 3-5 The parameters used to calculate contact temperature between a like on like material 
combination.  
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3.4 Methodology  

3.4.1 Test equipment  

The ball-on-flat reciprocating wear tests were performed on the Phoenix TE77 

reciprocating tribometer. The pins are attached through an upper specimen holder, 

connected to an oscillating arm. The flat specimen (lower) is clamped on a dry 

mounting plate. The moving upper (specimen) was loaded against the fixed lower 

specimen through a lever mechanism which is triggered by a geared servomotor. 

Figure 3-3 shows the schematic diagram of the experiment set-up, and Figure 3-4 

shows the arrangement of samples in the holder. Once the samples are secured on 

to the respective holders and are in position, the normal load is applied by turning the 

dial, then speed and frequency are set on the controller. The tests can be initiated 

once the software used for data capture is switched on, followed by pressing the ‘run’ 

button on the controller. This begins the test by moving the oscillating drive in a back-

and-forth motion, so the pin rubs against the flat disc. 

The tangential load is measured by a load cell attached to the lower specimen holder; 

data is downloaded via using LABVIEW, National Instruments. This is later processed 

to determine the coefficient of friction (COF) by dividing the tangential force (Ff) by the 

normal force (N).  

 

Figure 3-3: Schematic diagram of the rig 
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3.4.2 Test parameters  

The alloys used in the ball on flat tests were Inconel 718, C263 and Haynes 25, nickel 

and cobalt-based alloys with high strength, thermal and corrosion resistant 

capabilities. A like-on-like material combination was used in the initial studies since 

the results were needed to understand the fundamental factors affecting glaze 

formation. The pin specimens had a domed end with a radius of 12.7mm to achieve 

the appropriate pressure requirement (as seen in Section 3.3) and the flat specimens 

were 25.4mm in diameter and a thickness of 5mm (see Figure 3-5 and 3-6). The pins 

oscillated with a stroke length of 2.2mm at a frequency of 8.3 Hz. These parameters 

were used since it was commonly used in the literature so that the results could be 

compared against the existing data. These conditions have generated a glaze layer 

on similar alloys previously [24,34,35]. Each test was carried out for 30,000 cycles. 

However, constant sliding velocity could not be maintained since it is a reciprocating 

motion, and the speed was zero at the end of each stroke when the direction of motion 

changed, returning to steady state quickly. In the ball on flat tests, initially the normal 

load (15 N, 25N, 37.5N) was the only parameter that was varied, keeping all the other 

Figure 3- 4: Sample arrangement for ball on flat test 
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conditions that influence the formation of glaze the same such as temperature, 

humidity, speed etc. Although later tests went on to investigate the role of temperature. 

 

Figure 3-6 The pin and disc sample 

 

Figure 3-5 Dimensions of the samples used in the test a) pin b) disc 
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In the latter tests, the samples were heated using 4x200W (resistance) heating 

cartridges which are positioned underneath the bottom sample holders, and monitored 

using a K-type thermocouple placed on the samples through the holes in the sample. 

The thermocouples are placed on the side of the samples rather than near the contact 

to minimise the effects of frictional temperature rise.  The heaters are controlled using 

a PID controller (Omega Platinum series, CN32Pt) allowing independent control of the 

temperature.  

To reduce the effects of pre oxidation, the temperature was raised to the ‘set’ value as 

quickly as possible. To reduce the effects of pre oxidation, the temperature is raised 

to the ‘set’ value as quickly as possible. The test is only commenced once the 

temperature is stabilised i.e. the temperature variations are within ±3˚C. During this 

investigation the ‘set temperature’ was maintained throughout the test to observe the 

influence of temperature independent of other factors. The graph showing fluctuations 

in the temperature as the test progresses can be seen in Appendix 3a. Tests were 

conducted at various temperatures ranging from room temperature to 600oC. At the 

end of the test, the machine and heaters were switched off together. 

The chosen normal load conditions provided an average contact pressure of 560, 710 

and 810 MPa, meaning there was enough data to compare the effect of load with 

upper and lower bounds. These contact pressures had been used previously to 

reproduce the severe operating conditions in aero engines.  

 

 

 

 

 

Table 3-7: Ball on flat reciprocating test parameters 

To investigate the rate of glaze generation with sliding time, some additional tests were 

carried out where the tests are interrupted at every 5000 cycles. This allowed 

observation of progression of wear scar and identify any trends in glaze formation and 

breakdown at various conditions.  

Load (N) 15,25,37.5 

Frequency (Hz) 8.3 

Stroke length (mm) 2.2 

No of cycles 30,000 

Temperature (˚C) Room temperature (22 – 25), 

200, 400, 600 
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3.4.2.1 Dissimilar materials tests 

The test parameters used in the dissimilar material study can be seen in Table 3-8. 

The methodology and experiment setup are described in 3.4.1. The combinations 

were chosen in a way that the material that is less likely to form a glaze are chosen as 

the disc since discs will be able to retain debris better. Also, the pin material is selected 

because they are found to generate more debris, which is studied to determine 

whether an increased availability of debris has a beneficial effect.  

 

 

 

 

 

 

 

3.4.2.2 Pre-glaze tests 

A like on like material combination is used to study the history dependence at a normal 

load of 25N. In order to achieve glaze on the surface, the pin samples were rubbed 

against the disc samples first at a high temperature (i.e. 600⁰C), this was then checked 

using a USB microscope to ensure a glaze is actually formed. Th pre-glazed sampled 

were then tested at a lower temperature (i.e. 25⁰C).  

Although, these tests are not fully representative of the engine conditions and 

contacts, some of the parameters represented harsher engine conditions such as the 

high contact pressure, and it is important to understand the limits of load where a good 

glaze can be generated to be effective against wear. As the demand for higher 

efficiency engines remains constant, it drives the need for tighter dimensional 

tolerances and operation under more demanding conditions, including higher 

temperatures and loads. An example of such contact can be seen in Figure 3-7, where 

a blade/disc is presented. The range of pressures mentioned have been previously 

Load (N) 25 

Frequency (Hz) 8.3 

Stroke length (mm) 2.2 

No of cycles 30,000 

Temperature (˚C) 400, 600 

Material combination • In718 pin and Haynes 25 disc 

• C263 pin and Haynes 25 disc 

• In718 pin and C263 disc 

Table 3-8 Details the test parameters and the material combinations used in the dissimilar 
material tests 
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seen to generate a good glaze thus a comparison can be made. Also, the highest load 

is significantly greater than in the engines so severe cases could be tested.  

  

During all of the tests, the load cell continually recorded the tangential load. The results 

from these tests were used to calculate the coefficient of friction so that the evolution 

of COF could be observed by checking if the COF values would stay stable once the 

glaze is formed or if there is a change in the COF when the glaze layer is broken down 

by further sliding. The wear tests were repeated three times under the same 

conditions.  

 

 

  

Figure 3-7 a) Illustration of a turbine engine; b) Fretting wear process at the blade/disc contact [38] 
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3.4.3 Data analysis 

As noted, the tangential force and displacement data were recorded using Labview, 

this helps to understand the behaviour and evolution of friction as the tests progressed.  

The Tangential force data were processed using MATLAB to obtain the coefficient of 

friction. The tangential force was divided by the normal force to determine the COF. 

COF was calculated to allow comparisons of tests carried out under different loading 

conditions. For illustration purposes only positive values of COF is shown in the 

results. An example of the raw data and the processed can be seen in Figure 3-8. A 

moving average is used to smooth the data, making trends more evident and helping 

to avoid anomalies. It effectively reduces noise by smoothing out fluctuations and 

irregular behaviour in the data. By averaging values over a window of time, the high-

frequency components of the noise are dampened, resulting in a cleaner signal. The 

calculation involves finding average for the series of data points in the defined window 

or the time period and the process continues as you slide the window along the data 

series, generating a series of moving average values. A moving average with an 

interval of 620 points (representing one cycle) is used, it is adopted since it is a known 

approach to represent trends in the data (ASTM G115-10 Standard Guide for 

Measuring and Reporting Friction Coefficients) [69] [56]. 

 

 

Figure 3-8 Raw COF and processed COF data obtained from Inconel 718 against Inconel 718 test 
at a normal load of 37.5N. 
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To ensure that the gross slip regime is achieved during the tests and the contact has 

not seized, analysis of the fretting (hysteresis) loop is essential. Figure 3-9a shows an 

ideal fretting loop in the gross slip regime. The shape of the loop can be used to 

determine the regime for example, in the gross slip regime, the loop has a 

parallelogram shape with the displacement measured equal to the slip amplitude and 

the slope of the sides proportional to the stiffness of the rig [71]. Figure 3-9b shows a 

fretting loop obtained from the Inconel 718 test at a normal load of 37.5N. Although 

the loop has an overall parallelogram shape (as seen in Figure 3-9a for the ideal 

scenario), the slight variation is due to the stiffness of the rig. Additionally, the peak 

values of tangential forces, especially towards the end of the stroke are due to the 

development and interaction of wear debris as a result of wear [72] [73] [74]. However, 

since the overall parallelogram shape is achieved, this means that the force is in the 

opposite direction to sliding, and the energy is dissipated in the contact.  

 

Similarly, Figure 3-10 shows the variations in the force and displacement in one cycle. 

As seen in the figure, there is a small period where the contact is stationary (the 

irregularities/slopes are due to the stiffness of the system), followed by gross sliding. 

The areas inside the loop represent the energy that is dissipated.  

In processing the data, the fretting loops at different stages of the test were also 

assessed. This was done to confirm that the contact was stable, and the results are 

valid. Figure 3-11 shows the segmented average loop observed at 1000, 10,000 and 

Figure 3-9 a) an ideal fretting loop in gross-sliding regime b) fretting loop for one cycle from the 
tests conducted at a normal load of 37.5N and using Inconel 718 against Inconel 718 
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20,000 cycles for C263. It can be seen from the figure that at the lowest normal load 

(i.e. 15N), the loops are distorted and unstable, however, the trend is only seen during 

the initial cycles making the data acceptable. 

This could be due to the vibrations in the rig being dominant at lower loads leading to 

variations in the contact. However, at the normal load of 25N and 37.5N, the fretting 

loops are more stable and similar to Figure 3-11a, where the loops were stable at each 

stage with a slight change in the shape due to the changes in the COF as the test 

progresses, this will be further discussed in the results section. This trend is observed 

regardless of the material used (as seen in Appendix 3b). 

Figure 3-10 The variations in tangential force and Displacement in one cycle (data from Inconel 
718 against Inconel 718 test at a normal load of 37.5N) 
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Figure 3-11 Average fretting loop of 50 cycles at various stages of the C263 test (1000-1050, 10000-
10050,20000-20050 cycle) a) normal load of 15N, b) normal load of 25N, c) normal load 37.5N 
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 3.4.4 Surface characterisation methods 

Post-test samples were investigated to characterise changes in the surface conditions. 

The technologies and equipment used in surface characterisation are listed here with 

a short explanation of the preparation, processing, and interpretation. Figure 3-12 

shows a flow chart with all the analysis methods undertaken to analyse the test 

samples. Firstly, the optical images of the wear scar are obtained using a USB 

microscope and the Alicona. These images are then post-processed to obtain wear 

volumes and surface roughness etc. The regions of interest were identified from the 

optical images, these were then further analysed using SEM images that were used 

as a guide for elemental analysis and detailed profilometry.  

 

 

3.4.4.1 Optical images of the wear scar 

The images of the wear scar produced form the tests conducted in the TE77 

reciprocating wear tester are taken using Alicona Infinite Focus SL, using a 5x 

magnification lens. These images were used to assess different wear mechanisms 

and any key surface features. Additionally, this allowed easy comparison of 

characteristics between different samples tested under various load conditions.  

The images of the wear scar during the interrupted tests were captured using a USB 

powered microscope (Jiusion 40) for easy access and this could be connected to any 

PC. This ensures that contact conditions are not changed (especially the wear debris) 

throughout the test.  

Figure 3-12 Flowchart showing all the analysis methods undertaken 
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3.4.4.2 Image processing  

Images of the wear scar obtained using the USB microscope and Alicona were 

processed for quantitative measurement of the glaze coverage. For this analysis, the 

glaze is identified by the regions where a 'black' oxidised region is present. 

Image segmentation techniques are applied to extract/highlight the features on the 

image. Image segmentation is a process where an image is divided into regions or 

categories and each pixel is assigned to a category depending on the interested 

features [75] [76]. There are several methods of segmenting an image such as shape 

analysis, intensity thresholding, background detection/subtraction etc. Intensity 

thresholding and background subtraction are the methods used to process the wear 

scar images. 

The images are processed using the image processing toolbox app in MATLAB. 

Figure 3-13 summarises the image processing techniques and steps used to process 

the wear scar. A combination of manual and semi-automated segmentation 

techniques is used since each image has a different brightness and contrast level.  

 

Initially, the original image is converted into a greyscale image (see Figure 3-13a), this 

is then used for the segmentation process. Once the images are converted, an 

interactive image segmentation technique called Lazy snapping (Graph cut) is used to 

standardise the images, where both background and foreground (i.e. glazed regions) 

can be specified [77]; the output from the segmentation process is a binarised image 

Original image 
(RGB) is 

converted into 
greyscale

Background 
subtraction 
using lazy 
snapping

Intensity 
thresholding 
using Otsu 

% glaze 
coverage

Figure 3-13  a) greyscale image prior to the segmentation process b) image once background 
separation is applied using lazy snapping c) final binarised image after intensity thresholding 
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or a masked image. This separates the background from the foreground, highlighting 

the glazed regions. An example of a masked image can be seen in Figure 3-13b where 

the black oxidised regions are emphasised compared to the original greyscale image. 

This method is applied because of its flexibility (especially when the image settings 

are varied from one image to another) and ease of use with instant visual feedback. 

The masked image from the background separation is then used as an input image 

for intensity thresholding (Otsu thresholding). It is an effective way to transform the 

image into its binary equivalents by assigning the pixels into groups. The Otsu 

thresholding method is where the image is segmented using a single threshold value. 

This method is applied in MATLAB by assessing the histogram of the image and 

selecting an ideal threshold value. The images present a bi-modal distribution with two 

peaks representing background and foreground; the optimal threshold value is chosen 

by calculating and evaluating the variance. This leads to a binary image being 

produced (as seen in Figure 3-13c). 

Finally, the binarised image is used to calculate the coverage of the glaze by 

evaluating the number of ‘black’ pixels in the image. This analysis is conducted to 

understand how the oxides are formed and detached during subsequent sliding, thus 

there are some inaccuracies are present with this analysis. The assumptions include 

that only ‘black’ regions are oxide layer, the ‘black’ region could be loose debris on the 

contact or not well bonded etc.  

3.4.4.3 X-ray fluorescence analysis (XRF) 

X-ray fluorescence analysis was a non-destructive and quick method for the chemical 

analysis of the samples without any material preparation using the diffraction of x-rays. 

When compared with EDX spectroscopy, this technique is relatively simple and takes 

less time to acquire the results since the chamber does not need to evacuate before 

producing results and is also non-destructive.  

The X-ray fluorescence machine used is a Fischerscope X-Ray XAN 250 with an 

excitation voltage of 50kV passed through a nickel filter. To ensure that the noise is 

reduced to an acceptable level, sixty seconds is allowed per measurement. Figure 3-

14 shows the settings used and the processed data obtained from the area of interest 

(using 50kV). One of the main limitations of using this method is that it cannot detect 

lighter elements as the emitted radiation is absorbed by the air and usually detects 
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between sodium to uranium. This means that the availability of oxygen cannot be 

detected using this method, thus oxidation effects cannot be determined [78] [79] . The 

XRF analysis are carried out after optical microscopy for initial analysis to identify any 

trends or major changes in the composition of the layers produced by the sliding.  

 

 

 

3.4.4.4 Scanning electron microscope (SEM) 

A Hitachi TM3030 Plus SEM was initially used to obtain high magnification, detailed 

images of the surface in order to evaluate the topography (to evaluate wear 

mechanisms) and cross-sectional (to identify whether there are dominant 

layers/elements within the layers as the test conditions are varied). This was beneficial 

in understanding the influence of alloying elements on glaze formation. Two main 

techniques used to scan the surface are backscattered electron (BSE) and Scattered 

electron (SE). BSE is used for acquiring compositional images whereas SE is used for 

topographical information. The Hitachi TM3030 Plus SEM has a mixed SE/BSE 

Figure 3-14 Data obtained from the X-Ray fluorescence analysis of the specified area of interest 
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feature where both topographical and elemental information can be viewed, where the 

darker regions in the micrographs represent elements with higher atomic mass. The 

scars were observed at a magnification of x1000. 

A Inspect F50 SEM was used for the Energy-dispersive X-ray (EDX) spectroscopy to 

understand the overall distribution of the elements that make up the layers formed on 

the surface because of repeated sliding. Regions of interests are identified from the 

optical images of the wear scar. 

An example of a result from EDX analysis can be seen in Figure 3-15. From the area 

of interest, several regions were then chosen for analysis. The areas chosen for 

analysis are where there is glazed or ‘black’ oxidised region, signs of initial/broken 

down glaze and metallic wear (‘silver/grey’) regions. As seen in the figure, there is a 

higher percentage of oxygen in the glazed region indicating that there is more oxide 

present. 

 

3.4.4.5 Non-contact profilometer  

The images obtained using the Alicona InfiniteFocusSL profilometer were then also 

analysed using the Alicona Measuresuite. It is used to measure volume loss and 

surface roughness. 

A Contour Elite X optical profilometer is used to examine the surfaces to measure 

nanometre roughness, this allows to investigate the influence of contacting asperities 

(contact map of the surface can be produced) using a x20 magnification lens. 
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3.4.4.6 Sectioning and material preparation: 

Following on from surface images, the samples were sectioned to examine the 

changes in the sub-surface layers and the thickness of any specific layers formed as 

a result of glaze generation. Examining the cross-section has significant importance 

as this can confirm how the specific elements play a role in the glaze generation and 

if there are any changes in the microstructure that either aids or hinders the process.  

Figure 3-15  Example of a result obtained from EDX analysis. Regions of interests were 
chosen a) metallic wear b) starting to glaze c) glazed/oxidised regions 

 

a) 

b) 

c) 
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The post test samples were sectioned in the middle of the wear scar groove to observe 

the sub-surface changes. The cut was made using a precision cutting saw (Buehler-

IsoMet). The cut samples are then cold mounted with epoxy resin. Hot mounting is not 

used to prevent the damage that could happen under high temperature and pressure 

used in the mounting press.   

The mounted sample was then ground and polished using Buehler-AutoMet machine. 

The process and the lubricants are detailed in Table 3-9. The material preparation 

processes were done according to the Buehler material preparation and analysis 

guidelines [80]. After each step, the surface was inspected for damage using an optical 

microscope.  

Process 

step 

Abrasive Media and 

lubricant 

Force (N) Speed (rpm) Time (s) 

SiC Paper Grit Lubricant 

1 P600 Water 35 300 60 

2 P1200 Water 35 300 60 

3 P2500 Water 35 300 60 

 Polishing Suspension Force (N) Speed (rpm) Time (s) 

4 6µm diamond 35 300 300 

5 1µm diamond 35 300 180 

6 0.04µm colloidal silica 35 300 300 

  Table 3-9 details the grinding and polishing procedures 
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Chapter 4 Room Temperature tests 

 
This chapter focusses on the results from the wear tests conducted at room 

temperature and varying normal load conditions. Firstly, a wear scar analysis of the 

three different materials tested at different loads is presented, followed by the 

coefficient of friction analysis and surface topography.  

Sample material  Normal load (N) Temperature (⁰C) Stroke length (mm) 

Inconel 718 15, 25, 37.5 22-25 2.2 

C263 15, 25, 37.5 22-25 2.2 

Haynes 25 15, 25, 37.5 22-25 2.2 

 

  

Table 4-1 The test conditions used in the room temperature tests. 
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4.1 Wear scar analysis  

The wear mechanisms are identified with images of the wear scars. Figure 4-1 – 4-5 

show the wear scars obtained at various loads (15, 25 and 37.5 N) for Inconel 718, 

C263 and Haynes 25 samples post 30,000 cycles of reciprocating sliding. The scars 

are characterised with parallel abrasive grooves interspersed with black oxidised 

areas of glaze; grey/silver areas represent the exposed metal caused by metallic wear. 

The coverage of glaze on the wear scar has become more evident with increasing 

load. 

  

Figure 4-1 Wear scar produced on Inconel 718 disc samples at various loads over 30,000 cycles, 
sliding direction is indicated by red arrow on the scar image a)15N b) 25N c)37.5N 
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On the Inconel 718 samples at the lowest load (i.e. 15 N), black oxidised regions are 

visible in the middle of the wear scar with grey areas exposing fresh metal waiting to 

be oxidised. The grey areas suggest a region of severe wear due to the initial metal-

metal contact. On the pin, evidence of severe wear can be seen with small chunks of 

material removed from parts of the wear scar. As the normal load is increased more 

glazed areas can be seen, however, a small amount of metal exposure is still visible 

with light glaze everywhere on the wear scar. On the pin, brown powdered debris then 

starts to be visible with some glazed regions. When the applied load is at its highest 

load (37.5N), a thick extensive glaze is generated with little metal exposed on the 

edges. It is seen that the edges of the wear scar are torn indicating severe wear or 

abrasive wear due to the third body abrasion in the contact from the debris (wear 

Figure 4-2 Wear scar produced on Inconel 718 pin samples at various loads over 30,000 cycles, 
a)15N b) 25N c)37.5N 
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debris are thought to be harder than the bulk material because it would have been 

oxidised). Moreover, the width of the wear scar and the number of debris generated 

has increased as the normal load is increased.  It can also be observed that at higher 

loads the debris produced were larger in size compared to a lower load (i.e., 15N). 

Additionally, the brown coloured powdered debris (probably due to the increase in 

temperature with load) were not compacting and was displaced out of the contact, this 

was observed on all load conditions. 

 

 

Figure 4-3 Wear scar produced on C263 disc samples at various loads over 30,000 cycles, sliding 
direction is indicated by red arrow on the scar image a)15N b) 25N c)37.5N 
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Similarly, on the C263 tests, (see Figures 4-3 and 4-4), a light patchy glaze is formed 

with little metal exposure. Torn/worn edges are also visible on the wear scar indicating 

abrasive wear due to the debris being in the contact. In contrast to Inconel 718, the 

coverage of glaze is lower on the C263.  As seen in Figure 4-5, the Haynes 25 samples 

produced a slightly different wear scar compared to Inconel 718 and C263: with long 

striations and little oxidised regions. Also, the size of the wear scar is small when 

compared to Inconel 718 and C263.  

Figure 4-4 Wear scar produced on C263 pin samples at various loads over 30,000 cycles, sliding 
direction is indicated by red arrow on the scar image a)15N b) 25N c)37.5N 
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Between the three materials, extensive patches of glaze are seen on Inconel 718. 

However, C263 has started to form a more uniform glaze on the entire contact even 

at the lowest load, whereas, on the Inconel 718, the glaze is only found in the middle 

of the contact. However, common for all materials, the width of the wear scar and size 

of the debris increased as the load is increased, and at higher loads, it was observed 

that a greater number of debris were pushed out of the contact rather than being 

retained within the contact so the wear rate will be higher, this is likely because there 

is not enough time between cycles for the debris to be broken down into smaller 

fragments and oxidised.  

4.1.1 Wear volume  

The images obtained using Alicona InfiniteFocusSL instruments at 5x magnification 

were post-processed using the Alicona Measuresuite software to extract volume loss. 

It was also calculated using the mass loss measured on a Sartorius Micro Lab scale. 

Figure 4-6 shows the average wear volume from the disc samples for the repeated 

tests with the standard deviation. 

Figure 4-5 Wear scar produced on Haynes 25 pin and disc samples at various loads over 30,000 

cycles, sliding direction is indicated by red arrow on the scar image  
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The wear volume increases with the applied normal load. However, the rate at which 

the volume is increasing is different for different materials. The volume loss of Inconel 

718 is almost twice when compared to C263 at each load condition, and significantly 

lower on Haynes 25.  This further supports the role of wear debris in the glaze 

generation process; where the different scar seen on the Haynes 25 could be due to 

not having enough debris to generate a surface layer compared to the other materials. 

The repeated tests showed variability, this was expected due to the various factors 

that are involved with the formation of glaze, with Inconel 718 showing higher standard 

deviations. This further supports the uncertainties involved with the formation of glaze 

due to the involvement of various factors such as flash temperature, the role of debris, 

microstructure of the materials etc. Here, the discussion focuses on volume loss; 

however, mass loss would have been a more precise measure, considering that the 

debris contains oxides, leading to discrepancies in the calculated volume loss.  

4.1.2  Interrupted tests 

To investigate the influence of time and the progression of glaze/wear, the tests were 

interrupted at every 5000 cycles and an image of the wear scar was recorded. Figures 

4-7 to 4-9 show the wear scars from the interrupted tests. The surfaces were not 

cleaned before imaging in order to preserve the nature of the surfaces, especially the 

wear debris. 
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Figure 4-6 The average volume loss from the disc with the variability (standard deviation) in the 
results highlighted, measured using the Alicona Measuresuite software 
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For Inconel 718, the glaze coverage has increased with time and load. Especially 

around the edges where there is more wear debris present. It can be seen that as the 

load is increased the rate at which the layers are formed is also increased (glaze 

starting to be visible at lower cycles), for example, there is very little black oxidised 

regions at 15 and 25N compared to 37.5N where the layers are starting to form all 

over the wear scar rather than just the edges.  

For C263, the scars show a slightly different trend compared to Inconel 718, where 

the glaze is forming even at lower loads (15N) and there are more signs of severe 

wear at higher loads with less coverage (37.5N). C263 glazes at a faster rate than 

Inconel 718 at 15N. A slightly different trend is seen on the Haynes 25, showing more 

surface damage and little or no glaze generation at all load conditions. The extent of 

surface damage can be seen at the normal load of 25N and 5000 cycles where there 

is ploughing caused by the debris.  Moreover, a higher amount of unoxidised (silver) 

debris was observed to be pushed out of the contact zone on the Haynes 25 samples 

when compared to other materials.  

On both Inconel 718 and C263, the coverage of glaze increases over time, this 

indicates more time is needed for the transition, and there is more debris available to 

be compacted into a surface layer. As the loads are increased, the time it takes to form 

glazed regions is reduced. For instance, in Inconel 718, there is better and even 

coverage at 20000 cycles when the normal load is 37.5N compared to 15N. However, 

on Haynes 25, no oxidised regions are seen suggesting more energy and time are 

required to generate a glaze layer.  
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Figure 4-7  Wear scar images obtained In718 tests by interrupting the tests every 5000 cycles to 
observe the evolution of glaze formation 
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Figure 4-8  Wear scar images obtained C263 tests by interrupting the tests every 5000 cycles to 
observe the evolution of glaze formation 
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4.2 Evolution of coefficient of friction 

The changes identified in the glaze formation has also made an impact on the friction 

observed on the wear scar.  

Figure 4-10 shows the average COF after 30,000 cycles for Inconel 718 and C263 

samples. This was calculated using the tangential load measured using the load cell, 

with apparent friction calculated as tangential load,Ff / Normal load, N. The calculated 

COFs are valid since a gross sliding regime is achieved as seen in the fretting loops 

(see section 3.4.3) As seen in the graph, as the normal load is increased, the average 

Figure 4-9  Wear scar images obtained Haynes 25 tests by interrupting the tests every 5000 
cycles to observe the evolution of glaze formation 
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COF is decreasing. The rate at which the reduction occurs is different for various loads 

and materials. For instance, the rate at which the COF is dropping is greater between 

15 to 25N compared to 25 to 37.5N. this is seen on both materials. Between materials, 

Inconel 718 has lower COF values than C263. This links with the glaze observed on 

the wear scars, more coverage on the Inconel 718. The error bars on the chart shows 

the standard deviation. On the other hand, the COF for Haynes 25 stayed constant.   

To understand how the COF changes throughout the test, the evolution of relative 

COF over the sliding duration is shown in figure 4-11. However, as shown in Appendix 

4a, the initial COF changes with load prior to the possibility of glaze formation. This in 

turn suggests that the COF is changing with load as consequence of rig dynamics, as 

opposed to any effects due to glaze generation.  Therefore, to eliminate the test rig 

effects, the COF were plotted relative to the initial COF. In order to better visualise the 

trends in the COF because of glaze generation. As shown in Figure 4-11, at the lowest 

load (i.e. 15N), there is no change in the COF of C263 whereas on the Inconel 718 a 

slight decrease in the COF over time is seen.  At higher loads (i.e., 25 and 27.5N) the 

drop in the COF is more evident with time. The COF is falling at a higher rate with 

increased load. However, the In718 data shows more variability, likely to be due to the 

higher amount of wear observed leading to interactions with debris.  Moreover, some 

interruptions in the COF can be seen (especially on C263 samples at 25N), where 

COF has increased after 12,000 cycles suggesting disruptions in the glaze formation 

Figure 4-10 Average COF against applied normal load for the 30,000 cycles 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

15 25 37.5

A
v
e

ra
g

e
 C

O
F

Normal load,N

In718

C263

Haynes 25



- 77 - 
 

and the layers are broken down with further sliding. Additionally, it takes less time for 

the COF to drop as the load is increased. For example, C263 samples at a normal 

load of 25N, takes approximately 8000 cycles to observe a change in COF whereas, 

at 37.5N, the COF drops around 6000 cycles. The starting points of COF at a normal 

load of 15N is not identical with the 25N and 37.5N, this could be due to the instabilities 

in the rig as discussed in section 3.4.3. Haynes 25 has shown similar rig effects (see 

Appendix 4a), however, there is no drop in the COF as seen with Inconel 718 and 

C263 and the rise in COF is likely due to surface damage.  

a) 

b) 
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In summary, whilst some changes are seen over time in a given test, with COF 

dropping, corresponding with glaze formation in some cases, as well as with this 

tendency of COF increasing with load. With In718 and C263, this was significantly less 

than initially suggested once test rig effects were calculated.  

Figure 4-12 illustrates the relative COF of all three materials under the same load (i.e., 

25N). This allows visualisation of the similarities and differences in COF as the test 

progresses. Both In718 and C263 exhibit a similar trend with an overall reduction in 

COF due to the prevention of metal-to-metal contact. This was expected, as these 

materials have similar chemical compositions and hardnesses. Conversely, a distinct 

trend is observed for Haynes 25, likely attributable to different elements in the alloy 

Figure 4-11  The evolution of relative COF as the tests are progressed a) In718 b)C263 c)Haynes 25 

c) 
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composition leading to high friction. This is also reflected in the wear scar images 

where mechanical wear was predominant. 

 

4.2.1 Interrupted tests and glaze coverage 

The evolution of COF was further investigated using the data from the interrupted 

tests.  

Figure 4-13 shows the average relative COF for every 5000 cycles and the percentage 

glaze coverage at the end of every 5000 cycles. The percentage coverage of the glaze 

is calculated by processing the images using the image processing toolbox in MATLAB 

(see Section 3.4.4.3).  

The results show that the glaze progressed with time and load. Although there is a rise 

in the percentage glaze coverage, at 15N, there is not an evident change in the relative 

COF for both Inconel 718 and C263. The variations in the friction and coverage could 

be due to the formation and breakdown of glaze layers suggesting the layers 

generated are thin and are easily broken down with further sliding.  

Figure 4-12  shows the evolution of COF at a normal load of 25N for all three materials at room 
temperature 
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As the load is increased, there is a slight rise in COF for both materials which contrasts 

with results seen from the continuous tests where there was a slight drop in the COF 

with glaze formation. The difference in the trends seen could be due to the challenge 

with interrupting the tests, altering the contact conditions.  

It should also be noted that the relative COF for the interrupted tests should only be 

used to study the trends rather than using it as an absolute value due to the 

inaccuracies in the starting point after each interruption (see Figure 4-14). The vertical 

lines on the graph represent the interruptions, as seen there is a change in the start 

position once the plint is restarted. Overall, these tests give an insight into the glaze 

generation process and how the surface layers are easily broken and likely not 

sintered properly, although the COF data generated appears less accurate.  

Variation in the data is not carried out as the inaccuracies are already mentioned due 

to the interrupting nature of these tests. The tests are conducted solely to observe 

surface changes as the testing progresses, eliminating the need for repetition. 
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Figure 4-13 The average relative COF for every 5000 cycles and the line graph shows the percentage 
coverage of glaze at the end of 5000 cycle a) C263 b) Inconel 718 c) Haynes25 

a) 

b) 

c) 
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4.3 Surface topography 

Changes in the friction coefficient were identified when a substantial apparent glaze 

occurred, so it is necessary to further investigate the glaze areas. Thus, the wear scars 

are examined using SEM, then initial elemental analysis using the X-Ray fluorescence, 

and finally to see the effect of oxidation, Energy Dispersive X-Ray Analysis (EDX) was 

performed.  

4.3.1 SEM images  

SEM images were obtained using the Hitachi TM3030 Plus SEM using a 

backscattered electron (BSE) and a scattered electron (SE) beam at 15kV.  

Figure 4-15a, shows the SEM images obtained from the three regions. At Area A, a 

glazed region with wear debris being collected in the low points on the surface. at Area 

B where the layers are just starting to form, the amount of debris present are 

Figure 4-14 The variation in starting COF as the rig is restarted after the interruption at 5000 
cycles 
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considerably lower than Area A.  Also, the debris on Area A is fine and smaller in size 

compared to Area B. Finally, at Area C where there is no glaze seen, metallic wear 

can be seen with parallel abrasive grooves caused by the debris interaction. A very 

little amount of debris is present suggesting no glaze is formed. Figure 4-15d shows a 

wear scar from Inconel 718 sample tested at 15N. Three regions of interest are 

highlighted in the image where Area A is where there is a black oxide layer is present, 

Area B where layers are starting to form and Area C where there no glaze/oxide layer 

present with just metal exposed.  

 
Figure 4-15 Wear scar obtained from Inconel 718 test at 15N; a,b,c) shows the x1.0k magnified 

images of the areas highlighted in ‘d’. 
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Figure 4-16 shows C263 samples tested at a normal load of 15N and 37.5N. At lower 

loads, the layers formed are very patchy and not uniform with several cracks on the 

layers. The debris are concentrated around the layers. At higher load, the layers 

appear to be more stable (fewer cracks) and with finer debris. However, a strongly 

bonded surface layer is not present on any materials and the ‘glazed’ or the black 

oxidised region appears to be loosely compacted wear debris. This is highlighted by 

the ‘rougher’ surface layers, as an effective glaze layer has a ‘smooth finish’ and glossy 

appearance.  

Figure 4-16 C263 samples after test a) at a normal load of 15N b) normal load of 37.5N 
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Figure 4-17 shows the Haynes 25 sample at 37.5N. A clear distinction in the wear scar 

can be seen when compared to Inconel 718 and C263. The surface looks ‘rough’ with 

a lower volume of layers being formed (see sections 4.3.3 and 4.3.4). This suggests 

that no transient layers are being formed and the surface primarily consists of abrasive 

wear damage. The extended, streaked layers represented in the figure illustrate 

mechanical wear resulting from adhesion and abrasion. The presence of black regions 

on the surface indicates the initiation of oxide formation within the layers and debris.  

  

Figure 4-17  Haynes 25 at 37.5N a) at a magnification of x400 b) glaze region at a magnification of 

x800 c) optical images showing the areas of interest 

C 

Figure 4-18 Cross sectioned images of the post test disc samples a) Inconel 718 b) C263 

a) b) 
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Figure 4-18 shows cross sections of the post-test disc samples. The exhibits regions 

of compacted debris with large cracks. This indicates the layers formed are not stable 

but prevents severe adhesive wear due to metal-metal contact. 

4.3.2  Elemental analysis  

As discussed in chapter 2, the effectiveness of the glaze is dependent on the chemical 

composition of the glaze. In order to observe if there were any major changes or trends 

in the chemical composition, the samples were analysed. The results for Haynes 25 

are not included here as there was no oxide layer present (see Appendix 4c for 

details). 
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Figure 4-19 X-Ray florescence analysis of samples at an excitation voltage of 50kV a) Inconel 718 

b) C263. The data is collected from glazed regions within the wear scar 
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Figure 4-19 shows the results from the X-Ray fluorescence analysis of the samples 

after the test showing the chemical composition of the compacted layer on the surface. 

The measurements are taken from the ‘black oxide’ regions of the surface. 

Measurements were taken from a new/untested sample as a control and for 

comparison. The spectra are analysed against a chosen set of elements (i.e. the 

elements that makes up most of the material). The elements chosen are Ni, Cr, Fe, 

Nb, Mo, Ti, Co, Mn. Since the amount of some elements such as Nb,Mo, Ti,Mn is so 

small and did not change as much at different test conditions, the results are not 

presented here.   

As seen in the table and the graph, the percentage of Ni has increased as the load 

increased for both materials, this is more evident for C263. The amount of Cr in both 

materials has decreased slightly; however, the percentage of Co has shown a different 

trend on both materials where on C263 the amount of Co has gone down to 18.79% 

and 16.87% from 19.96% at the lowest loads, as the load is increased to 37.5N the 

Co content has started to increase. The changes in the Co content on the Inconel 718 

is not too significant as it has not changed much. These results highlight that diffusion 

of active elements maybe happening. 

A two-way ANOVA is carried out to see the significance in data between different 

elements and within the same element. Twenty measurements have been taken from 

each sample. No significant differences were observed within the same element 

(p=0.42); however, significant differences were seen between different elements 

(p=0.00067). 

C263 Control 15N 25N 37.5N 

Ni (%) 51.07 52.96 55.90 54.10 

Cr (%) 20.27 19.72 18.96 19.44 

Co (%) 19.96 18.79 16.87 18.03 

Table 4-2 The weight composition (wt%) of glaze layer from C263 samples 

IN718 control 15N 25N 37.5N 

Ni (%) 52.69 52.74 52.85 52.86 

Cr (%) 19.75 19.59 19.51 19.47 

Fe (%) 18.10 18.15 18.10 18.12 

Table 4-3 The weight composition (wt%) of glaze layer from IN718 samples 
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One of the limitations of X-Ray fluorescence analysis is that the effects of oxidation 

are not visible since it does not detect lighter elements such as O and N, thus making 

it difficult to determine the type of oxide formed which is key in glaze formations. 

Therefore, EDX analyses were performed in order to further analyse the samples, with 

regions of interest once again identified from the optical images (glazed regions, 

starting to glaze regions and no-glaze regions).  

Table 4-4 shows the percentage of main alloying elements from the different regions 

on the scar. As seen in the table, there is a higher percentage of oxygen in the glazed 

region indicating that there is more oxide present. The oxygen content has increased 

with the normal load. However, on the C263 samples, the oxygen content has reduced 

as the load is increased, which links with glaze observed on the wear scar (i.e. it was 

less dense with even coverage on the surface as load progressed when compared to 

IN718). 

IN718 

 Ni Cr O Fe 

 Control  46.4 18.0 2.3 15.8 

15N no glaze 47.4 18.6 3.0 16.4 

Initial glaze 39.9 15.6 17.2 13.8 

glaze 38.2 14.8 19.9 13.2 

25N no glaze 51.11 19.9 2.0 17.3 

Initial glaze  41.5 16.3 18.3 14.3 

glaze 37.0 14.0 29.2 12.8 

 37.5N no glaze 49.9 19.4 5.0 16.9 

Initial glaze 41.5 16.2 19.2 14.6 

glaze 37.9 14.7 27.1 13.3 

C263 

 Ni Cr Co O 

 Control  49.3 20.7 19.9 0.7 

15N 

 

no glaze 48.8 20.0 19.1 3.5 

Initial glaze 48.3 17.1 14.5 10.9 

glaze 43.4 10.8 5.1 32.6 

25N no glaze 49.7 19.9 18.4 2.5 

c) 
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Initial glaze 60.5 13.8 6.2 8.7 

glaze 60.3 12.5 4.4 13.4 

 37.5N no glaze     

Initial glaze 50.9 14.6 8.4 15.4 

glaze 57.0 12.9 5.6 13.2 

Table 4-4 The data from the EDX compositional (wt%) analysis of various regions from the wear scar, 

highlighting how the compositions have changed. 

The relative changes in the elements can be used to study the composition as the 

operating conditions are varied. This is particularly relevant as the effectiveness of the 

glaze layer depends on the chemical composition as this determines how well the 

layers are sintered. Different elements have different diffusion and sintering properties, 

therefore the balance between the elements changes at different operating conditions 

and this controls the composition of the glaze. Table 4-5 shows the ratios between the 

main alloying elements that make up the glazed regions. The ratios between Ni, Cr 

and Fe are used to observe changes in Inconel 718 composition as they are the main 

alloying elements, whereas the C263 Ni, Cr and Co are examined.  For Inconel 718 

the ratio between Ni and Cr is almost constant with the control at all load conditions 

suggesting that no adhered sintered glaze layers are formed. Moreover, as highlighted 

by the SEM images (Figure 3-26), the layer on the Inconel 718 is compacted wear 

debris. Conversely, on C263 an interesting trend can be seen between Ni, Cr and Co. 

A Ni-rich oxide layer is formed with the highest Ni content at 25N. But as the load is 

increased, Co content has started to increase suggesting diffusion of Co into the 

contact.  

 

 

 

Inconel 718 

Load,N Ni/Cr Ni/Fe Cr/Fe 

Control 2.58 2.94 1.14 

15 2.58 2.89 1.12 

25 2.64 2.89 1.09 

37.5 2.58 2.85 1.11 

C263 

Load,N Ni/Cr Co/Cr Ni/Co 

Control 2.38 0.96 2.48 

15 4.02 0.47 8.51 

25 4.82 0.35 13.7 

37.5 4.42 0.43 10.18 

Table 4-5: The ratios of the main alloying elements as the tests are progressed. 
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4.3.3 Contour Elite 

The surface topography of the post test samples was acquired using the Bruker 

Contour Elite using x20 lens. Figures 4-20 to 4-22 shows the 3D figure of the surface 

and the profile. The ‘red’ regions represent the high points on the surface and ‘blue’ 

regions represents the low points on the surface.  

Figure 4-20 shows the Inconel 718 samples at varying load. As the load is increased, 

a more continuous layer is seen; this could be new oxide layers are forming preventing 

adhesion or third body abrasions resulting in a rougher surface. The measurement at 

the highest load shows a platelet thickness of 12µm whereas at the lowest load (i.e. 

15N) the layers very much scattered and thickness is less than 6µm. The results from 

the C263 samples can be seen on Figure 4-21. The layers have a thickness of around 

8µm and with increasing load more even layers are seen. Unlike Inconel718 and C263, 

Haynes 25 displays a different trend with no layers forming. 

 
Figure 4-20 2D image of the surface and the profile for In718 samples tested at a)15N b)25N, 

c)37.5N 
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Figure 4-21 2D image of the surface and the profile for C263 samples tested at a)15N b)25N, c)37.5N 

Figure 4-22 2D image of the surface and the profile for HS25 samples tested at a)15N b)25N, c)37.5N 
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4.3.4 Surface profiles 

Figures 4-23 to 4-25 shows the surface profile and statistical data from the wear scars 

at a normal load of 25N. The red line on the wear scar is where the profile is taken 

from. Table 4-6 shows the average roughness values across the profile. 

Figure 4-23 shows the surface profile from the In718 samples, a rough region can be 

seen with varying surface depth values. This suggests the presence of compacted 

oxides or accumulated debris within the abrasive grooves. Towards the end of the 

profile, a less varied region is observed with overall lower depths, likely to be due 

severe wear and abrasions causing either transient layers to be broken down or the 

absence of debris accumulation. A similar trend in is seen in C263, a peak is observed. 

This is due to the black oxidised region (as seen in the wear scar) which is due to 

oxide collection or compacted oxide layer. An entirely distinct profile is seen on the 

Haynes 25 sample (see figure 4-25) where a similar depth is observed throughout the 

profile. This suggests the absence of layers formed and indicates ongoing severe 

wear. Likewise, the average roughness values for both In718 and C263 exhibit similar 

values, while lower values are observed for Haynes 25. This shows the presence of 

distinct wear mechanisms seen on these materials. 
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Figure 4-23  Surface profile from In718 disc samples at a normal load of 25N post 30,000 cycles 

at room temperature. The corresponding wear scar with red line indicating the profile path  (left) 
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 Ra Rq Rz 

In718 0.942 1.155 4.505 

C263 0.901 1.171 4.949 

Haynes 25 0.517 0.646 3.199 

 Table 4-6: The average roughness data from the regions of interest highlighted in figures 

4-23 to 4-25. 
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Figure 4-24 Surface profile from C263 disc samples at a normal load of 25N post 30,000 cycles at 
room temperature. The corresponding wear scar with red line indicating the profile path  (left) 

Figure 4-25 Surface profile from Haynes 25 disc samples at a normal load of 25N post 30,000 
cycles at room temperature. The corresponding wear scar with red line indicating the profile path  

(left) 
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4.4 Discussion 

The tests conducted at room temperature highlight the influence of load and material 

on glaze generation. Haynes 25 likely did not form a glaze layer because the chemical 

composition of the surface layers has not changed, additionally the oxidation/diffusion 

rate of the elements that it is composed of have a higher activation energy, further 

supporting a view that diffusion has not taken place, therefore it is not discussed further 

[81] 

For the other two materials, as the normal load was increased, a positive response is 

seen with more coverage of the glaze. A drop in the average COF values is also 

observed with more glaze. Similarly, the differences seen in the surface between 

C263, and Inconel 718 are discussed here.  

4.4.1 Influence of load 

The main wear mechanism observed on the wear scars are abrasive grooves with 

oxide layers on top; where there are no oxidised layers, evidence of severe metallic 

wear is also seen. As seen in Figures 4-1 to 4-4, there is a general trend where the 

formation of glaze has been positively influenced by the increasing load. As the load 

is increased, the coverage of the surface by ‘black’ oxidised regions has also 

increased. This could be because the surface temperature has increased with the load 

so more sintering and oxidation of debris occur, which leads to better compaction and 

formation of a stable glaze layer. Previous research has shown that there is a critical 

load/speed combination, together with the critical temperature where a stable glaze 

layer is generated [24] [82] . Between the two materials, C263 forms a more uniform 

glaze (black-oxidised regions on the surface) at lower loads suggesting that C263 may 

have a lower pressure threshold compared to Inconel 718. However, the coverage 

decreases at the highest load, this may be due to layers being broken down easily due 

to the critical load being above the threshold. Therefore, the rate of breakdown is 

higher than the generation of glaze. The drops in COF (Figure 4-11) highlight that the 

layers are being generated but it is not seen on the surface as it is broken down easily 

with further sliding.  

Although the glaze coverage improved with increasing load, the volume lost has also 

increased. The volume lost from the Inconel 718 is almost twice as C263 even though 

a denser glaze is seen on the Inconel 718, likely to be because of the differences in 
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the chemical composition of the layers formed on the surface. As the load was 

increased, larger debris was generated. This means that it takes longer to break down 

the debris into fine fragments for compaction and some of the debris are displaced out 

of the contact. Since the glaze formation is very much influenced by the wear debris, 

with higher load, the availability of more debris resulted in increased glaze formation. 

This could also mean that the availability of debris could be a limiting factor at lower 

load conditions.  

A slight drop in the average COF can be seen with increasing load. Between the 

materials, a similar trend is observed, with a greater drop between 15 to 25N compared 

to 25 to 37.5N. Inconel 718 has a slightly lower COF than C263, this could be due to 

increased coverage or more debris available for compaction.  

It should also be noted that glaze starts to form at the edges first compared to the 

middle, this is probably because there is more debris available at the edges (it is 

supported by the shape of the fretting loop; the distortions in the shape towards the 

end of the stroke suggesting there is more wear debris available at the edges.). The 

influence of debris availability and glaze formation can be seen in Figure 4-15, where 

a greater volume of debris (and finer debris) is seen when a glaze is present. 

Finally, there is a lot more variability in the glaze generated on the pins, this is likely 

due to contacts inability to retain debris and it is expected with the hemisphere pin.  

4.4.2 Influence of number of cycles 

A similar trend to varying normal load is observed with increasing the number of cycles. 

Over time, the coverage of glaze has increased and a decrease in the relative COF 

can be seen in Figure 4-11.  

 With more time two factors influence the results; there is increased availability of 

debris and there is more time available for the ‘larger’ debris to be broken down into 

smaller fragments and oxidised to be sintered.  

The evolution of COF with increasing time (see Figure 4-11) shows that as the load is 

increased, it takes less time for the COF to drop. This is due to the increased surface 

temperature which leads to more oxidation and sintering of the debris. Also, over time 

the availability of debris increases as a result of wear, therefore it would not be a 

limiting factor in generating the layers. even though there is an overall increase in the 



- 96 - 
 

glaze, the material loss appears progressive and COF reduction is minimal, leading to 

questions regarding the type of glaze formed.  

4.4.3 Influence of alloying elements 

The composition of the oxide layer was analysed using X-ray fluorescence (XRF) and 

SEM-EDX to investigate the influence of alloying elements. It can be seen that the 

content of Ni has increased on both materials, meaning that the layers formed are 

nickel-based. The percentage of Co and Cr has decreased when compared to the 

control (i.e. pre-test). However, on the C263 samples, the Co has started to rise after 

25N.  

Though, this trend was not observed in previous studies where a glaze layer was 

achieved [83] [46]. Previous studies have shown that an effective glaze is a Cr or Co-

based layer with a smooth, glossy finish. Also, Cr has a higher oxidation rate than Co, 

so a Cr oxide layer could be seen before an effective glaze is formed on the surface 

[46] [26]. The results from the EDX measurements have shown the variations in oxide 

content at different regions of the wear scar. As the coverage increases there is more 

oxygen content indicating the role of oxide debris.  

One of the reasons for this is likely to be the differences in operating conditions such 

as the load and the speed. This leads to changes the type, size and shape of the 

debris formed. It was seen earlier in chapter 2 that the debris properties have a huge 

impact on the glaze formation [26], causing differences in the surface damage such 

as the plastic deformation and cracks which acts as the diffusion pathway. Another 

reason for the variations in the results could be due to not reaching the critical 

temperature where the rate of formation is greater than the breakdown of the layers. 

The flash temperature rises are calculated and can be seen in Section 3.3.1, where 

only a minimum effect is seen at these loads and for Ni-based alloys the critical 

temperature is usually around 400˚C [26] [30], this suggests that the observed 

glaze/oxide layer could be a transient oxide layer (which provides some protection) 

but easily broken down with further sliding. The rate of glaze formation depends on 

the oxidation and diffusion rate of the atoms. Both of these factors are very much 

influenced by temperature. The slightly different pattern in the C263 behaviour 

suggests that the critical threshold temperature/pressure may be lower than Inconel 
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718 and the subsurface deformations may be different to Inconel 718 allowing more 

diffusion of elements.  

The proportion of the main alloying elements in the IN718 has not changed at different 

load conditions. This means that very little diffusion of the atoms has happened, 

leading to poor sintering of the debris creating a non-effective glaze layer. In essence, 

the layer present on IN718 is unbonded, compacted oxidised wear debris. On the other 

hand, C263 had a varying trend in the alloy composition, where the oxide layer is 

mainly composed of Ni and Cr. At the normal load of 25N, the oxide layer is Ni-rich 

with low Co content. But as the load is increased, the percentage of Co has increased 

suggesting more diffusion. However, the overall dominance of Ni and Cr is due to their 

lower activation energy, meaning they have a higher oxidation rate compared to Co. 

Further, the activation energy of Ni is almost half the activation energy of Cr, this is the 

reason why the transient oxide layer is rich in Ni.  

The data from the elemental analysis has indicated that the layers formed on the C263 

samples are transient oxide layers, as previous studies have shown that transient 

oxide layers are Ni and Cr based. This provides some protection from further damage; 

however, the transient layers are thinner than an effective glaze layer. Moreover, the 

Ni and Cr had poor adhering and sintering properties thus the layers are easily broken 

down making it hard to increase the thickness of the oxide layer [5] [84]. This also 

supports the drop in wear performance with increasing load, more load breaks down 

transient oxide layers and flash temperature rises are not high enough to initiate 

diffusion of active elements.  

This correlates well with the volume losses data where the wear volume of Inconel 

718 is almost twice as C263. Inconel 718 has no protection as there is not even a 

transient layer generated.  Although there is a rise in wear volume with the increased 

load, the rate at which C263 is losing is lower than Inconel 718 because the transient 

layer helps to avoid metal-metal contact protecting the surface.   

Moreover, it is also expected to form a Cr oxide layer before a Co-based layer because 

Co has a higher diffusion rate than Cr. Since sintering is very much dependent on the 

ability of atoms to diffuse into the surface; once Cr oxides are pushed out of the 

contact/surface Co forms a more stable glaze layer [3] [85]. It is also interesting to note 

that even though the percentage of Ni and Cr are similar in both Inconel 718 and C263, 
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a transient layer is not seen with Inconel 718. This could be because of the presence 

of Fe in Inconel 718 or due to the differences in the microstructure of the materials. Fe 

has lower activation energy than Ni however, at lower temperature Fe2O3 is formed 

which does not adhere to the surface. At higher temperatures, the presence of Fe 

enhances tribological properties due to the formation of Fe3O4 [85] [86]. 

It can be concluded from the X-Ray fluorescence and EDX analysis of the samples 

and the images, that the ‘black oxide’ layer seen on the surface of both the Inconel 

718 and C263 samples is not a glaze layer, and instead it is either an oxide layer 

(C263) or compacted debris (IN718) providing some protection but only for a short 

period of time. This is evidenced by Figure 4-11, where the COF has not reached a 

constant value, keeps changing throughout the tests, and suggests that the oxide layer 

easily broken downs. Additionally, the black oxide regions on the wear scar do not 

show a glossy surface (see Figure 4-26). Figure 4-18 further supports that a protective 

layer is not generated whereas the drops in COF data is due to less adhesions as 

metal to metal contact is prevented by the debris layers in the contact.  

4.5 Summary 

The aim of this chapter was to present the results from the room temperature tests at 

varying normal loads and understand the influence of pressure on the glaze formation. 

• IN718 has shown an increased coverage of glaze compared to C263 and Haynes 

25, however, the volume lost was almost twice for IN718 compared to C263. The 

more detailed wear scar images acquired using SEM has shown that the ‘black’ 

oxidised regions on the In718 samples were compacted debris that are not 

Figure 4-26 SEM image of the sample at 37.5N where a 'black’ oxide region as present a) 
Inconel 718 b) C263 

b) a) 
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sintered. Whereas a transient oxide layer is formed on the C263 providing some 

protection over a short period of time. This is especially interesting since both In718 

and C263 have similar hardness. Finally, Haynes has shown evidence of 

mechanical wear and there is no oxide layer present. 

• Interrupted tests have helped to understand how the layers are broken down easily 

with further sliding. 

• At low load, the availability of debris may be a limiting factor whereas at higher load 

the time available for oxidation and compaction of the debris be the limiting factor. 

• Even though the load contributes positively towards the temperature rises, the flash 

temperature calculations show that it is not significant enough to reach the 

threshold temperature for these materials.  

• There is no protective layer formed on IN718, whereas a transient oxide layer 

composed of Ni and Cr, is present on C263. This highlights the importance of 

conducting tests at higher temperature to confirm whether the influence of both 

thermodynamics and the oxidation kinetics in the formation of glaze layer. 
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Chapter 5 Elevated temperature tests 

 
This chapter focusses on like-on-like material combination sliding tests at a range of 

temperatures and load conditions. The temperatures ranged from 200 to 600⁰C and 

the loads were varied between 15-37.5N. The post test samples were analysed using 

various methods. Initially non-destructive analysis was carried out using optical 

microscopes and SEM and COF was used to study the friction behaviour of different 

materials. Finally, the samples were sectioned to observe how the microstructure has 

impacted as the load and the temperature were varied. 
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5.1 Introduction 

In the previous chapter, the significance of the role of contact pressure and the alloying 

elements on the glaze generation at room temperature are detailed. It is clear from the 

results that the effectiveness and the thickness of the glaze depends on the 

composition of these layers as various elements possess different sintering and 

oxidation capabilities. Another important factor that influences glaze generation is the 

temperature by affecting the oxidation and sintering processes. As previously seen in 

Chapter 2, the temperature can be raised by two means- by increasing the bulk 

temperature using an outside source or increasing the contact temperature by making 

changes in the contact pressure or speed. The room temperature tests, and flash 

temperature calculations as seen in Chapter 4 and Section 3.3.1 indicate that 

increasing contact pressure and contact temperature rise has minimal effect on the 

glaze generation process thus not providing any wear resistance. Therefore, 

temperatures will be raised through an external source for this investigation. 

The two main processes involved in glaze generation are oxidation and sintering of 

the debris. Both of these have a positive influence with increasing temperature. Thus, 

investigating the influence of temperature is necessary to observe whether the rate of 

a specific process (i.e. oxidation or diffusion) that leads to glaze generation is equally 

or more affected by the increased temperature.  
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5.2 Inconel 718 

5.2.1 Wear scar analysis  

5.2.1.1 Wear scars 

Figures 5.1 to 5.3 show the wear scars obtained during elevated temperature tests on 

In718 samples taken using the Alicona optical microscope with x5 lens. The tests were 

carried out at 200 to 600˚C at varying normal loads. 

    

Figure 5-1 Wear scar produced on Inconel 718 disc and pin samples at various loads over 30,000 cycles at 
200oC. a,b,c are scars from the disc samples at a normal load of 15,25 and 37.5N respectively. d,e,f are 

from the pin samples at a normal load of 15,25 and 37.5N respectively. 
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Figure 5-1 shows the wear scars from tests conducted on In718 at 200˚C at a normal 

load of 15, 25 and 37.5N. As seen in the figure, the coverage of oxidised region on 

both the pin and disc has increased as the load is increased. At the lowest load 

i.e.,15N, the glazed regions are localised and the silver/grey regions suggesting 

severe metallic wear. The abrasive grooves can be seen with a bright silver shade or 

light brown shade. The (silver) abrasions have no oxides present on the surface 

whereas the light brown are regions where there is a thin layer of oxide present. As 

the load is increased, the oxide coverage has increased suggesting glazed regions. A 

similar trend is seen on the pins. The oxides are evenly distributed on the pin at all 

loads with an increased thickness (scar exhibiting a brighter contrast) at higher loads. 

 

Figure 5-2 Wear scar produced on Inconel 718 disc and pin samples at various loads over 30,000 cycles at 
400oC. a,b,c are scars from the disc samples at a normal load of 15,25 and 37.5N respectively. d,e,f are 

from the pin samples at a normal load of 15,25 and 37.5N respectively. 
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The wear scars from 400˚C tests can be seen on Figure 5-2. At the lowest loads, i.e. 

15 and 25N, the coverage has increased with increasing load. However, at the highest 

load of 37.5N, there is evidence of lost oxide regions highlighted by the silver/grey 

regions. This is likely to be that the failure threshold has been reached thus the layers 

are easily broken down at higher loads. The edges on the pin are worn suggesting 

abrasive wear due to the interaction with the oxidised and unoxidised wear debris. The 

raised shoulders on the pin scars indicate high contact stresses, which could have 

also triggered the glaze breakdown. Figure 5-3 shows the wear scars from the 600˚C 

tests. Images of the pin wear scar has shown evidence of less wear compared to the 

lower temperatures as the edges show less signs of abrasive wear. Both at 400⁰C and 

600⁰C, dense black glossy regions are observable with brown coloured compacted 

debris, meaning that the debris are in the process of being sintered on top of the 

existing glaze regions. Also, an even coverage of oxide is seen at 400˚C and 600˚C. 

The size of the wear scar has significantly reduced with increasing test temperature.  

Figure 5-3 Wear scar produced on Inconel 718 disc and pin samples at various loads over 30,000 
cycles at 600oC. a,b,c are scars from the disc samples at a normal load of 15,25 and 37.5N 

respectively. d,e,f are from the pin samples at a normal load of 15,25 and 37.5N respectively. 
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Between the different load conditions used, a major difference is seen at 200⁰C where 

the coverage has increased with increasing load. Whereas at the higher temperature, 

the load dependency on the glaze coverage is not as obvious suggesting that the 

applied load is not affecting the glaze generation as much as at lower temperatures. 

 

Figure 5-4 shows the wear debris at various loads and temperatures. As seen in the 

figure, with increasing load, the size of the debris considerably increases. This 

phenomenon is likely due to higher loads causing greater levels of plastic deformation, 

leading to the formation of cracks and subsequent removal of material. This adversely 

affects glaze generation, as larger debris takes longer to break down into smaller 

fragments, thus lowering the rate of sintering.  Also, it is more likely to be ejected from 

the contact zone [87] [88]. Between the temperatures, there is an increase in the size 

Figure 5-4 Wear debris from the different tests conducted at various loads and temperatures 
where a) 200⁰C, b) 400⁰C, c) 600⁰C 

a) 

c) 

b) 
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of the debris, this is because as the temperature increase the surface softens and 

melts causing more surface damage. 

5.3.1.2 Wear volume 

 
Figure 5.5 shows the total wear volume lost at different high temperature tests at 

varying loads on In718. As seen in the figure, there is an evident drop in the wear 

volume as the temperature is increased.  Between 200⁰C and 400s⁰C, the wear 

volume has dropped to 50% when compared to 200⁰C. This is likely due to increased 

oxidation and sintering of the debris with higher temperature resulting in glaze being 

formed on the surface providing wear resistance.  

Between the applied load conditions, it is interesting to see that there is a drop in the 

wear volume at the lower temperatures and a slight increase in wear volume between 

25 and 37.5N. This is likely to be influenced by the size of the debris generated at 

higher load. ‘Larger’ debris (see Figure 5-4) are produced as the applied load is 

increased, which means that it will take longer for the debris to be broken down and 

sintered into a glaze.  Also, some of these debris are pushed out of the contact.  

  

Figure 5-5 The volume lost at tests conducted at 200,400 and 600⁰C at varying load on In718 like 
on like contact. 
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5.3.2 Evolution of coefficient of friction 

The evolution of relative COF as the test progresses is illustrated in Figures 5-6 to 5-

8. Different responses can be seen as the temperature and the applied load are 

altered.  

Figure 5-6 shows the relative COF at various loads from the tests conducted at 200˚C 

where the COF at the higher load exhibits a similar trend consisting of regions of stable 

and unstable COF. However, a different trend is seen at the lowest applied load of 

15N. At the lowest load, there is an overall increase in the relative COF with sharp 

peaks and drops suggesting formation and breakdown of oxide layers causing the 

abrupt changes in COF.  At the higher loads (i.e. 25 and 37.5N), the evolution of COF 

as the test progresses follows a similar trend with stable COF seen for 3000 to 5000 

cycles before there is a rise in COF. The lowest overall COF is observed at the 

intermediate applied load (25N) with stable COF lasting for around 5000 cycles. This 

suggests that it may have reached its critical load threshold level and above this load 

the oxide layers are broken down easily or that the wear debris produced are larger 

making it harder to sinter. Overall, at 200˚C, the COF continually fluctuated even after 

long sliding periods, this indicates periods of metal-metal contact and layers being 

broken down generating abrasive wear particles in the contact. 

Figure 5-7 shows the progression of COF at 400˚C tests. As seen in the figure, a 

similar trend is seen at various load conditions; initially there is sharp rise in the COF, 

followed by peaks and stable COF regions. There is an overall decreasing trend with 

maximum COF reaching at the lowest load and minimum at the intermediate load of 

25N. Even though a steady state COF is seen at all load conditions, the duration 

varies. For example, at a normal load of 15N, the COF is only stable for ~2,500 cycles 

whereas at 25 and 37.5N, the COF is stable for approximately 10,000 and 6,000 cycles 

respectively. Moreover, at the highest applied load, the COF decreases from a high 

value and reaches stable value at a faster rate than lower loads meaning it takes less 

time to generate wear protective layers at higher load.  This is likely to be due to 

increase in temperature with applied load increasing the rate of oxidation and sintering. 

However, it should be noted that the layers are broken down faster (~6,000 cycles) at 

the highest load and is ultimately less effective.   
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The evolution of the relative COF from the 600˚C can be seen in Figure 5-8. The lower 

loads present an overall drop in the friction whereas at the highest load, the relative 

COF has increased. The COF is stable for almost half of the test duration at 600˚C 

suggesting the layers formed are protective.  

One of the main notable differences between the test at different temperatures is that 

at the lower temperatures (i.e. 200˚C and 400˚C) the relative COF is unstable with 

sharp peaks and drops suggesting the layers are broken down creating debris. At the 

highest temperature the COF is staying stable for a long period of time suggesting that 

the glaze formed on the surface is protecting against further wear. The lowest COF is 

seen at the intermediate load of 25N at all temperatures. This is indicating that 

oxidation/sintering is not the only factors affecting the glaze formation. It is also 

influenced by the size and the type of debris formed under various testing condition. 

 

Figure 5-6 The evolution of relative COF as the test progresses at 200˚C at a normal load of 15, 
25 and 37.5N 
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Figure 5-7 The evolution of relative COF as the test progresses at 400˚C at a normal load of 15, 
25 and 37.5N 

Figure 5-8 The evolution of relative COF as the test progresses at 600˚C at a normal load of 15, 

25 and 37.5N 
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5.3.3 Surface topography  

5.3.3.1 SEM Images 

Figures 5-9 and 5-10 shows the detailed images of the wear scar at x1000 

magnification at various load and temperatures.  

Figure 5-9 Detailed SEM images using a mix of BSE and SE detector at x1000 magnification of 
the wear scar. a,b,c from 200⁰C tests d,e,f from 400⁰C tests. 

a) 

h) 

e) 

b) c) 

f) 

i) 
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Figure 5-10 Detailed SEM images using a mix of BSE and SE detector at x1000 magnification of 

the wear scar. a,b,c from 600⁰C tests  
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Very different wear features are observed at different test conditions with major 

differences to be seen with changing temperatures and load. At the lowest 

temperature, the wear scar displays adhesion and debris to be compacted/sintered. 

As the load is increased at 200˚C, a ‘smoother’ layer is beginning to form. At the edges 

of these layers, there is a high concentration of small debris indicating compaction and 

sintering are happening to increase the coverage of glaze. At the intermediate 

temperature of 400˚C, glaze layers can be seen especially at 25N, however cracks 

can be seen on the surface indicating the layers formed are thin and not effective. At 

the highest temperature, a continuous glaze layer can be seen with some adhesion at 

the normal load of 37.5N.  

Figure 5-11 shows the sectioned SEM images of the In718 sample post test at varying 

temperatures and a normal load of 25N. As seen in the figure, distinctive layers can 

be seen at each temperature with varying thicknesses. At 200⁰C, there is a thick 

mechanically mixed layer (MML) seen above the bulk material. This layer is formed 

from compaction of debris during the severe wear stage at the initial periods of sliding. 

Generally, this layer consists of both oxide and unoxidized debris. It can also be 

observed that the layers are detaching, and materials are being removed form the bulk 

material, this indicates that the layer formed at 200⁰C has not adhered properly. As 

the temperature is increased (i.e. 400⁰C), the main difference is that the thickness of 

the layers has increased, and three different layers are noticed. MML can be split into 

two sections where the layer adjacent to the bulk material consists of ‘larger’ debris 

and MML with ‘smaller’ debris are seen. followed by a compacted debris layer and a 

thin layer of glaze is also visible. The compacted debris layer indicates that more 

debris are to be sintered into a glaze layer. As the temperature is further increased, a 

more uniform layer can be seen with a continuous glaze as the top layer. The shows 

that with increased temperature there is sufficient energy available to sinter the debris 

layer (as seen at 400⁰C) and the thickness of glaze has increased suggesting further 

damage can be prevented as the rate of breakdown of the layers are lowered. 
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Figure 5-11 The cross sectioned images of the In718 wear scar at varying temperature after 
sliding for 30,000 cycles at a normal load of 25N a) at 200˚C, b) 400˚C and c)600˚C. 

a) 

b) 

c) 
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5.3.3.2 Chemical analysis  

As previously discussed in the earlier chapters, the effectiveness of the glaze layers 

is determined by the composition of these layers. So, SEM EDX analysis were carried 

out to study the variations in the composition as the temperature and applied load is 

varied. The relative ratios between the main alloying elements are used, calculated 

from the wt% of elements on the surface layers.  

Table 5-1 shows the ratios of the surface layers formed. The pre-test surface ratios 

are indicated by the control. As seen in the table, for Inconel 718 there are no major 

changes in the ratios especially between the various loads at 200˚C. There is a minor 

rise in the Ni/Cr and Ni/Fe ratio indicating an increase in the Ni content. Moreover, the 

Cr/Fe has increased slightly at the highest load suggesting Fe depletion.  There is a 

rise in the percentage of Ni on the surface when compared to the control values at 

400˚C. At 15N and 37.5N, the Cr/Fe ratio is quite stable, but, at the intermediate load 

of 25N, the Cr/Fe has fallen to 0.66 from 1.03 indicating that there is a Fe dependency. 

This could be a contributing factor in the trends observed in the COF as the overall 

drop in the COF was greater at intermediate load as Fe oxide has better adhesive 

properties than Cr and Ni oxides. At the highest temperature, a minor fall in Ni is 

observed and a rise in both Cr and Fe. This is likely to be because the diffusion and 

sintering rate of Cr is higher as there is more energy available. The Cr/Fe shows there 

is a drop in Cr content at the lowest load and has increased at the higher load 

conditions.    

Normal 

load, N 

Ni/Cr Ni/Fe Cr/Fe 

200˚C 400˚C 600˚C 200˚C 400˚C 600˚C 200˚C 400˚C 600˚C 

Control  2.58 2.84 2.84 2.86 2.94 2.93 1.14 1.03 1.03 

15 2.89 3.06 2.33 2.93 2.86 2.02 1.01 0.93 0.87 

25 2.89 3.28 2.24 2.94 1.85 2.54 1.02 0.66 1.13 

37.5 2.85 3.16 2.50 3.54 2.80 2.70 1.24 0.91 1.08 

 

 

Table 5.1 Elemental ratios from the SEM EDX analysis  
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5.3.3.3 Surface profiles 

Figure 5-12 show the surface profiles obtained from the tests conducted at 200°C and 

600°C under a normal load of 25N. In Figure 5-12a, the surface profile at 200°C 

exhibits a nearly uniform depth across the wear scar, as evidenced by the optical 

image on the left. This can be attributed to the presence of a lightly oxidised region 

covering the entire scar. The average height of the oxidised patch measures 

approximately 1 mm, with minimum values indicating areas where oxide or material 

has been removed. 

A slightly different pattern appears at the higher temperature, as shown in Figure 5-

12b. Here, a stable region is observed at the centre of the scar, surrounded by varying 

heights at the scar's edges. This stable region corresponds to the glazed region seen 

in the optical image. Between the different temperatures, at elevated temperatures, 

the oxide or glaze regions exhibit greater height compared to lower temperatures. This 

is due to increased oxidation and sintering of the debris, resulting in the accumulation 

of multiple layers over each other.  

Figure 5-12  Surface profile from In718 disc samples at a normal load of 25N post 30,000 cycles 
at a) 200⁰C b)600⁰C. The corresponding wear scar with red line indicating the profile path  (left) 

a) 

b) 
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5.4 C263 

5.4.1 Wear scar analysis  

5.4.1.1 Wear scars 

Figures 5-13 to 5-15 shows the post test wear scars (both pin and disc) obtained from 

C263 tests.   

 

 

 

Figure 5-13 The wear scar obtained from 200⁰C tests on C263 like on like combination over 
30,000 cycles. The images are acquired using x5 lens. a,b,c are scars from the disc samples at a 
normal load of 15,25 and 37.5N respectively. d,e,f are from the corresponding pin samples at a 

normal load of 15,25 and 37.5N respectively. 
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The wear scars from the 200⁰C tests can be seen on Figure 5-13. The disc scar 

displays a higher variability in the oxidised regions with more coverage at 15N and 

37.5N. The ‘black’ oxidised regions are patchy and covering less than 50% of the scar 

at all load conditions.  At the intermediate load of 25N, very few oxidised regions can 

be seen. This suggests that the transient oxide layers may be broken with further 

sliding resulting in metallic wear due to metal-metal contact. On the pin scar there is 

an even distribution of oxide at all load conditions. Also, the edges of the scar are more 

rounded meaning there is less abrasive wear due to debris interaction.  

Figure 5-14 The wear scar obtained from 400⁰C tests on C263 like on like combination over 
30,000 cycles. a,b,c are scars from the disc samples at a normal load of 15,25 and 37.5N 

respectively. d,e,f are from the corresponding pin samples at a normal load of 15,25 and 37.5N 
respectively.  
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Figure 5-14 shows the wear scars from the 400⁰C tests. With the increasing applied 

load, the oxide coverage has increased. However, at the lower loads the oxide layers 

are patchy and not continuous indicating wear has occurred. At the highest load, 

smooth/glossy regions are seen in the middle of the scar. This is due to glaze layers 

are being generated at higher temperatures as there is more energy available for the 

oxidation of debris and diffusion of active elements into the surface. Moreover, at the 

highest load, the surface undergoes a higher degree of plastic deformation, resulting 

in dislocations/defects in the crystal lattice. These areas of defects act as sites of 

stress concentrations leading to sub-surface cracks being formed [89] [90]. These 

cracks provide pathways for the movement of atoms or molecules, facilitating diffusion 

processes within the material, increasing the diffusion rate and allows more oxygen 

diffusion into the metal for oxidation. Similarly on the pin, there is an even distribution 

of oxide with glossy/reflective regions at higher loads.  

Figure 5-15 The wear scar obtained from 600⁰C tests on C263 like on like combination over 30,000 
cycles. a,b,c are scars from the disc samples at a normal load of 15,25 and 37.5N respectively. d,e,f are 

from the corresponding pin samples at a normal load of 15,25 and 37.5N respectively. 
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At the highest temperature of 600⁰C (see Figure 5-15), the wear scar diameter and 

width are smaller when compared to lower temperatures. There are some ‘blue’ 

regions on the surface indicating the presence of cobalt, meaning cobalt has diffused 

into the surface due to more energy being available. Although, there are abrasion 

marks, running in the sliding direction, the islands of glazed regions are extremely 

smooth and reflective even on the optical images. However, on the pin scar, the edges 

of the scar seem to be worn, likely to be due to abrasion from the oxide debris.  

A clear distinction in the wear scar can be seen at various temperatures. As the 

temperature is increased, the oxide/glazed regions appear to be smoother and glossy; 

also, the wear scar dimensions have considerably decreased indicating the layers 

formed are wear resistant and protective. Even though increasing load appears to be 

advantageous (especially at the lower temperatures), it does not seem to be the major 

influencing factor in glaze generation at the highest load as little variation is noticed on 

the wear scar. 

 

Figure 5-16 SEM image of the wear debris from the C263 like on like tests at varying 

temperatures and normal load. 
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Figure 5-16 shows the wear debris at various loads and temperatures. As seen in the 

figure, with increasing load, the size of the debris considerably increases, more evident 

at the highest temperature. As previously explained, this is due to the higher degree 

of plastic deformation experienced at higher loads leading to ‘larger’ debris being 

produced.  

5.4.1.2 Wear volume 

The total volume lost is measured by weighing the pre and post test samples. As seen 

in the Figure 5-17, at the lower temperatures, the volume lost is significantly higher 

than at 600⁰C. The results from 200⁰C follows a linear trend, as the load is increased 

the wear volume has also increased.  This is likely to be that the oxide layers formed 

at this temperature are transient which are not wear resistant and easily broken down 

producing more wear debris. This in turn acts as third body wear particles abrading 

into the surface causing more damage. Since the surface experiences higher stresses 

under high loads, cracks are formed leading to large chunks of material being 

removed, thus the debris formed at higher loads are ‘larger’ than at lower load 

conditions.  The larger debris takes longer to be broken down into fine particles to be 

sintered and some of the debris are pushed out of the contact increasing the volume 

lost.  

A different trend is observed at 400⁰C and 600⁰C where there is a slight rise in wear 

volume between 15 and 25N and a drop in volume between 25 and 37.5N.  At the 

lower load conditions, it appears that the layers formed are not as efficient as at higher 

loads in protecting the surface. Whereas at the highest temperatures, the influence of 

increasing load is more evident, a significant drop is seen at higher loads suggesting 

glaze is better and counteracts increased wear due to higher load. The rate at which 

the volume has reduced is different for both temperatures. There is a higher drop at 

400⁰C because the rise in flash temperature may have aided in achieving the 

activation energy for the some or all of the active elements involved. 
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5.4.2 Evolution of coefficient of friction 

As was the case for In718, the friction characteristics for C263 have evolved as the 

tests progressed due to the formation and breakdown of the surface layers. Figures 

5-18 to 5-20 show the variations in the relative COF at various temperatures and load 

conditions.  

Figure 5-17 Volume lost during the various temperature and load conditions  

Figure 5-18 The evolution of relative COF over 30,000 cycles at 200˚C at a normal load of 15, 25 
and 37.5N on C263 like on like combination 
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Figure 5-18 shows the evolution of relative COF at 200˚C where there is an overall 

decreasing trend with increasing duration. However, the rate at which the drop in COF 

is seen is different at various load conditions. The greatest fall in COF is noticed at the 

lowest load of 15N where the COF has dropped to around 70% from the initial value. 

Though, the COF shows an unstable characteristic with abrupt peaks and drops. The 

minimum is seen at the intermediate load of 25N with an overall drop of only 90% from 

Figure 5-19 The evolution of relative COF over 30,000 cycles at 400˚C at a normal load of 15, 25 
and 37.5N on C263 like on like combination 

Figure 5-20 The evolution of relative COF over 30,000 cycles at 600˚C at a normal load of 15, 25 
and 37.5N on C263 like on like combination 
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the initial value. Even though the overall COF is greater at 25N, a stable COF is 

established for the longest duration when compared to 15 and 37.5N. This behaviour 

in COF is unexpected as the wear scar shows very little oxide on the surface, this 

could be that the layers were broken down with sliding. At the highest load of 37.5N, 

a sharp reduction in COF is observed initially followed by stable regions where the 

COF is steady for approximately 10,000 cycles. 

The friction response at 400˚C is seen in Figure 5-19 where the overall COF has 

dropped as the load is increased. Although not to the same degree seen at 200⁰C, 

regions of stable COF lasting for 6,000 cycles at the highest load and 2000-3000 

cycles at lower loads are observed. At the higher loads (i.e., 25 and 37.5N), an abrupt 

rise in COF between 17,000 and 21,000 cycles, likely caused by third body wear due 

to an increase in wear debris. Another notable point is that some of the subsequent 

peaks in COF are lower than the previous suggesting that not all of the oxide layers 

are broken down proving some protection. Overall, at the lower temperatures, the COF 

appears to be unstable.  

Finally, Figure 5-20 shows the relative COF at 600⁰C. Unlike the lower temperatures, 

a very stable COF is seen at 600⁰C. As the load is increased, there is an overall rise 

in the relative COF, likely to be due to adhesion between the rubbing surfaces. As 

seen in Figures 5-12 and 5-13, as the load increases, there is not an evident difference 

in wear scar or the volume, suggesting that the glaze layers formed at this temperature 

must be wear resistant and similar in composition. Steady state COF is observed for 

more than half of the test duration at all load conditions. 

Between the temperatures, distinctive friction characteristics are observed as the 

applied load is varied. Different temperatures have shown regions of stable COF, 

although the duration varies considerably. While wear protective layers are developed 

at 200 and 400˚C, they were only able to provide protection for a brief period of time 

as further sliding action has broken down the layers enabling metal-metal contact 

contributing to an increase in wear volume and more damage, whereas at the highest 

temperature stable COF is noticed although there is an overall rise in the COF which 

will be discussed later.  
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5.4.3 Surface topography  

5.4.3.1 SEM images 

Figures 5-21 and 5-22 shows the detailed SEM images obtained at x1000 

magnification from the ‘black’ oxidised regions. It is apparent from the figure that as 

the test temperature is increased, a smooth surface can be seen with very fine oxide 

debris. At 200⁰C, the surface appears to be rough, with material being removed at 

higher loads and compacted debris at lower loads. At lower loads, compacted debris 

indicates that the layers are just beginning to form whereas at 37.5N, the layers are 

broken down with ‘larger’ debris. At 400⁰C, smoother layers are starting to appear. At 

the lowest load, abrasive marks with some adhesions can be seen. As the load is 

increased, the abrasive marks have started to disappear. At 600⁰C, a continuous glaze 

(smooth surface) is observed, however, at the higher load, cracks and material 

removal is seen. This trend is reflected in the relative COF data as well, where at the 

highest temperature an overall rise in COF is observed, likely to be due to debris 

interaction as the layers are removed with further sliding.  

Figure 5-23 shows the sectioned images of the wear scar from C263 like-on-like tests 

at a normal load of 25N. The images shows that different layers are generated at 

various temperatures. At 200⁰C, the scar exhibits a debris layer with no oxide layers 

present. This suggests that the severe abrasive wear is occurring, leading to debris 

being released into the contact, and the energy is not sufficient enough for sintering. 

As the temperature is increased, large debris are observed on the top, a thin 

compacted debris layer can be seen.  Although, compacted debris are seen, the glaze 

layers are not present, possibly due to not having enough energy to form or that the 

appropriate elements have diffused to the contact. The highest temperature shows the 

highest variation where  a thick layer of glaze noticed on the topmost layer followed 

by a MML. The thick glaze is probably generated due to the having reached the 

activation energy and the appropriate elements being present which aids the 

compaction and sintering process ensuring the new glaze layers have strong bonds 

preventing further damage.  
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Figure 5-21 SEM images obtained from the oxidised regions on the C262 samples at x1000 
magnification. a,b,c from 200⁰C tests d,e,f from 400⁰C tests. 
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Figure 5-22 SEM images obtained from the oxidised regions on the C262 samples at x1000 
magnification. a,b,c from 600⁰C tests  
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5.4.3.2 Chemical analysis  

As seen in Table 5-2, the ratios of the main alloying elements have been stable as the 

load is varied at a specific temperature. At 200 and 400⁰C, there are only minute 

changes in the composition, as the layers formed are transient oxide layers which are 

hard to detect due to being a very thin. The ratios shows that there are no major 

changes in the composition; the layers are made up of NiCr. This correlates well with 

Figure 5-23 Cross sectioned images of the C263 samples at various temperatures at a normal 
load of 25N. 
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the friction characteristics seen in Figures 5-13 and 5-14 where the steady state COF 

is only seen for a short period of time, and the wear volume is seen to increase at 

higher temperatures. Although there is a rise in the Cr on the surface, Cr and Ni has 

poor sintering and adhering properties thus an effective glaze is not achieved.  This is 

likely to be causing the layers to be easily broken down with further sliding. Moreover, 

the additional debris generated as the layers are broken down, acts as abrasive wear 

particles promoting more wear. 

At the highest test temperature (i.e. 600⁰C), Co/Cr ratios show a Co dominancy where 

the percentage of CO has increased, this is likely to be because both the temperature 

and load condition provides enough energy to reach the activation energy of Co 

resulting in diffusion into the surface.  

 

5.4.3.3 Surface profiles 

Figure 5-24 shows the surface profiles from 200˚C and 600˚C tests at a normal load 

of 37.5N. As seen in figure 5-24a, the profile starts off stable and then dips and peaks 

in the graph is observed. The stable region is due to an oxide layer present as 

represented by the wear scar; the drops are due to the lost oxide regions. Figure 3-

24b shows the scar from the 600˚C tests, a more stable profile is seen throughout the 

scar. Between the two temperatures, at higher temperature, the stable region lasts 

longer than lower temperature, this indicates that the layers forming are not broken off 

Normal 

load, N 

Ni/Cr Ni/Co Co/Cr 

200˚C 400˚C 600˚C 200˚C 400˚C 600˚C 200˚C 400˚C 600˚C 

Control  2.40 2.40 2.41 2.52 2.52 2.56 0.95 0.95 0.94 

15 2.38 2.69 2.54 2.52 1.48 2.16 0.94 1.82 1.18 

25 2.11 2.41 2.45 2.52 2.56 2.19 0.83 0.94 1.12 

37.5 2.26 2.52 2.46 2.51 2.66 2.21 0.90 0.95 1.11 

Table 5.2 Ratio of active elements on the surface obtained from SEM EDX analysis of C263 
samples at various temperatures and load conditions 
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and ‘smoother’ for these regions than the severe wear region (grey/silver regions on 

the optical image) 

 

 

  

Figure 5-24  Surface profile from C263 disc samples at a normal load of 37.5N post 30,000 cycles 
at a) 200⁰C b)600⁰C. The corresponding wear scar with red line indicating the profile path  (left) 

a) 

b) 
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5.5 Haynes 25 

5.5.1 Wear scar analysis 

5.5.1.1 Wear scar 

Figures 5-25 to 5-27 shows the optical images of the wear scar from the Haynes 25 

samples using a x5 lens.  

 

Figure 5-25 Optical images obtained from post test Haynes 25 samples at 200⁰C . a,b,c are scars 
from the disc samples at a normal load of 15,25 and 37.5N respectively. d,e,f are from the 

corresponding pin samples at a normal load of 15,25 and 37.5N respectively. 
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Figure 5-25 shows the scars from the 200⁰C tests. As the load has increased the wear 

scar width has increased. At the lowest load, scars exhibit mechanical wear with 

scuffed surfaces and worn edges. Even though there are black oxides present on the 

surface, no evidence of oxidative wear is seen. As the load is increased, the 

dimensions of the wear scar has increased and light oxide regions are seen on top of 

the abrasive marks. At 400⁰C (see Figure 5.26), a very different scar is observed when 

compared to 200⁰C. Oxide layers are starting to form on both the pin and disc surfaces. 

With increasing load, the oxide regions have become denser indicating that thickness 

of the layers has increased. This is likely because the there is a rise in flash 

temperature as the load is increased resulting in higher oxidation and sintering of the 

debris. The wear scars from the 600⁰C tests can be seen in Figure 5-27. The coverage 

Figure 5-26 Optical images obtained from post test Haynes 25 samples at 400⁰C . a,b,c are scars 
from the disc samples at a normal load of 15,25 and 37.5N respectively. d,e,f are from the 

corresponding pin samples at a normal load of 15,25 and 37.5N respectively 
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of glaze has increased with increasing load, and glossy/smooth regions are also 

observed. At the lowest loads, although the scar from the pin samples shows an even 

distribution of oxide layer, the edges are worn suggesting third body wear. Moreover, 

on the disc sample, the glaze regions are patchy and concentrated around the middle 

of the scar at lower loads.  

 

Between the different temperatures used, a clear variation in the wear characteristics 

can be seen. Overall, this is the most significant outcome of these tests, at the lowest 

temperature, images display mechanical wear with striations and little/no oxide regions 

and the scar dimensions are relatively small compared to the higher temperatures. 

Figure 5-27 Optical images obtained from post test Haynes 25 samples at 600⁰C . a,b,c are scars 
from the disc samples at a normal load of 15,25 and 37.5N respectively. d,e,f are from the 

corresponding pin samples at a normal load of 15,25 and 37.5N respectively. 
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This suggests that the small amount of debris produced is hindering the glaze 

generation process. At the higher temperature, dense oxide regions are observed, and 

glossy regions at 600⁰C indicating glaze formation. This correlates with the previous 

studies and oxidation/diffusion kinetics of Co as the activation energy required for Co 

oxidation is around 550⁰C. 

Figure 5-28 displays the wear debris generated from like-on-like tests conducted on 

Haynes 25 samples at different loads and temperatures. It is evident from the figure 

that the size of the debris significantly increases with higher loads. Interestingly, unlike 

with previous materials, finer debris is observed at the intermediate temperature of 

400°C. However, the exact reason for this remains unclear. Therefore, further 

investigation is necessary in this area.  

 

Figure 5-28 SEM image of the wear debris from the Haynes 25 like on like tests at varying 
temperatures and normal load. 
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5.5.1.2 Wear volume 

Figure 5-29 shows the wear volume lost. Three different wear responses can be 

observed at the different temperatures indicating different wear mechanisms at each 

temperature. The highest wear volume is seen at the intermediate temperature of 

400⁰C, where there is a significant rise in wear volume at the highest load. This is 

because oxidative wear is occurring as there is enough energy available for oxide 

layers to be formed on the surface. However, these oxide layers are thin and easily 

broken down with further sliding resulting in more debris being generated which acts 

as a third body abrasive particle increasing wear volume. This is evidenced by the 

wear scar images where a smooth layer can be seen, although the cross sectioned 

images highlight a MML and debris on top, indicating that oxide layers are being 

generated with no glaze staying on the surface. Though, the surfaces are damaging 

at 200⁰C, it is not generating as much debris as 400⁰C.  This means that the third body 

wear and oxidative wear are limited causing less wear. Finally, at 600⁰C, there is a 

minor decrease in the wear volume with increasing load. With increasing temperature, 

the flash temperature also rises, so the oxidation and diffusion rates are higher 

resulting in protective glaze layers being formed on the surface.   

 

  

Figure 5-29 The volume lost from Haynes 25 samples at various temperatures 
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5.5.2 Evolution of coefficient of friction 

Figures 5-30 to 5-32 shows the evolution of relative COF for the test duration (i.e. 

30,000 cycles) at various load conditions.  

Figure 5-30 shows the evolution of COF at 200⁰C. An overall increase in the relative 

COF is seen with increasing load. This is due to being in the initial stage of wear, i.e., 

mechanical wear causing damage to the surface by ploughing and plastic deformation, 

but not generating enough debris. This is combined with contact temperature not being 

high enough to generate the required energy for oxidation and diffusion. A slightly 

different trend is noticed at the lowest load (i.e.15N) where there is an overall drop in 

the COF, possibly due to lower production of wear debris when compared to at higher 

loads leading to less wear by third body particles. There is no evidence of any 

protective compacted oxide layers forming as steady state COF has not reached at 

any load conditions.  

 The variations in COF at 400⁰C can be seen on Figure 5-31. An overall decrease in 

COF is noticed as the applied load is increased with regions of steady state COF and 

sharp rises especially at higher loads.  The maximum overall drop is achieved at a 

normal load of 37.5N, falling to 90% of the initial value and 95% at 25N. The steady 

state COF, seen stable for the longest duration at the highest load, at a maximum of 

~5,000 cycles at 37.5N and 3,000 at 25N. This suggests that transient oxide layers 

are forming and providing some protection. The sharp rises indicate the layers are 

broken down easily with further sliding. 

At the highest temperature of 600⁰C, the COF stays reasonably stable at all load 

conditions. The lowest overall COF is seen at 25N with steady state regions lasting up 

to 8000 cycles. At the highest load, there is an initial drop in the friction (at around 

2500 cycles) meaning protective layers are starting to form. However, as the test 

progresses, there is a rise in COF, probably due to increased debris in the contact.  

An evident distinction in the friction response is seen as the load and temperatures 

are varied. At higher temperature, evidence of oxide layer formation is seen whereas 

at lower temperature mechanical wear is observed. Since the changes in wear with 

load are not as evident as the changes with temperature, an insight is gained into the 

significance of temperature in glaze formation, as increasing the normal load has not 
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provided sufficient energy to increase the rate of oxidation and diffusion to produce an 

effective glaze layer. 

 

Figure 5-30 The evolution of relative COF over 30,000 cycles at 200˚C at a normal load of 15, 25 
and 37.5N on Haynes 25 like on like combination 

Figure 5-31 The evolution of relative COF over 30,000 cycles at 400˚C at a normal load of 15, 25 

and 37.5N on Haynes 25 like on like combination 



- 137 - 
 

 

5.5.3 Surface topography 

5.5.3.1 SEM images 

Detailed images of the oxidised regions can be seen on Figures 5-33 and 5-34. At the 

lowest temperature, the images show a very rough surface with adhesive layers and 

deformed area. As the temperature is increased, transient oxide layers can be seen. 

At 400⁰C, the intermediate load of 25N displays a thin oxide layer with cracks and a 

mix of large/fine debris on the edges. At the highest temperature a continuous smooth 

glaze layer is seen at all load conditions. The trend observed in Haynes 25 samples 

are similar to C263 where a continuous glaze is seen only at 600degC. This further 

highlights the role of energy availability and diffusion rates (both Haynes 25 and C263 

have a high % of Co). The differences in the number of debris seen can be explained 

with differences in the microstructure of each material which in turn affects the diffusion 

rate.  

Figure 5-32 The evolution of relative COF over 30,000 cycles at 600˚C at a normal load of 15, 25 
and 37.5N on Haynes 25 like on like combination 



- 138 - 
 

 

  

Figure 5-33 SEM images obtained from the oxidised regions on the Haynes 25 samples at x1000 
magnification. a,b,c from 200⁰C tests and d,e,f from 400⁰C tests at and normal load of 15,25 and 

37.5N respectively. 
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Figure 5-34 SEM images obtained from the oxidised regions on the Haynes 25 samples at x1000 
magnification. a,b,c from 600⁰C tests at a normal load of 15,25,37.5N respectively. 
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The sectioned images of the Haynes 25 wear scars are shown in Figure 5-35. At 

200⁰C, the images shows no sign of oxide layers or MML present, this was reflected 

on the optical images as well, where the wear scar displayed long striations and 

mechanical wear. This is likely to be due to severe wear caused by metal to metal 

adhesions leading to material removal. As the temperature is increased, there is more 

energy available which allows more diffusion and oxidation. This leads to generation 

of a mechanically mixed layer and debris being on the surface. Even though, more 

diffusion is occurring, the rate of breakdown is higher than the rate of generation (as 

evidenced by the highest wear volume at 400⁰C). At 600⁰C, a thin layer of glaze is 

seen and compacted debris as the top layer, this indicates that more debris are to be 

sintered increasing the thickness and wear resistance of the layers. Since Haynes 25 

is a Co-based alloy, and has a higher activation energy, by increasing the temperature, 

the activation energy is achieved leading to more compaction and sintering of the 

layers.  



- 141 - 
 

5.5.3.2 Chemical analysis 

Table 5-3 shows the chemical composition of the surface on Haynes 25 at 200⁰C, 

400⁰C and 600⁰C. At the lower temperatures (i.e. 200 and 400⁰C), there is no changes 

in the composition even though the wear scars (particularly at 400⁰C) have suggested 

that wear protective layers were forming as patchy regions of oxides were seen and 

stable COF were observed for short periods of time. The changes in load appear to 

have no impact on the glaze generation, likely to be due to the fact that the flash 

temperature rises are not high enough to reach the activation energy. At 600⁰C, an 

Figure 5-35 Cross sectioned images of the Haynes 25 wear scar at various temperatures at a 
normal load of 25N. 
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increased Cr and Co concentration is seen. This is because Haynes is primarily 

consisting of Cobalt which has a higher activation energy than other alloying elements 

such as Ni, Cr and W. Also, the hardness of Co makes it harder to diffuse elements 

into the surface as less plastic deformation and cracks are generated preventing 

oxidation and diffusion.  

Normal 

load, N 

Ni/Cr Co/Cr Ni/Co 

200˚C 400˚C 600˚C 200˚C 400˚C 600˚C 200˚C 400˚C 600˚C 

Control  0.45 0.45 0.47 2.39 2.39 2.38 0.19 0.19 0.20 

15 0.48 0.55 0.56 2.30 2.48 2.80 0.21 0.22 0.20 

25 0.49 0.49 0.49 2.34 2.42 3.11 0.21 0.21 0.16 

37.5 0.50 0.50 0.47 2.38 2.31 2.83 0.21 0.22 0.16 

5.3.3.3 Surface profiles 

 Figures 5-36 and 5-37 shows the profiles from the Haynes 25 tests at a normal load 

of 37.5N.  Figure 5-36 shows the results from 200⁰C tests where an unstable profile is 

noticed. This corresponds well with the optical image on the right where only patches 

of oxidised regions are seen with abrasions indicating wear is occurring. On the other 

hand, at 600⁰C, the scars exhibit a stable region towards the end of the profile 

suggesting a stable layer is formed as expected for a glaze layer.  

Table 5.3 Ratio of active elements on the surface obtained from SEM EDX analysis of Haynes 25 
samples at various temperatures and load conditions. 

Figure 5-36 Surface profile from Haynes 25 disc samples at a normal load of 37.5N post 30,000 
cycles at  200⁰C  
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5.6 Discussion 

Reciprocating sliding tests were conducted at various temperatures (ranging from 

200⁰C to 600⁰C) and applied load. The results have emphasised the significance of 

temperature, load and alloying elements on glaze generation and its effectiveness in 

protecting the surface. As the temperature is increased, a glossy-smooth surface is 

noticed with a significant reduction in wear scar dimension and volume. The variations 

in results between different materials are discussed here.  

5.6.1 Influence of temperature  

The temperature was varied during the like on like combination test at a normal loading 

ranging 15 to 37.5N. The results show evident differences in both wear and friction 

characteristics.  

As the temperature is varied, a clear distinction in wear scar is seen in all the materials. 

At the lower temperature, an even coverage of oxide regions are seen, however, these 

‘black’ oxidised regions are compacted debris rather than a glaze layer, thus 

increasing the wear volume. As the temperature is raised, smooth-glossy regions have 

started to appear on the wear scar suggesting a glaze layer. Moreover, a significant 

reduction in wear volume is also noticed with increased temperature. This is due to 

the higher oxidation and diffusion rate of the elements involved increasing the rate of 

sintering. Between the different materials used in this study, the temperature at which 

Figure 5-37 Surface profile from Haynes 25 disc samples at a normal load of 37.5N post 30,000 
cycles at  600⁰C  
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a glazed surface is observed is different, for instance, In718 has started to form 

‘patchy’ glaze regions even at 200⁰C whereas on the Haynes 25 samples, glaze is 

only seen at 600⁰C. This is likely to be because different materials generate glazes at 

different temperatures because of the changes in oxidation/diffusion kinetics 

behaviour.  

At lower temperatures, although a considerable amount of debris are generated, which 

reduced wear to some extent by preventing metal-metal contact, wear protective oxide 

layers are not easily developed or maintained throughout the sliding period. These 

layers formed at low temperatures are not adherent to the substrate thus metal-metal 

contact is not fully eliminated and easily broken down. 

The trends in the COF displays unstable friction characteristics at lower temperatures 

and a stable COF at the higher temperature. As seen in Figures 5-6, 5-18,5-30, at 

lower temperatures (i.e. 200 and 400⁰C), there are sharp rises and drops in the COF 

implying that the  layers formed are stable for a small period of time, then break down 

easily generating more debris (peaks in COF). For example, the COF is only stable 

for ~2500 cycles at 200⁰C and 5000 cycles at 400⁰C.  At the higher temperature (i.e. 

600⁰C), the peaks and drops are not seen and the COF is staying stable for more than 

15,000 cycles (especially for In718). However, as expected for a glaze from some 

previous studies, a significant reduction in the overall COF is not observed in this study 

because the wear scar consists of both glazed and non-glazed regions influencing the 

COF data. This could also be due to the interaction with oxide debris in the contact 

[91]. 

Previous studies have shown that there is a critical temperature, also known as the 

transition temperature, at which a protective layer is formed. However, below this 

critical temperature, the layers formed are mechanically unstable and prone to 

detachment and break up due to the differences in thermal contraction rates of the 

metal and oxide elements. This results in an unprotected surface at lower 

temperatures 

From this study, the influence of temperature can be categorised into two groups- 

below and above the critical temperature. Below the critical temperature, an overall 

reduction in COF is seen because a transient oxide layer forms giving some protection 

against metal-to-metal contact, leading to less adhesion. However, this also causes a 
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higher wear volume since transient layers are broken down easily, generating more 

debris, leads to abrasive wear exacerbating the surface. on the other hand, above the 

transition temperature, regions of stable COF are observed, with no overall drops, 

because a glaze layer is formed with similar composition so the adhesion between the 

surfaces is increased. A significant decrease in wear volume is seen as the glaze 

layers are not broken down easily, causing less damage to the surface.  

5.5.2 Influence of load 

Increasing the applied load has both positive and negative consequences depending 

on other important factors that influence the glaze generation process such as the 

material composition, sliding speed, temperature, etc.  

Generally, increasing the applied normal has a positive influence on the glaze 

generation process by increasing surface and contacting temperatures [38] [40] [92] 

[93]. Increasing the load leads to plastic deformation and cracks on the surface which 

aid in the adsorption of oxygen onto the surface promoting the oxidation of the 

subsurface layers. This leads to a higher rate of glaze generation. The increased load 

causes greater stresses, which in turn leads to an increased likelihood of producing 

debris. The same is evident in this study, and it is particularly seen on the Haynes 25 

samples at 200⁰C where at the lower load (i.e. 15N), the wear scar demonstrates 

evidence of mechanical wear with scuffing and worn edges, but, as the load is 

increased, a slightly oxidised surface can be seen on top of the striations with a more 

rounded edge. This is probably due to rises in flash temperature increasing the 

oxidation of the surface and debris as increasing the load increases flash temperature. 

Additionally, the time required to generate these oxides has decreased as the load is 

increased, presumably associated with a faster rate of oxidation and sintering as the 

contact temperature is increased due to the load. For instance, C263  at 200⁰C, took 

around 5000 cycles to reach a stable oxide region at 25N whereas, at 37.5N, the stable 

oxide regions were seen at 2500 cycles. 

One of the negative consequences of increasing the load is that as the load increases, 

the size of the wear debris is also increasing, meaning it will take longer to break down 

the debris and some of the ‘larger’ debris is pushed out of the contact, thus increasing 

wear volume.  For example, In718 has shown that an intermediate normal load of 25N 
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is slightly better than a higher load ( as reflected in the wear volume and COF data). 

This suggests that the rate of breakdown is greater than the rate of formation of glaze. 

Previous investigations on varying load have revealed that mechanical wear can be 

represented with a linear trend in wear volume as the load is increased, and an 

exponential rise in wear volume if oxidative wear is present. In the present study, 

different materials show a slightly different response. For instance, In718 presents a 

linear trend at room temperature, as the temperature has increased a reduction in 

wear volume is seen between the lower loads and a slight rise as the load is increased. 

On the other hand, C263 displays mechanical wear with unstable oxide up to 400⁰C 

(and normal load of 25N), beyond which there is a clear reduction in wear volume 

suggesting a protective oxide layer is formed. Haynes 25 samples display the greatest 

variation in wear behaviour with varying load with mechanical wear observed at lower 

temperatures (RT and 200°C) with increasing load, while an exponential increase in 

wear volume is observed at 400°C due to oxidative wear and the ineffective formation 

of a glaze layer. Finally, at the highest temperature tested (i.e. 600⁰C), the wear 

volume has decreased with increasing load indicating a wear protective layer has 

formed, protecting the surface from damage.  

It can be concluded that increasing load has a minimal effect on materials with lower 

activation energy such as IN718 and C263. This is also highlighted by the flash 

temperature calculations (see Section 3.3.1) which have shown a normal load of 25N 

will only increase the surface temperature by approximately 40⁰C, which may not be 

enough to generate a glaze layer. 

5.5.3 Influence of alloying elements 

The composition of the glaze layers formed on the different materials at various load 

and temperatures are analysed using SEM-EDS to examine the influence of alloying 

elements. It is seen that at different temperatures the composition of the layers have 

changed depending on the material leading to variations in friction and wear 

characteristics.  

Table 5.4 shows the main oxide composition of the glaze layer formed at different 

temperatures at a normal load of 25N. As seen in the table, the composition of the 

layers have changed with temperature. On the In718 samples, a NiFe (Ni dominant) 

layer is formed at 200⁰C, this is likely the reason for significant reduction in wear 
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volume as iron oxide formed above 200⁰C seems to have better cohesion properties. 

As the temperature is increased, further iron oxide dominance is observed on the 

composition, and finally, Cr dependence at the highest temperature. This is because 

different elements have different activation energy resulting in different diffusion rates. 

An effective glaze is generated above 200⁰C, this links well with the wear scar and 

volume seen as smooth glossy surface can be seen and drops in wear volume. 

On the other hand, C263 exhibits a NiCr layer until 400˚C, suggesting diffusion of Ni 

and Cr into the surface. One of the other main elements that makes up C263 is Co, 

and the diffusion of Co is not seen until the temperature is raised to 600˚C. This 

indicates that Co requires greater energy for diffusion. Previous studies have shown 

that Ni and Cr formed under certain conditions have poor sintering and adhering 

properties. The results from Haynes 25 show that there is no change in the 

composition at 200⁰C when compared to the base metal. As the temperature is 

increased, Ni depletion is seen (almost eliminating Ni presence) at higher 

temperatures and a Co-Cr layer is seen. As it was previously found that a Co and Cr 

layer generates an effective glaze, this correlates well with the wear volume seen and 

scar seen.  

 

 

 

Table 5.4 The composition of glaze layers formed at various temperatures on In718, C263 and Haynes 25 
at a normal load of 25N. 

 
Between the different load conditions used, a significant difference is not seen in any 

of the materials. This outcome has emphasized the importance of the composition of 

glaze layers in determining the efficiency of these layers. As seen from the previous 

studies and this study, the Co and Cr dependent layers are found to be more effective 

in reducing wear, this is likely due to the fact that the Co-Cr layers adhere to the 

surface better. Even though Ni-Cr layers are seen at lower temperatures on both 

IN718 and C263, the oxides formed at different temperatures have different thermal 

contraction rates, so the detachment can be accelerated at lower temperatures leading 

to more wear.  

 IN718 C263 Haynes 25 

200⁰C Ni-Fe Ni-Cr (>Cr) Co-Cr-Ni 

400⁰C Fe-Ni Ni-Cr Co-Cr 

600⁰C Cr-Ni Co-Cr Co-Cr (>Co) 
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5.7 Summary 

This chapter has shown that temperature and the composition of the layers have the 

greatest influence in the effectiveness of the glaze layers generated during sliding. 

The results from the friction and wear studies show that: 

• Distinctive wear and friction behaviour is seen with varying temperature and load 

conditions at different materials. 

• At lower temperatures, a higher wear volume and drops in COF (but unstable) is 

observed. This is due to less adhesion between surfaces because of the transient 

oxide layer formation and its break-down resulting in debris in the contact, which 

in turn prevents metal-metal adhesions. This is not beneficial as the debris act as 

third-body particles leading to abrasive wear, hence, higher wear volume occurs. 

• At higher temperature, a significant drop in wear volume and stable COF for longer 

periods of time (but an overall rise in COF is observed). At higher temperature, 

shiny, smooth glaze layers are generated and the composition of both layers are 

the same or similar. This results in higher adhesion between the surfaces, thus the 

rise in COF. The glaze layers that are generated at higher temperatures are 

adherent and wear resistant reducing the wear volume. 

• The response from changing the load is different on different materials. A linear 

trend in wear volume is observed when there is no effective oxide layer present, 

and an exponential trend when oxidative wear is occurring. The Haynes 25 alloys 

showed a drop in wear volume with increasing load when a wear resistant glaze 

layer is present. However, the Ni based alloys presented the lowest wear volume 

at an intermediate load (400 and 600⁰C), likely to be because there is not enough 

time between the strokes to breakdown the debris, as larger debris are produced 

at higher loads. 

• Between the temperature and load, the results shows that a higher temperature 

has a higher effect on the glaze generation. The flash temperature rises are not 

sufficient enough to achieve the required activation energy.   

• Different chemical composition of layers is seen at different temperatures. NiCr 

layers have resulted in oxidative wear as both Ni and Cr oxides exhibit poor 

adhesion properties. CrFe and CoCr oxides present mean that a wear resistant 

layer is formed, leading to reductions in wear volume.   
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 Chapter 6 Dissimilar materials  
 

Chapter 6 presents the experimental study of the dissimilar material combination tests 

conducted at 400 and 600⁰C at a normal load of 25N. The tangential load data was 

recorded throughout the tests, and surface topographical studies were carried out to 

understand the chemical composition of the layers at different temperatures.  
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6.1 Introduction 
 

In the previous chapters, the fundamental factors influencing glaze were investigated 

and discussed. To reduce the complexity of the study, only like-on-like material 

combinations were used previously. It is clear from the earlier chapters that 

temperature plays a key role in the glaze generation process. Secondly, the 

effectiveness of the glaze layer depends on the composition and the thickness of these 

layers. It is observed that different materials form glaze layers at different 

temperatures, thus the main objective of this study is to investigate whether dissimilar 

material combinations could enhance the glaze generation process through the 

introduction of ‘new’ alloying elements into the contact and generate an effective glaze 

even at lower temperatures. 

The knowledge of wear and friction behaviour between dissimilar material 

combinations; whether it is beneficial or disadvantageous to have a certain 

combination is vital when designing components to ensure that appropriate materials 

are chosen to achieve design/operational specification. Failure to do so can lead to 

structural failures, various degradation (corrosion, oxidation etc) leading to premature 

component failure and risk the safe operation of the engines. 

Additionally, it is essential to learn about different material combinations and its wear 

performance as similar material combinations can lead to severe wear due to adhesive 

transfer between the materials (see Chapter 1). Due to the high temperatures and load 

experienced by the aero-engines, the materials are selected so that they meet the 

demanding requirements of the engines operating conditions. This leads to limited 

materials being available for certain components, where they often have similar 

alloying elements, causing adhesive transfer. Thus, coatings are applied on the bulk 

material to achieve the friction and wear characteristics. However, coatings come with 

certain risks, such as poor bond between the coating and substrate, defects during 

application process compromising the integrity of the layer, additional 

costs/maintenance etc. Hence, knowledge of different material combinations is 

essential and can improve performance and durability of the engine components. 

The test parameters and the set-up are described in Chapter 3, Section 3.4.3. Table 

6.1 shows the material combinations used and the temperatures used in this study.  
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6.2 Inconel 718 and Haynes 25 

6.2.1 Wear scar analysis  

6.2.1.1 Wear scars 

Figures 6.1 and 6.2 shows the wear scar acquired from the In718 pin against Haynes 

25 disc samples tested at 400 and 600⁰C at a normal load of 25N obtained using an 

optical microscope.  

Temperature (˚C) 400, 600 

Material combination • In718 pin and Haynes 25 disc 

• C263 pin and Haynes 25 disc 

• In718 pin and C263 disc 

Figure 6.1 The wear scar from tests conducted using Haynes 25 disc and In718 pin and b) at 400 
and c and d) at 600⁰C at a normal load of 25N. 

Table 6.1 Details the test parameters and the material combinations used in the dissimilar 
material tests. 

a) 

d) c) 

b) 
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At 400⁰C, the wear scar exhibits an evenly covered oxide layer on both pin and disc. 

Abrasive marks are visible underneath the lightly covered oxide suggesting that third 

body interaction and severe wear has occurred. As the thickness of the oxide layer 

increases, the layers become more wear resistant by preventing metal-to-metal 

contact. On the pin scar, silver-severe metallic wear regions are visible on the edges. 

This is likely to be due to reciprocating motion of the pins causing the edges to come 

into greater contact with the debris, leading to increased interaction between the edges 

and the debris. At 600⁰C, glossy-glazed regions can be seen at the edges. However, 

severe wear/metallic regions can be seen in the middle of the scar, as highlighted by 

the ‘silver’ or ‘blue’ regions. This suggests that the layers are broken down due to 

being a thin layer or glaze has not been formed yet. The ‘blue’ regions indicate the 

presence of Co, meaning a higher percentage of Co has diffused on to the surface at 

higher temperature. On the other hand, the In718 pins show an evenly oxidised 

surface with glazed regions in the middle. As seen in the figure, there are chunks of 

material being removed from the pin. Moreover, the edges of the pin are worn. This 

likely to be due to ‘harder’ oxide particles (Co, Cr) being generated by the disc which 

in turn act as abrasive particles leading to more wear. 

 
Figure 6.2 shows the SEM images of the regions highlighted in the optical images (see 

the red square on Figure 6.1).  At 400⁰C, the wear scar shows metallic wear and 

adhesive transfers on the disc, whereas a transient oxide layer with fine debris are 

seen on the edges. With increased temperature a smooth glaze layer is visible on the 

Haynes 25 disc, however on the In718 pin, abrasive marks can be seen on top of the 

glaze layer suggesting third body (harder debris particles) interaction from the disc 

debris. Moreover, the glaze formed on the pin are broken down generating ‘rougher’ 

regions. 

Between the different temperatures, the key difference is that at 600⁰C, the wear scar 

width has reduced significantly, and glossy regions are visible on the scar. However, 

the softer material (i.e. In718) shows evidence of broken down glaze layers as a result 

of abrasive wear at both temperatures.  
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Figure 6.2 Detailed SEM images of the regions of interests highlighted in figure 6.1 (from Haynes 25 
against In718 tests. a, b) from 400⁰C and c, d from 600⁰C tests. 

a) 

d) c) 

b) 



- 154 - 
 

6.2.1.2 Wear volume 

Figure 6.3 shows the wear volume from both the pin and the disc at varying 

temperatures obtained by measuring the mass of the pin and the disc before and after 

the tests.  

 
 

As seen in the figure, there is an obvious change in the wear volume as the 

temperature is increased. As the temperature is raised, the wear volume of both pin 

and disc has reduced, likely to be due to the formation of a wear resistant glaze layer. 

The rate of drop of wear volume is greater in the pin (In718) when compared with the 

disc (Haynes 25). This indicates that either an effective glaze layer or a transient oxide 

layer is formed on In718 pin preventing metal to metal adhesions. Even though, there 

is evidence of glaze breakdown on the pin scars, the wear volume displays a lower 

level of wear from the In718, this is likely to be due to the fact that a glaze layer is 

formed on the In718 (as it has a lower activation energy than Haynes 25), but since 

the Haynes 25 is ‘harder’ than the In718, the debris from the disc are causing the glaze 

to be broken down.  
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Figure 6.3 Wear volume from both Haynes 25 disc and In718 pin at 400 and 600⁰C after sliding for 
30,000 cycles. 
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6.2.2 Evolution of coefficient of friction 
 

Figure 6.4 shows the evolution of relative COF at 400 and 600⁰C when a In718 pin 

and Haynes 25 disc is used for tests.  

Observable differences in the friction characteristics can be identified at different 

temperatures.  At 400˚C, the COF shows a stable friction behaviour, likely to be the 

result of debris generated due to severe wear preventing adhesion between the 

surfaces. At 600˚C, the relative COF has dropped to 0.4, suggesting wear protective 

layers are generated, preventing surface damage. Since the main alloying elements 

in the samples are different, the composition of glaze formed on the surfaces are 

different, resulting in less adhesion between the glazed surfaces leading to reduction 

in COF.  

  

Figure 6.4 Evolution of relative COF as the test is progressed at 400 and 600˚C. 
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6.2.3 Surface topography  

Figure 6.5 shows the cross sectioned images from the pin and the disc post test at 

various temperatures acquired using an SEM.  

The figure shows bulk material, mechanically mixed layer (MML) and glaze layers. At 

the lower temperature (i.e.400⁰C), the wear scar images show a layer of MML on both 

the pin and disc. Moreover, on the disc, a very thin layer of glaze is seen. Additionally, 

cracks can be seen along the middle of the MML. This indicates that the MML layers 

are not strongly adhered on to the bulk material leading to detachment with further 

sliding. On the pin, no glaze layer is seen and the MML is thin when compared to the 

disc. This is probably due to Haynes 25 (i.e. disc) debris being ‘harder’ than the pin, 

so the layers formed on the pin are easily broken down. Additionally, the disc has 

higher debris retention capability than the pin leading to increased oxide layer 

thickness.  At the higher temperature, a thick layer of glaze is observed on the Haynes 

25 samples, followed by a MML layer. On the In718 pin, a thin layer of MML is seen, 

with a glaze and debris layer on top. The major difference as the temperature is raised 

is that the thickness of the layers has increased, leading to a reduction in wear volume 

as metal-to-metal contact is prevented. Between the different materials, even though 

the disc seems to have a ‘thicker’ glaze layer forming, the rate of drop in wear volume 

Figure 6.5 The cross sectioned images form the wear scar obtained from Haynes 25 and In718 

tested at 400⁰C and 600⁰C.  
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is higher in the pin at higher temperature, this is likely to be because the MML and the 

glaze on both samples are different leading to a reduction in adhesive wear with the 

pin being more affected initially due to being softer. 

Table 6.2 shows the elemental composition of the layers formed at both 400 and 

600˚C. The ‘control’ data shows the samples prior to the test. The Haynes disc exhibits 

a NiFe layer at lower temperatures and a CrFe oxide layer at high temperatures. 

Haynes 25 consists of a very small amount of iron (>5%), and the increase in iron 

oxide is likely to be due to transfer from the In718 pin. The iron oxide that forms above 

200⁰C has been found to have good adhesive properties making the layers stable and 

effective. Moreover, the percentage of iron oxide has increased with temperature 

indicating that the diffusion rate has also increased with the temperature.  

Similarly, the In718 pin generates a CrFe oxide layer. The content of Cr has increased, 

and this could have been aided by the transfer of Cr atoms from the Haynes 25 as it 

is made up of 20% of Cr.  

 

 

 

 

 

6.3 C263 and Haynes 25 

6.3.1 Wear scar analysis  

6.3.1.1 Wear scars 

Optical images of the wear scar from the test with a Haynes 25 disc against a C263 

pin can be seen in Figure 6.6. As seen in the figure, distinctive features can be seen 

on both the pin and the disc as the temperature is changed. At the lower temperature, 

the wear scar displays signs of oxidative wear, as there is an even oxide layer on both 

the pin and disc samples. However, the disc samples exhibit greater variation in 

coverage as regions of lightly oxidised regions and dense oxide regions are visible. 

Haynes 25 In718 pin 

 Co/Cr Ni/Co Ni/Cr Co/Fe  Ni/Cr Ni/Fe Cr/Fe Ni/Co 

Control 2.38 0.20 0.47 26.03 Control 2.58 2.86 1.14 0.00 

400˚C 2.20 0.32 0.70 12.75 400˚C 1.08 1.09 0.99 0.58 

600˚C 1.06 1.83 1.94 1.73 600˚C 1.20 0.49 2.44 0.77 

Table 6.2 The ratios of the main alloying elements (i.e., Ni, Cr, Co, Fe) that forms the glaze layers 
on Haynes 25 (left) and In718 (right) at varying temperatures. 
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This indicates that the thickness of this oxide layer is different at various regions within 

the contact area. The silver/grey regions suggest that severe wear has happened 

either as a result of the oxide layer being broken down exposing ‘fresh’ unoxidised 

metal or an effective oxide layer has not been formed yet. As the temperature is 

increased, the obvious feature in the disc wear scar is that there is a blue tint on the 

surface, this is an indication of Co diffusion into the surface. The rate of diffusion has 

increased as well as the activation energy for Co diffusion must have been achieved, 

resulting in more Co atoms diffusing into the surface. Also, patchy glaze regions are 

seen near the edges of the scar. Likewise, at the lower temperature on the C263 pin 

scar, an even coverage of oxide is seen with some glossy/glazed patches observed. 

At the higher temperature, the glazed surface is more obvious, however, there is 

evidence of scuffing and ploughing due to debris interaction. This can be exacerbated 

as some of the debris generated by the disc is considerably ‘harder’ than the pin 

sample as Haynes 25 has a higher hardness than C263 (see chapter 3 for details).  

Figure 6.6 The wear scar from tests conducted using Haynes 25 disc and C263 pin at 400 (a and 
b) and 600⁰C (c and d) at a normal load of 25N. 

a) b) 

c) d) 
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Detailed images of the regions of interests can be seen in Figure 6.7. At lower 

temperature (i.e. 400⁰C), the scar shows a (fine) compacted debris and transient oxide 

layer. Previous studies have shown that once an oxide layer is formed, the heat 

transfer from the contact surface to the bulk will be slowed down reducing the thermal 

softening near the subsurface region. Therefore, when a weak glaze or a transient 

oxide layer is formed on the surface, it may not be sufficient enough to hinder the heat 

transfer causing more thermal softening which in turn cannot support new oxide layers 

that are forming and causes wear [91] [93]. Similarly on the pin sample, transient oxide 

layers are seen with adhesive layers, probably during the severe wear stage. As the 

temperature is increased, smooth-glossy continuous layers are seen  on the Haynes 

25 samples whereas on the pin sample there is evidence of both glaze and broken 

down layers.  

Figure 6.7 Detailed SEM images of the regions of interests highlighted in from Haynes 25 against 
C263. a) b) from 400˚C tests and c)d) from 600˚C tests. 

a) b) 

c) d) 
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Between the different materials, both materials form glaze layers at the highest 

temperature, however, on the C263 samples there is evidence of material removal 

whereas more continuous glaze layers are seen on the Haynes 25.  

6.3.1.2 Wear volume 

Figure 6.8 shows the wear volume from Haynes 25 against C263 tests at 400 and 

600⁰C.  As the temperature is increased, a significant drop in wear volume can be 

seen. At the lower temperature, oxidative wear is occurring (as seen in Figure 6.6 and 

6.7). This suggests that a wear protective glaze layer is formed on both pin and disc 

at 600⁰C. The fact that the rate of drop is greater on the Haynes 25 sample, further 

supports a view that oxidative wear is happening at 400⁰C, and a transition is occurring 

from severe oxidative to mild wear at higher temperatures. 

 

 

6.3.2 Evolution of coefficient of friction 

Figure 6.9 shows the evolution of relative COF as the test progresses. As seen in the 

figure, at the lower temperature the COF shows a stable region after an initial unsteady 

period (lasting ~8,000 cycles). The initial unstable region is likely to be caused by the 

delay in the glaze generation process, as the energy available is insufficient for active 

elements to diffuse into the surface or oxidation rate is lower. Therefore, over time, the 

debris will get an opportunity to be oxidised and compacted to form a glaze layer. 
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Figure 6.8 Average wear volume from Haynes 25 disc and C263 pin at 400 and 600⁰C. 
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Whereas, with increased temperature tests, a rise in the overall friction is seen with 

some steady state regions towards the end of the cycle. It is probable that this is the 

result of adhesion between the glaze layers formed on the surfaces as the main 

alloying elements are similar (only the percentage of the elements differs).  

 

6.3.3 Surface topography  

The cross sectioned images of the wear scar from the Haynes 25 against C263 can 

be seen in Figure 6.10. The thickness of layers are different on the materials at 

different temperatures.  At the lower temperature, the Haynes 25 samples show cracks 

and ‘large’ debris on the wear track. There is no glaze or MML layers present 

suggesting active diffusion of elements is not occurring. The C263 pin sample exhibits 

a thin layer of MML with glaze on top. Debris are also observed, suggesting both MML 

and gaze are broken down. This is likely to be because the rate of breakdown is 

greater than rate of formation of oxide layers leading to increased wear volume and 

surface damage. As the temperature is increased, a thick MML layer is seen on the 

Haynes 25 sample, with glaze and debris as the top layer. Similarly, the pin samples 

consist of a MML and a thin layer of glaze, but the thickness observed on the MML is 

Figure 6.9 The development of relative COF as the test progresses as Haynes 25 disc is rubbed 
against C263 pins at 400 and 600⁰C. 
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less than half of that observed on the disc sample. Also, cracks can be seen indicating 

that the MML is not adhered properly and is about to detach from the bulk material. 

 

The chemical composition of the layers formed on Haynes 25 and C263 at 400 and 

600⁰C can be seen in Table 6.3. The control shows the ratio of the main alloying 

elements prior to the test. On the Haynes 25 sample, which is a Co-based alloy, no 

major changes in the composition of the layers are shown when compared to the 

control. This is probably due to the elements not having enough energy to diffuse into 

the surface to form a dominant layer. As the temperature is increased, a NiCr dominant 

layer is seen. Since there is only about 10% of Ni in Haynes 25, it suggests that there 

is some transfer of Ni from the C263 (which is a Ni based alloy). Moreover, the wear 

volume from the pin is considerably lower, even at 400˚C, this could be the reason 

Figure 6.10 Cross sectioned images of the Haynes 25 samples tested against C263 pin at 400 
(and b) and 600⁰C (c and d). 

 

 

a) 
b) 

c) d) 
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why no changes in the chemical composition were seen on the disc sample at 400⁰C 

as the availability of debris was limited.  

On the pin sample, a CoCr dominant layer is seen at both temperatures. As the 

temperature is increased, the percentage of Ni has reduced and that of Co has 

increased. This explains why a smooth glossy layer is seen on the C263 samples at 

higher temperature. In turn, it is possible that the increase in Co could be from the 

Haynes 25.  

 

 

 

   

6.4 Inconel 718 and C263 

6.4.1 Wear scar analysis  

6.4.1.1 Wear scars 

Figure 6.11 shows wear scars from C263 rubbed against In718 tests at a normal load 

of 25N and at changing temperatures. At 400⁰C, the disc samples (i.e.C263) show 

metallic wear on the edges and oxide layers in the middle of the scar. The pin sample 

(i.e., In718) displays an even oxide with some indication of severe wear as debris has 

abraded into the surface. At 600⁰C, the glazed regions are seen on both samples. On 

the C263 disc, the ‘blue’ tint suggests that there is diffusion of Co at higher temperature 

which aids in the generation of an effective glaze layer. On the In718 pins, continuous 

glaze is seen, but there is evidence of material removal and severe wear, likely to be 

due to debris interaction.  

Detailed images of the regions on interest highlighted in the optical images (see Figure 

6.11) can be seen in Figure 6.12. At the lower temperature, both samples exhibit 

severe wear mechanisms, such as adhesive wear, material removal, compacted 

debris regions etc. adhesive layers are more dominant in the C263 samples whereas 

HS25 disc  C263 pin 

 Co/Cr Ni/Co Ni/Cr  Ni/Cr Co/Cr Ni/Co 

Control  2.38 0.20 0.47 Control  2.31 0.91 2.54 

400˚C 2.23 0.29 0.65 400˚C 1.27 1.73 0.73 

600˚C 0.67 3.09 2.08 600˚C 1.16 1.76 0.66 

Table 6.3 The ratios of the main alloying elements (i.e., Cr, Co, Ni) that forms the glaze layers on 
Haynes 25 (left) and C263(right) at varying temperatures. 
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the In718 specimens shows abrasions and broken down layers (transient oxide 

layers). With increased temperature, a continuous glaze is seen.  

  

Figure 6.11 The wear scar from tests conducted using C263 disc and In718 pin at 400 (a and b) 
and 600⁰C (c and d) at a normal load of 25N. 

 

a) b) 

c) d) 
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Figure 6.12 Detailed SEM images of the regions of interests highlighted in from In718 against C263 
at 400 (a and b) and 600⁰C (c and d) at a normal load of 25N.  

a) b) 

c) d) 
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6.4.1.2 Wear volume 

The average wear volume can be seen in Figure 6.13. The loss from the disc is greater 

than from the pin. Between the different temperatures, the wear volume has dropped, 

however the rate of reduction in wear volume is higher for In718. This is likely to be 

due to the generation of an unstable oxide layer which either breaks down easily with 

further sliding or due to not generating a glaze layer. This correlates well with the C263 

scars seen in Figures 6.11 and 6.12, where the cracks seen on the surface indicate 

that the glaze layers are not thick enough to prevent further surface damage. On the 

other hand, In718 seems to have formed an effective glaze protecting the surface, 

thus reducing the average wear volume. 

  

6.4.2 Evolution of coefficient of friction 

The friction characteristics can be seen in Figure 6.14 showing the changes in COF at 

different temperatures. Two different trends can be seen in the figure. At the lower 

temperature (i.e., 400⁰C), the COF displays steady state friction lasting for about 5,000 

cycles alongside sharp rises/drops. The rises and drops indicate that the oxide layers 

formed are broken down generating more debris, which in turn is causing more 

abrasive wear. As the temperature is increased, there is a drop in the COF due to 

oxide layers forming on the surface which protect against adhesion. 
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Figure 6.13 Average wear volume from C263 disc and In718 pin at 400 and 600⁰C. 
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6.4.3 Surface topography  

Figure 6.15 shows the sectioned images of the wear scars from C263 disc and In718 

pin tests. At 400⁰C, the layers formed on the scar are mainly composed of MML layer 

with a thin layer of glaze on the disc scar. On the other hand, at higher temperature, 

the wear scar displays a glaze layer with a thick layer of MML. The glaze layer is more 

dominant on the pin sample, compacted debris can be seen as well indicating that 

either the layers are detaching or more glaze layers are being formed. 

The glaze layer is not dominant at the lower temperature, this is likely to be because 

the rate of breakdown of oxide layer is higher than the rate of generation leading to a 

higher wear volume (as seen in Figure 6.13). As the temperature is increased, the rate 

of diffusion and oxidation is higher which leads to higher availability of the required 

elements in the contact for glaze forming a more effective layer. As a result the rate of 

glaze breakdown lowers.  

 

Figure 6.14 Displays the evolution of relative COF as the In718 against C263 test progresses.  
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Table 6.4 shows the chemical composition of the layers formed on the In718 pin and 

C263 disc when tested at 400and 600⁰C. The glaze layers formed on the In718 pin 

are FeCrCo based, which suggests that there has been transfer for Co from the C263. 

This is likely to be the reason for the reduction in wear volume as CoCr has been found 

to generate an effective glaze. Between the different temperatures, the percentage of 

Co content has increased due to increased availability of Co as more Co atoms diffuse 

into the contact surface as the temperature is increased. The C263 disc samples 

generate a Ni layer, with a slight increase in Co with increasing temperature. It is 

observed from the previous studies that Nickel and Chromium have poor sintering and 

adhering properties, which makes it harder to form an effective glaze leading to more 

wear as the layers are broken down with further sliding. This explains the trend seen 

in the wear volume and COF data as a noticeable reduction is not observed. During 

these tests, it appears that the generation of glaze on C263 is not significantly affected 

Figure 6.15 Cross sectioned images of the C263 disc rubbed against In718 pins at 400 (a and 
b)and 600⁰C (c and d). 

a) b) 

c) d) 
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by the higher temperature, since the rate at which glaze layers break down is greater 

than the rate of formation. 

C263 disc In718 pin 

  Ni/Cr Co/Cr Ni/Co Ni/Fe  Ni/Cr Co/Cr Ni/Co Ni/Fe Cr/Fe 

Control  2.40 0.93 2.59 74.67 Control  2.87 0.00 0.00 2.88 1.01 

400˚C 2.56 0.71 3.63 9.56 400˚C 2.55 0.64 3.96 7.55 2.96 

600˚C 2.35 0.76 3.09 15.30 600˚C 2.43 0.90 2.71 44.33 18.22 

6.5 Discussion  

Sliding tests were conducted using dissimilar material combinations at a normal load 

of 25N and at varying temperatures (400 and 600⁰C). The primary aim of this study 

was to understand the influence of alloying elements and whether having a certain 

element would aid the glaze generation process even at lower temperatures. Thus, 

the influence of temperature and the alloying elements are discussed here. 

6.5.1 Influence of temperature 

The influence of temperature was studied by changing the bulk temperature to 400 

and 600⁰C. Obvious changes in the friction and wear characteristics are observed with 

glossy regions seen at higher temperature.  

As the temperature is changed, patches of glossy-smooth regions are seen on the 

different materials. The main difference seen between the different materials is the 

coverage of glaze on the surface. At lower temperature, all the different material 

combination displays an evenly covered oxidised regions on the surface, however, 

abrasive marks are also visible. This indicates the oxide layers formed are not thick 

enough because the energy available is not sufficient enough to generate a protective 

glaze layer leading to further wear. 

As the temperature is increased, smooth-glossy layers are seen on both pin and disc. 

The Haynes 25 disc displays patchy glaze with regions of severe wear. Both Haynes 

25 and C263 present ‘blue’ regions on the scar indicating Co diffusion into surface. 

this means that the rate of diffusion of Co has increased with temperature aiding with 

the wear protective glaze. The pin scars highlight material removal and severe wear 

especially at higher temperature. This is likely to be caused by the third body abrasive 

Table 6.4 The ratios of the main alloying elements (i.e., Cr, Co, Ni, Fe) that forms the glaze layers 
on C263 (left) and In718 (right) at varying temperatures. 
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particles in the contact. Moreover, the oxide particles are generally ‘harder’ than 

unoxidised debris and Co increases the hardness of materials which in turn can plough 

into the ‘softer’ material causing more damage.  

All the different material combinations display a stable COF at 400⁰C when compared 

to 600⁰C. This suggests that the availability of different elements in the surface is 

preventing the adhesions between the disc and the pin, but the wear volume is higher 

indicating that the debris are causing abrasive wear. At higher temperatures, different 

combinations possess a slightly different trend. In718 with Haynes 25 and In718 with 

C263 combinations displays a reduction in COF because of the higher variations in 

the elemental composition of the alloys, thus avoiding the adhesion between the 

layers. The highest rise in COF is observed with C263 and Haynes 25 as there are 

similar alloying elements leading to generation of surface layers which are alike 

promoting the adhesion.  

When compared to the like-on-like material combinations, the Haynes 25 samples 

appears to be more beneficial from the dissimilar material. As the thickness of MML 

and glaze layer has increased even at lower temperature, likely to be due to increased 

availability of debris and elements into the contact aiding with the formation of oxide 

layers (see Figure 5.27). The similar material does not seem to be highly benefitted as 

the glaze and MML appears to be of similar thickness as like on like material 

combination. The is probably why a high wear volume is observed for In718 against 

C263 tests when compared to the other combinations.  

6.5.2 Influence of the alloying elements 

Both disc and the pin samples were examined to determine the chemical composition 

of the layers formed. Certain material combinations had a positive influence by aiding 

the glaze generation process.  

Figure 6.16 shows the total wear volume from the various material combinations used 

at different temperature. Between the different materials, the C263 sliding against 

Haynes 25 has resulted in the lowest material lost and the highest for In718 against 

C263. Both C263 and Haynes 25 contain a higher percentage of Co and Cr when 

compared to In718, this attributes to the lowest wear volume seen as a higher 

percentage of these elements have been previously found to generate a stable glaze, 

resulting in reduction in wear. The highest wear volume was observed between In718 
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and C263 samples, as a NiCr layer is formed on both samples. Since Ni and Cr has 

poor sintering and adhering capabilities, the layers formed were easily broken down 

with further sliding. Also, the chemically similar layers generated on both interfaces 

resulted in higher adhesion.  

Although the wear volume is relatively high between the In718 with Haynes 25 

combination, the wear volume at 400⁰C from the Haynes 25 sample was reduced 

when compared to like-on-like material at 400⁰C. This suggests that In718 is aiding 

the generation of wear protective surface on the Haynes 25 by transferring Fe atoms 

from the In718 pin. 

Overall, it can be concluded the more dissimilar a material is better it is in reducing 

wear as it benefits from transfer of active elements, given that elements possess good 

adhesion properties, so it bonds to the substrate reducing the likelihood of 

detachments. For instance, the limiting factor for glaze generation on Haynes 25 at 

low temperatures is the availability of debris. It can be seen from Chapters 4 and 5 

that In718 generates high volume of debris due to breakdown of transient oxide layers 

at lower temperatures. This means that there is higher availability of debris, benefiting 

Haynes 25 sample by generation of an oxide layer, thus preventing further surface 

damage at 400˚C. It should be noted that the highest wear volume was seen at these 

conditions on Haynes 25 like on like combination tests. On the other hand, no changes 

in the chemical composition are observed on Haynes 25 against C263 at lower 
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Figure 6.16 The total wear volume from different material combinations at different temperatures.  
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temperatures. As the temperature is increased, both the wear scar characteristics and 

chemical composition of the layer changes indicating that the positive changes 

observed are temperature dependent. Finally, C263 against In718 tests have resulted 

in highest wear volume, making them a bad choice. This is due to both samples having 

a high concentration of Ni (>50%), leading to NiCr layers being formed on the surface 

which has poor adhesion capabilities.  

6.6 Summary  

This work mainly studied the friction and wear behaviour when dissimilar material 

combinations are used. Three different combinations were used and two different 

temperatures (400 and 600⁰C) at a normal load of 25N. The material that is less likely 

to form a glaze was selected as the disc so better debris entrainment can be achieved. 

The results from the wear and topography analyses shows that: 

• A positive influence is observed on all material combinations with increasing 

temperature as the wear volume is reduced and the cross sectioned images shows 

an increased thickness of MML and glaze layer which protects the surface from 

further damage due to metal-to-metal contact. 

• A drop in the COF is seen at 600⁰C with In718/Haynes 25 and In718/C263 

combinations as the glaze layers formed on the pin and disc are different, thus 

adhesions are reduced.  

• Only a thin glaze layer is noticed on the pin samples, likely to be because of the 

poor debris retention and the interaction with the debris (as highlighted by the worn 

edges). 

• The combinations with different chemical composition would be more beneficial 

from introduction of ‘new’ elements such as like on like tests on Haynes 25 at 400⁰C 

leads to severe oxidative-abrasive wear whereas the introduction of Ni from the 

In718/C263 results in MML and glaze generation. Conversely, chemically similar 

materials likely to not have any significant advantages.  
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Chapter 7 Pre-glazed tests 

 
This chapter presents the results from the pre-glazed tests on In718, C263 and 

Haynes 25. The results are analysed using wear scar images obtained from optical 

microscopes and SEM. Also, chemical analysis is carried out to see the effectiveness 

of the glazed surface.  
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7.1 Introduction 

The fundamental factors affecting glaze formation can be seen in previous chapters. 

It is seen that severe wear occurs prior to an effective glaze is found, one of the ways 

to prevent this is by having a pre-glazed surface prior to the test. However, it is not 

clear from the previous studies and information from industry whether this is always 

successful. Previous studies [42] have demonstrated that there is a reduction in COF 

and that it takes less time to form a protective glaze for a pre-glazed surface, even at 

lower temperatures. If pre-glazing the surface is found to be beneficial in reducing 

initial wear, then it can be adopted for industrial applications as the temperature and 

load variations during an aero-engine operation are cyclic allowing the prediction of 

glaze generation by having the knowledge of the ideal conditions where a wear 

resistant layer is formed and how it can be replenished before all the layers are 

removed.  

Hence, the aim of this study was to investigate if there is any influence when a glaze 

has been previously generated in a surface at a certain high temperature and its 

performance at lower temperature. This enables the discover of whether such a 

favourable effect exists universally across different materials, and if so, to what 

degree. Since the effectiveness of a glaze layer is dependent on various factors, the 

current study is limited to a single normal load condition and only like-on-like material 

combinations with one load condition is used. This ensures that the results are not 

influenced by any other factors.  

7.2 Test methodology and parameters  

Tests were carried out in a button on disc configuration using like on like material 

combinations. The test set-up and materials used in this study were the same as 

previously used (as described in Section 3.4.1). The method was slightly altered to 

investigate the effect of history dependence or pre-glazed samples. Therefore, during 

this study, the pin samples were rubbed against the disc samples first at a high 

temperature (i.e. 600⁰C), to allow a stable glaze region to be generated on the surface 

followed by tests at a lower temperature (i.e. 25⁰C). Test parameters are detailed in 

Table 7.1. All the tests were repeated three times for reliability. The tangential force 

and displacement data were measured throughout the test. Additionally, an image of 
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the wear scar was taken post high temperature test using a USB microscope to ensure 

that a glaze is formed on the surface. 

  

 

 

 7.3 Wear scar analysis 

Figures 7.1 to 7.3 show the wear scars of both pin and the disc from the pre-glazed 

tests. Once the initial high temperature tests are finished, an in situ image is taken of 

the wear scars to preserve the contact conditions using a USB microscope.  

The wear scars from the In718 wear scars are seen in Figure 7.1. Images of the wear 

scar (disc) post high temperature tests were taken to ensure that a glaze was formed 

on the surface. As seen in the Figure, black-glossy regions are seen in the middle of 

the scar, and lightly oxidised regions near the edges indicating either a glaze is broken 

down or new glaze layers are being generated. Also, there is evidence of metallic 

wear. The post room temperature test scars show an increased coverage of ‘black 

oxidised regions’ with glossy patches in the middle. Abrasive marks are also seen 

indicating severe wear. The main contrast observed between the tests is that the wear 

scar width has increased significantly post RT test. This is probably due to the glaze 

layers being detached as the temperature is varied. On the pin scar, lightly oxidised 

regions are more dominant, suggesting compacted debris. Silver/grey regions can 

also be seen near the edges indicating severe metallic wear likely to be as a result of 

the interaction with oxide/unoxidised debris.  

Load (N) 25 

Frequency (Hz) 8.3 

Stroke length (mm) 2.2 

Table 7.1 Details the test parameters and the material combinations used in the pre-glazed tests. 

Figure 7.1 The wear scar at various stages of the In718 pre-glazed tests carried out at both 600⁰C 
and room temperature at a normal load of 25N. 
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The wear scar from the C263 tests can be seen in Figure 7.2. On the edges of the 

scar on the disc, severe wear regions (highlighted by metallic silver/grey) are seen, 

likely to be caused by the debris particles abrading into the surface. Glaze layers are 

visible in the middle of the scar; however, the extent of layers cannot be fully seen as 

debris are present over the black oxidised regions. Post room temperature test scar 

shows an evenly covered light oxide on the surface with ‘patchy’ glossy regions.  

Grey/silver regions can be seen underneath the lightly oxidised region on the disc scar, 

this suggests that new areas are being exposed due to the previously formed glaze 

being broken and ‘new’ oxide layers are being formed.  Similarly, on the pin scar, an 

even coverage of light oxide is seen.  

Finally, Figure 7.3 shows the scars from the Haynes 25 tests. As seen in the Figure, 

continuous glaze layers were formed at higher temperature with some metallic wear 

regions. However, a very different scar is visible post the room temperature tests with 

Figure 7.2 The wear scar at various stages of the C263 pre-glazed tests carried out at both 600⁰C 

and room temperature at a normal load of 25N. 

Figure 7.3 The wear scar at various stages of the Hs25 pre-glazed tests carried out at both 600⁰C 
and room temperature at a normal load of 25N. 
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severe metallic wear and abrasive grooves. Almost all of the glaze formed at the higher 

temperature is destroyed by the end of toom temperature tests, this is likely to be 

because new glaze layers are not being generated at room temperature, leading to 

more wear (seen by the increased wear scar width). Additionally, the breakdown of 

glaze layer is accelerated by the change in the temperature as the rates of thermal 

expansion changes promoting detachment of the bonded layers. Unlike, the disc scar, 

the pin shows an even coverage of oxide layer with glossy glaze layers seen.  

 

7.3.1 Wear volume 

The total wear volume from individual material can be seen in Figure 7.4.  

The highest wear volume was observed for C263 followed by the In718. The lowest 

wear volume is observed for Haynes 25, and the wear volume is almost three to four 

times lower when compared with In718 and C263.  Glossy glazed regions were visible 

on all the materials post high temperature tests; this suggests that the glaze layers 

were protecting from further surface damage until it broke down. Nonetheless, the rate 

of breakdown was different on different materials as evidenced by the varying level of 

glaze remaining at the end of the room temperature tests. This is likely to be due to 
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Figure 7.4 The total wear volume from In718. C263 and Haynes 25 when the tests are conducted 
using a pre-glazed sample at a normal load of 25N. 
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the differences in chemical compositions and thermal expansion/contraction rates. An 

effective glaze is seen on the Haynes 25 as the high temperature wear scar exhibits 

lower scar width and low wear volume at the end of room temperature tests suggesting 

that Haynes 25 has the highest durability. However, there is a significant drop in the 

coverage post room temperature test suggesting its inability to replenish the glaze 

layers that are broken down. This leads to mechanical wear which is causing additional 

surface damage and subsequently more wear.  

 

7.4 Evolution of coefficient of friction 

Figures 7.5 to 7.7 shows the evolution of relative COF as the test progresses and the 

average absolute COF at the start/end of high temperature, room temperature and 

pre-glaze room temperature tests. Both high and room temperature(pre-glaze) relative 

COF results are displayed.  

Figure 7.5 The COF data for like on like combination tests on In718 at a normal load of 25N a) the average 
COF at the initial and final 3k cycles of the test b) the evolution of relative COF at high temperature c) the 

evolution of COF at room temperature when a glaze layer is already present on the surface. 

a) 

Results from 
 chapter 4 
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The evolution  of COF from the In718 tests can be seen in Figure 7.5 b and c. As seen 

in the figure, at higher temperature, a stable COF is seen with an overall rise. This is 

because of the adhesion between the chemically similar layers formed on the 

contacting surface. A drop in the COF is observed at lower temperature. Initially, there 

is a region of stable COF (~7,000 cycles), however, as the test progresses, the COF 

becomes unstable with peaks and drops in the data indicating that layers are broken 

down. The overall drop in the COF is likely to be due to third body particles preventing 

metal-to-metal contact, however this leads to abrasive wear generating more wear and 

acerating the breakdown of existing glaze layers. Average COF at the start and 

towards the end of various tests can be seen in Figure 7.5a. There is little variation in 

the average COF between the start and end of the room temperature where the 

surface is not pre-glazed, this suggests that a stable layer is not present. On the other 

hand, the pre-glaze room temperature results shows a high COF at the start of the test 

and a decrease in COF at the end of the test. As seen in the previous chapters, the 

drop in COF is due to the presence of third body wear particles in the contact 

preventing adhesions. Therefore, it can be concluded that the glaze layers are being 

broken which is also seen in the wear scars.  

Figure 7.6 b and c shows the evolution of COF of C263 as the temperature is varied. 

a similar pattern to In718 is noticed with a stable COF seen at higher temperature and 

drop in overall COF at lower temperature. Unlike In718, the initial stable COF at lower 

temperature is lasting ~ 11k cycles, afterwards peaks and drops can been seen with 

stable regions lasting around 2.5k cycles. A similar trend to In718 is observed with the 

average COF (Figure 7.6a), where a drop in the average COF is seen when a glaze 

is present on the surface prior to the room temperature test.  

The COF data from the Haynes 25 samples can be seen in Figure 7.7. The stable 

COF at higher temperature suggests that an effective glaze is formed.an overall 

reduction in COF is seen at the lower temperature, however unstable regions are seen 

between 6k to 20k cycles indicating the layers being broken down generating ‘rough’ 

surfaces leading to wear. At lower temperature, stable COF is seen between 20k-25k 

cycles, indicating a glaze layer is formed. This trend was not seen in results without 

pre-glaze because of limited availability of debris for compaction and sintering to 

generate a glaze layer. When the glaze layers are broken down leading to more wear, 

debris are no longer the limiting factor increasing the likelihood of a stable oxide layer. 



- 180 - 
 

Figure 7.7c shows the average COF from the tests conducted at different conditions. 

It can be seen that the COF is significantly lower for room temperature tests than the 

pre-glaze and high temperature tests. A slight drop in the COF is observed for the pre- 

glaze room temperature tests suggesting that the layers are starting to break down.  

The results from chapter 5 (Figure 5-9,5-18,5-27) has shown that In718 forms a 

continuous glaze layer with a thick MML layer underneath. Whereas on the C263 and 

Haynes 25 samples , the thickness of MML is lower than In718. The friction data and 

the wear volume indicates that the wear rate is higher from the In718 samples than 

the C263 and Haynes 25. This is likely to be because of the different thermal 

expansion/contraction rates of the glaze layers formed indicating the glaze layers 

formed on In718 is less stable at lower temperatures when compared to C263 and 

Haynes 25 leading to detachment and removal of the layers.  

a) 

b) c) 

Figure 7.6 The COF data for like on like combination tests on Haynes 25 at a normal load of 25N 
a) the average COF at the initial and final 3k cycles of the test b) the evolution of relative COF at 

high temperature c) the evolution of COF at room temperature when a glaze layer is already 
present on the surface. 

Results from 
 chapter 4 
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It is also important to not that COF values are a combination from both glazed and 

non-glazed surfaces. Therefore, makes it a challenge to compare COF values 

between different temperatures or partially glazed surface. These figures are used to 

study the trends in friction behaviour and the instability of COF at RT tests as the glaze 

layers are broken down.  

 

  

 

 

Figure 7.6 shows the COF data for like on like combination tests on C263 at a normal load of 25N 
a) the average COF at the initial and final 3k cycles of the test b) the evolution of relative COF at 

high temperature c) the evolution of COF at room temperature when a glaze layer is already 
present on the surface. 

Figure 7.7 The COF data for like on like combination tests on Haynes 25 at a normal load of 25N 
a) the average COF at the initial and final 3k cycles of the test b) the evolution of relative COF at 

high temperature c) the evolution of COF at room temperature when a glaze layer is already 
present on the surface. 

a) 
Results from 
 chapter 4 
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7.5 Surface topography  

7.5.1 SEM images 

The detailed images from the regions of interest can be seen in Figures 7.9 to 7.11, 

obtained using the Hitachi TM4000 SEM using a mix of BSE and SE detector from the 

post room temperature tests. The regions of interest are highlighted on the optical 

images (see Figure 7.8). 

Figure 7.9 shows the SEM images of the regions of interests from In718 tests. As seen 

in the figure, some glaze can be seen underneath the debris and the surface is 

dominated by the compacted debris. The presence of large cracks along the surface 

suggests that the oxide layers are thin and can easily break down with further sliding.  

SEM images of the wear scars from the C263 tests can be seen in Figure 7.10. 

Although glaze is observed, it is ‘patchy’ and not a continuous layer. Debris are visible 

around the glazed regions indicating the glaze is being broken down. The presence of 

compacted oxide debris indicates glaze generation is underway and the delay may be 

due to insufficient energy to sinter the debris. 

 

Figure 7.9 SEM images of regions of interest from In718 samples at x1000 magnification.  

Figure 7.8 Optical images of the post RT wear scar highlighting regions of interest used for the 
SEM analysis.  
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Large ‘circular’ debris are seen on the Haynes 25 scars (see Figure 7.11), this 

indicates that the glaze layers formed at high temperature are broken down. The glaze 

is usually ‘harder’ than the bulk material, therefore the debris cause abrasive wear 

causing further damage to the surface. Additionally, ‘larger’ debris will increase the 

time taken for glaze generation as the debris needs to be broken down and oxidised. 

Since Co has a higher activation energy, the rate of diffusion and oxidation are lower 

meaning the glaze generation process is also hindered.  

Figure 7.12 shows the cross sectioned wear scars post test. Different layers can be 

seen on the scar such as a mechanically mixed layer (MML), glaze, bulk material etc. 

In718 scar exhibit MML with cracks formed indicating that they will be broken off with 

further sliding creating more debris. Large debris can be seen in the grooves which 

needs to be further broken down and oxidised before forming ‘new’ layers. No glaze 

is observed on the In718, and this indicates that all the glaze that is generated at 

Figure 7.10 SEM images of regions of interest from C263 samples at x1000 magnification.  

Figure 7.11 SEM images of regions of interest from Haynes 25 samples at x1000 magnification.  
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higher temperature has been broken down. On the other hand, C263 wear scars show 

a debris layer, thin glaze layer and MML above the bulk material. Even though a thick 

layer of MML is noticed, the total wear volume is greatest for the C263, and this 

indicates that the layers generated are not stable and effective leading to more debris 

to be generated. This can also be seen by the amount of wear debris seen, as a higher 

amount of debris is seen for C263 when compared to In718 and Haynes 25. Figure 

7.12c shows the cross sectioned scar from the Haynes 25 sample.  A layer of fine 

compacted debris and MML is seen on top of the bulk material suggesting almost all 

of the glaze has been broken down.  

7.5.2 Elemental analysis 

The relative changes in the primary elements are used to study the composition of the 

surface layers. Table 6.2, 6.3 and 6.4 show the control data (i.e.pre-test), post pre-

glazed tests (after both 600⁰C and room temperature tests), and finally, the room 

temperature and 600⁰C results for comparison.  

Table 7.2 shows the results from In718 like-on-like test. as seen in the table, the pre-

glazed data shows a slight increase in Cr and Fe content suggesting the layers are 

primarily made of CrFe. The room temperature data shows no significant difference in 

the chemical composition compared to the control, whereas at 600⁰C, CrFe layer is 

observed. When compared with the previous tests conducted at room temperature 

and 600⁰C, the data indicates that some of the glaze is retained even after the room 

temperature tests meaning that pre-glazing the surface would provide some protection 

against wear. However, the percentage of Cr is lower after pre-glazed tests and the 

percentage of Fe has increased, this suggests that Fe diffusion is occurring at room 

temperature. The previous studies have shown that the Fe oxide generating at lower 

temperatures (>250⁰C), will increase wear due to poor adhesive properties, and could 

be the reason for the high wear volume seen in this study. 

The results form the C263 sample can be seen in Table 7.3. As seen in the table, only 

a slight difference in the chemical composition of the surface layers is observed. A 

CrCo layer is noticed, as there is a drop in the Ni/Cr and Ni/Cr ratio meaning a Ni 

depletion. When compared with the room temperature and 600⁰C data, pre-glaze data 

indicates that the glaze is still present protecting the surface, however, the percentage 

of Co/Cr ratio has decreased suggesting that the rate of Co diffusion into the surface 
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is decreased hindering the glaze generation process and the glaze layers are not 

replenished. 

Table 7.4 shows the chemical composition of the Haynes 25 surface post pre-glaze 

test. The results show that there is only a minor change in the chemical composition 

when compared to the control (i.e., pre test surface). The Ni/Cr and Co/Cr ratio has 

decreased indicating Cr is still present in the layers. Whereas, at high temperature 

test, Co rich layer is seen. This links with the wear scar seen where grey/silver regions 

dominated suggesting the oxide layers have been broken down. 

Figure 7.12 Cross sectioned images of the wear scar showing the various layers formed during 

the tests at a magnification of x2500 a) In718 b)C263 c)Haynes 25 



- 186 - 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

 

 
 
 

 
 

 

 

 

 

7.6 Discussion  

Pre-glazed tests were carried out using like-on-like material combinations at a normal 

load of 25N. A combination of tests are used to ensure that a protective glaze layer is 

formed, thus an initial sliding test is conducted at 600⁰C, followed by tests conducted 

at room temperature using the same samples. The main aim of the study was to 

understand the effect of variations in temperature when a glaze is already present on 

the surface and whether this will reduce the severe wear seen during the run-in period.  

The wear scars were assessed post the high temperature and room temperature tests. 

The post high temperature scars on all the materials show ‘black’/glossy regions on 

 
Ni/Cr Ni/Fe Cr/Fe 

Control  2.84 2.93 1.03 

Pre-glaze test 2.47 2.76 1.12 

RT 2.64 2.89 1.27 

600˚C 2.24 2.54 1.13 

 Ni/Cr Co/Cr Ni/Co 

Control  2.40 0.94 2.55 

Pre-glaze test 2.25 0.90 2.51 

RT 4.82 0.35 13.7 

600˚C 2.45 1.12 2.19 

 Co/Cr Ni/Co Ni/Cr 

Control  2.38 0.20 0.47 

Pre-glaze test 2.24 0.20 0.45 

RT 2.37 0.21 0.49 

600˚C 2.83 0.16 0.47 

Table 7.2 The elemental analysis of the layers from pre-glazed like-on-like In718 tests. Both RT 
and 600⁰C results are from chapters 4 and 5. 

Table 7.3 The elemental analysis of the layers from pre-glazed like-on-like C263 tests. 

Table 7.4 The elemental analysis of the layers from pre-glazed like-on-like Haynes 25 tests. 
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the surface indicating a glaze is formed. However, the quality of the glaze was not 

checked to preserve the contact conditions. The post room temperature tests showed 

variability in the oxidised regions observed on the wear scar on different materials. 

The highest coverage was seen on the In718, followed by C263. The scars from 

Haynes 25 were dominated by ‘grey’/’silver’ regions indicating no oxides layers were 

being formed. This implies that the glaze layers are not replenished at room 

temperature due to energy being insufficient enough to oxidise, diffuse and sinter the 

debris.  

The COF data shows that a stable glaze is formed at higher temperature as a stable 

COF is seen as the time is increased. The pre-glaze has shown a reduction in overall 

COF, however, the COF at room temperature has shown unstable friction behaviour 

suggesting layers were being broken down. The overall drop is COF is noticed 

because metal-metal contact is prevented by the glaze layers and the MML as seen 

in the wear scars. The sharp drops and peaks in COF is likely to be because the layers 

generated at higher temperature are detached as the temperature is varied leading to 

more debris in the contact. Unlike C263 and Haynes 25, it should be noted that the 

pre-glaze COF data from In718 has started to rise towards the end of the test 

suggesting less abrasions are occurring, and adhesions are increasing. However, it is 

not clear whether glaze layers were being replenished or not at the present stage. 

A significant drop in the pre-glazed wear volume is seen when compared to room 

temperature tests (see Figure 4-4). The lower wear volume is observed as metal to 

metal contact is prevented by the glaze on the surface. However, for both In718 and 

C263, the wear rate has increased relative to the 600⁰C like-on-like tests (see Figure 

7-13). This indicates as the glaze is broken down, and severe wear is promoted 

leading to a rise in material loss. Whereas for the HS25 samples, a lower wear rate is 

noticed, and this correlates well with the trend seen with room temperature tests where 

a mechanical wear is dominant leading to a higher degree of surface damage 

compared to In718 and C263. This is also evident in the friction data where an unstable 

COF is observed as the test progresses indicating that the glaze is being broken down. 

The chemical composition of the surface layers from the pre-glazed samples shows 

that both In718 and C263 shows a different composition compared to room 

temperature and higher  temperature tests, where a CrFe layer is seen on the In718 
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and CrCo layer on the C263. On both C263 and Haynes 25, the overall Co content 

has dropped with the temperature, suggesting it is no longer diffusing Co into the 

surface. Haynes 25 composition is almost same as the control/RT, this indicates that 

the glaze is destroyed.  

Overall, the pre-glazed tests shows that it can be advantageous and protect the 

surface to some extent depending on the conditions used such as the temperature, 

the duration at each temperature, the load etc. it is necessary to conduct further tests 

to fully evaluate the effectiveness of pre-glazed tests. For example, the current study 

shows that the glaze layers are destroyed at room temperature and variable amount 

of MML is seen. MML is currently preventing the metal to metal contact, however, the 

effectiveness of this layer remain uncertain as glaze layers are not replenished at room 

temperature. It will be beneficial to see whether raising the temperature to an 

intermediate level will increase the glaze generation as oxidation/diffusion rates are 

higher.  

 

7.8 Summary 

The aim of the investigations conducted in this chapter was to observe whether there 

is any influence when a glaze has been previously generated in a surface at a certain 

high temperature and its performance at lower temperature. Therefore, a combined 

test method is used- firstly, conduct a test at 600⁰C to generate a glaze on the 

Figure 7.13 The wear rate of pre-glazed, 600⁰C and RT tests for comparison 
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contacting surface and then carry out the tests under room temperature. It can be 

concluded from the results that: 

• The wear scar images show evidence of severe wear suggesting that the glaze 

layers are broken down. 

• The cross-section images displays a thick layer of MML with very thin or no glaze 

layer. This was not seen at just room temperature tests as only transient oxide 

layers were present. 

• An overall drop in the COF is observed with the pre-glaze size however, it is 

unstable indicating, that the layers are broken down producing debris in the contact 

and the overall drop is likely to be due to less metal-metal contact. This correlates 

well with the room temperature test results (see Chapter 4). 

• The wear rate for pre-glaze tests were slightly higher for Ni based alloys and lower 

for Haynes 25. 

• Although some useful information was collected, the extent of the effectiveness of 

pre-glazing is not evident. It is needed to study the other factors such as the 

changing the pressure, temperature or dissimilar material to fully understand the 

effectiveness of a pre-glaze surface. 
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Chapter 8 Wear Maps  

This chapter summarises the results and findings of the experimental work into a wear 

map, including the methodology behind the generation of the maps and the statistical 

analysis of the mathematical model.  
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8.1 Introduction 

As described in the previous chapters, different wear and friction behaviour were seen 

as the temperature and pressure are varied. The different materials have shown 

different behaviours, especially the time it takes to generate a wear-resistant layer (i.e. 

glaze). The post-sliding test samples were analysed using various methods (as 

mentioned in Section 3.4.4) to understand the different mechanisms and the chemical 

composition of the layers to determine the effectiveness of the oxide layer that is 

formed at various operating conditions.  

It is clear from the investigations conducted in this study shows that the glaze 

generation process is a complex process involving various factors, it is a challenge to 

predict the wear response of a system especially because of the variety of data that 

needs to be presented/evaluated. One such method of evaluation and prediction can 

be done via wear maps, thus this chapter focuses on identifying and characterising 

the different aspects of the wear behaviour that are identified to produce a wear map.  

8.2 Construction of wear map 

A wear map is a graphical representation of wear analysis from sliding tests using 

various parameters used in the study. It allows observation of the dependencies of 

various parameters and allows visualisation of the effective limits of each material at 

different operating conditions.  Moreover, a map can be beneficial to predict the wear 

performance of a material or material combinations under certain conditions. 

Therefore, the experimental results from this study were analysed to construct a 3D 

wear maps [94] [95] [96] [97]. 

Wear maps are constructed for experiments carried out on like-on-like combinations 

at various temperature and load conditions. The experimental results are analysed 

using response surface classification methodology (RSM) in Minitab statistical 

software. Minitab is utilised because it provides an efficient method for determining the 

statistical significance of experimental data. RSM is a mathematical and statistical 

technique used to design experiments in order to optimise a response when several 

independent variables are involved. The RSM is used for the wear result analysis 

because it has been used by several researchers to develop a mathematical model to 

predict the response to identify the main factors influencing the response by carrying 

out an analysis of variance (ANOVA) [98] [99] [100] [101].  
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The input parameters used in the analyses were temperature (⁰C) and applied load 

(N) and the target response is wear rate (x10-5 mm3/Nm). These were chosen for the 

analysis as it was identified as the primary factors influencing glaze generation from 

the literature review, thus conducted tests varying these factors. Further details on the 

mathematical models used for the analysis and regression values of each material are 

detailed in Appendix 8a. 

8.3 Inconel 718 

Figure 8.1 shows the wear map obtained from the analysis of In718 at temperatures 

ranging from room temperature to 600⁰C. Temperature (⁰C) is shown in the x-axis, 

applied normal load (N) in the y-axis and the contour lines indicate the various wear 

rates in x10-5 mm3/Nm. The different symbols on the chart represents various wear 

mechanisms as seen in the wear scar images. The changes in the contour line 

represent changes in the wear mechanism. 

The contour regions are decided using the RSM method as described in the previous 

section. To be fully confident of these contour positions, more data is needed. A 

statistical analysis of the current data can be found in Appendix 8a. The contour areas 

are split into 5 regions. Region A is where the abrasive wear is dominant due to 

adhesive wear at the initial stages of the test leading to wear particles being released 

into the contact which in turn results in third body interaction increasing the wear 

volume. Severe abrasive-oxidative wear is occurring in region B. As the temperature 

is increased, the rate of oxidation and diffusion of the elements increases leading to 

more oxide layers being generated. Since the activation energy required for 

compaction and sintering has not been achieved, the oxide layers are easily broken 

down with further sliding. Therefore, the rate of breakdown is higher than the rate of 

generation of layers. Another key factor to consider is the load, the high wear rate 

seen with a higher load at 200⁰C is because the debris generated are oxidised and 

the oxide particles are considered to be ‘harder’ than metallic debris damaging the 

surface more. Region C is where mild oxidative wear is occurring, thin layers of patchy 

glaze has started to appear on the surface. Even though a glaze layer is forming, it 

may not be thick enough to provide protection. At the higher load condition (400⁰C at 

37.5N), it can be seen that the wear mechanism changes to the glaze region, this 

suggests that the increase in flash temperature has aided to achieve enough energy 
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for the sintering of the debris. Regions D and E are where a protective glaze is 

observed.  

 

8.4 C263 

The wear map from the C263 analysis can be seen in Figure 8.2. Similar to the In718 

wear map, a positive influence is observed with increasing temperature. However, the 

area of each contour region (i.e., wear mechanism) is different. Region A is where 

abrasive wear is happening. As the temperature is increased, the rate of oxidation 

increases, but there is insufficient energy available for an effective layer to be formed, 

resulting in severe abrasive-oxidative wear (Region B). Mild oxidative wear is 

dominant in region C, likely to be due to the formation of a NiCr layer which is 

considered to have poor adhering properties which makes it prone to detachment and 

removal of layers. Region D and E are where a glaze layer is seen because of the 

diffusion of Co into the surface, generating a CoCr layer. The map shows that C263 

has a higher energy threshold compared to In718. Since both C263 and In718 are 

mainly composed of NiCr and displays different wear behaviour highlights the 

importance of other factors influencing the glaze generations such as the 

microstructure of the different alloys. 

Figure 8.1 Wear map constructed from the experimental data obtained from like on like In718 
tests. 
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8.5 Haynes 25 

Figure 8.3 shows the wear map constructed for Haynes 25. A very different trend is 

seen in Haynes 25 map when compared to In718 and C263 maps. Two regions can 

be seen with low wear rates; however, distinct wear mechanisms are observed on the 

wear scars. When the temperature is below 200⁰C, mechanical wear is seen with 

surface damage with striations and the coverage of oxide is low. This suggests that 

no oxide layers are generated which is evidenced by the no differences seen in the 

chemical composition. Whereas above 400⁰C, a smooth- glaze layer is noticed with a 

CoCr dominant layer. The middle region can be split into two- mild and severe 

oxidative wear. Severe wear (Region B) is noticed when the load conditions are high. 

At high load conditions, the amount of debris produced is higher are oxidised. This 

results in oxidative wear is abrading into the surface. Region C is where mild oxidative 

wear is occurring. The oxide layer is preventing the metal-metal adhesions, however, 

the layers are not sintered to form a glaze layer, thus it is easily destroyed resulting in 

more wear. Above 400⁰C, a wear protective layer is seen, thus the reduction in wear 

volume. 

Figure 8.2 Wear map constructed from the experimental data obtained from like on like C263 
tests. 
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As previously discussed, glaze generation is a complex process involving a variety of 

variables. This increases the challenge for the prediction and modelling of the wear. 

During this study, the temperature and pressure are the primary factors studied, but 

to fully validate the wear maps, a range of temepratures/pressures needs to be 

examined in order to confirm the predictions by the model. It is also essential to 

investigate the errors between the experimental and the predicted wear rates at 

various conditions.  

Due to the complexity of laze geration process, the above-presented models can only 

be used for the conditions used in these tests. Further studies involving other factors 

such as speed, distance, humidity etc is vital to fully understand and thus produce a 

detailed wear map.  As a result, there are some inaccuracies in the model. Though the 

regression values for the wear map model are situated between 88 to 92%, further 

tests are required to validate the model (see appendix 8a).   

Figure 8.3 Wear map constructed from the experimental data obtained from like on like Haynes 
25 tests. 
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Chapter 9 Conclusions and further work 

 

This chapter begins with justification of the aims and objectives used in this thesis, 

then key findings from the various experiments conducted are presented. Finally, the 

suggestions for future work are given.  
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9.1 Conclusions 

This thesis aimed to investigate the fundamental factors influencing glaze generation 

and its breakdown. To achieve this aim, the tribological properties were assessed 

using experimental methods (ball-on-disc tests). Following the literature review (see 

Chapter 2) and the industry demands, the alloys and test conditions were chosen.  

Most of the previous studies on the glaze generation and effectiveness under 

reciprocating sliding focused on the effect of temperature, since sliding is a complex 

process involving various mechanisms there are several areas where knowledge is 

missing. More work is needed to bring an understanding of other factors in glaze 

generation. Thus, this thesis examined the influence of temperature and the normal 

load on three different aerospace alloys (In718, C263 and Haynes 25). Both C263 and 

In718 are nickel based whereas Haynes 25 is a cobalt-based alloy, enabling to 

observe the effect of different elements in glaze generation.  

The key findings from this thesis are as follows: 

• From the literature review, it was clear that one of the primary factors impacting 

glaze generation is temperature as this influences the rate of oxidation and 

diffusion which are essential for the formation of glaze layers. Therefore, like-on-

like material combinations were tested at a range of temperatures varying from 

room temperature to 600⁰ C. 

1. A positive influence is observed on the materials as the temperature is 

increased.  

2. At lower temperatures, a higher wear volume and drops in COF (but 

unstable) is observed. The overall drops in COF is due to less adhesion 

between surfaces because of transient oxide layer formation. Since 

transient layers are broken down easily, generating debris, this leads to 

abrasive wear and a higher wear volume.  

3. At higher temperatures, a significant drop in wear volume and stable COF 

for a longer period of time (but not drops in overall COF). This suggests 

there is a high level of adhesion between the layers formed on both the pin 

and the disc because of the similar chemical composition of the layers. Also, 

because the glaze is not broken down easily, so less damage to the surface, 

and thus a reduction in the wear volume. 
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4. As the temperature changes, the rate at which the glaze is formed is 

different on various materials due to the differences in rates of oxidation and 

diffusion with In718 starts to glaze above 200⁰C and Haynes 25 at 600⁰C. 

 

• The temperature can be increased either by increasing the bulk temperature or 

due to the flash temperature as the samples are rubbed. Hence, the applied load 

was altered (15 to 37.5N). 

1. As the load increases, the size of the wear debris increased, meaning it will 

take longer to break down the debris or some of them are pushed out of the 

contact, thus increasing wear volume. 

2. Previous studies have shown a linear trend in wear volume with increasing 

load where there is mechanical wear and exponential increase when an 

oxide layer is present. The experimental results from this study have shown 

a linear trend when there is no effective oxide layer present and exponential 

wear when oxidative wear is occurring. The Haynes 25 alloys showed a drop 

in wear volume with increasing load when a wear resistant glaze layer is 

present. However, In718 presented the lowest wear volume at an 

intermediate load (400 and 600⁰C), likely to be because there is not enough 

time between the strokes to breakdown the debris as larger debris are 

produced at higher loads. 

3. Pressure can also affect the microstructure of the alloy, which can impact 

the formation and growth of the oxide layer. Specifically, higher pressure 

can lead to greater deformation of the material, which can create defects 

and dislocations in the crystal structure. These defects can provide sites for 

the nucleation and growth of the oxide layer. 

4. The surrounding environment usually has lower temperatures to form a 

glaze, so by increasing the pressure will increase the flash temperature. But 

experimental results and flash temperature calculations have shown the 

flash temperature rises are not high enough to achieve the required 

activation energy.  Furthermore, leads to larger debris being generated 

which takes longer to breakdown.  
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• The chemical composition of the layers determines the effectiveness of the layer. 

Hence, EDS analysis were carried out to establish the chemical composition of the 

layers formed at various temperatures and load. 

1. As the temperature is increased, the chemical composition of the layers 

have varied resulting in wear mechanisms to change.  

2. NiCr layers have resulted in oxidative wear as both Ni and Cr oxides exhibits 

poor adhering properties. On the other hand, a CrFe and CoCr oxides 

presents a wear resistant layer is formed leading to reductions in wear 

volume.  

3. At a specific temperature, there were no significant differences in the 

composition observed among the various load conditions used. 

 

• Overall, this study shows that temperature plays a more significant role in glaze 

generation than pressure. Though a rise in pressure can be beneficial by 

increasing the flash temperature so providing energy for oxidation and diffusion. 

 

• The dissimilar material allowed the observation of the wear behaviour when two 

different alloys are used. A significant drop in the wear volume is seen at 400⁰C, 

especially on the Haynes 25 sample against both C263 and In718 where a thick 

MML is noticed when compared to the like-on-like combination at the same 

conditions. However, at 600⁰C, the results have not shown a major difference as 

both materials forms a glaze a 600⁰C.  

 

• One of the options to reduce the severe wear occurring during the run in stage is 

by pre-glazing the surface. The experimental results from the pre-glazed tests 

shows a drop in the wear volume and COF is seen when compared with room 

temperature tests, however, the extent of the wear resistance is not clear as the 

post room temperature data on reglazed samples and wear scar images indicate 

that the glaze layers have broken down due to changes in the thermal 

contraction/expansion rate resulting the detachments.  
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• Wear maps were constructed using a response surface methodology with 

temperature and load as the input parameters and wear rate as the target 

response. Both C263 and In718 show a similar response though the area of each 

wear mechanism was different, whereas Haynes 25 data shows a different pattern 

with two regions of low wear rate. 

9.4 Further work 

The experimental work and the results presented in this thesis provide clarifications 

on the role of some of the key factors influencing glaze formation. As previously 

mentioned, sliding is a complex phenomenon with various mechanisms, thus further 

work is needed to map the complete tribological performance of the materials used in 

this study.  

• Currently, the tests have only conducted on simple geometry, therefore, further 

tests need to be conducted on more representative contacts to understand how 

debris are retained and the pressure changes can be further studied. 

• The current study presented a fundamental analysis of the influence of alloying 

elements. Since oxidation and sintering are an essential part of the glaze formation 

process, this needs to be further studied. A Focused Ion Beam (FIB) analysis would 

be beneficial to understand the composition of each layers.  

• Since temperature is only one of the factors affecting the diffusion of elements, 

other factors affecting diffusion and oxidation rates needs to be further 

investigated.   

• In order to simplify and focus on the dissimilar material combination, only one load 

condition is used, so further tests are needed to understand the effect of flash 

temperature. Moreover, the pin/disc samples needs to swap to observe the impact 

of debris availability and retention on glaze generation. 

• To validate the wear map model, more wear tests at regular temperatures and load 

conditions are needed. Since glaze generation involves a range of different 

processes, other factors such as sliding distance, speed, environmental factors etc 

needs to be investigated. 

• An in-situ glaze progression/degeneration visualization method to understand how 

the layers are broken especially at pre-glazed conditions. This will also enable to 

observe any changes in the debris (such as the size, the movement etc). 
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Appendix  

3a Heater output data 

 

 

Figure 3a-1 heater controller output data from 200 and 400⁰C tests. 

Figure 3a-2 heater controller output data from 600⁰C tests. 
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3b: Fretting loops 

 

  

Hs25 

Figure 3b-1 fretting loops. 
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4a: Evolution of COF with time 

The variation in COF throughout the test. As seen in the figure, the starting point of 

each test is different, and it is due to the rig inaccuracies at lower loads. Relative COF 

was calculated to avoid the errors due to the rig.  
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Figure 4a-1 The progression of COF without taking the irregularities in the test rig. 
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4b: Haynes 25 elemental analysis 

Table 4c-1 shows the chemical composition of the layers formed on the Haynes 25 

samples at room temperature.  As seen in the table 4c-2, there is not much difference 

the ratios of the elements, meaning no glaze layers were formed. Additionally, the 

availability of oxygen was considerably lower even at ‘black oxidised’ regions 

suggesting either the plastic deformation or cracks are not developed on the surface 

to allow oxygen diffusion.  

Haynes 25 

  Ni Cr Co O W 

 Control  10 19.8 46.8 0 13.6 

15N no glaze 10.2 20.4 48.6 0 14.2 

Initial glaze 10 19.8 47.8 1.3 14.2 

glaze 8.6 17.6 41.6 9.6 12.7 

  

25N no glaze 9.8 19.7 46.6 0 13.5 

Initial glaze  8.0 16.4 38.7 11.2 11.2 

glaze 7.3 20.2 34.7 6.2 10 

  

 37.5N no glaze 5.0 20.5 49.9 16.9 13.9 

Initial glaze 8.2 19.1 34.9 15.6 12.7 

glaze 9.2 21.9 38.4 20.5 11.8 

  

Haynes 25 Ni/Cr Co/Cr Ni/Co 

Control 0.51 2.36 0.21 

15 0.49 2.36 0.21 

25 0.36 1.72 0.21 

37.5 0.42 1.75 0.24 

Table 4b-1 the percentage of main alloying elements at varying load and different regions of 
interests from the room temperature tests. 

Table 4b-2 the ratios between the main alloying elements from the glaze layers formed on 
Haynes 25 room temperature tests. 
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5a: Interrupted test at 200⁰C 
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8a Mathematical model for wear prediction using RSM 

Three different models are developed for the different materials as the wear responses 

were different. But, the input and the response parameters are kept same. 

Regression equation: 

• (In718) Wear rate x10e-5 (mm3/Nm)= -1.0 + 0.0177 Temperature(⁰C) + 1.38 

Load(N)+0.000001Temperature(⁰C)*Temperature(⁰C)-

0.0115Load(N)*Load(N) - 0.00227 Temperature(⁰C)*Load(N) 

• (C263) Wear rate x10e-5 (mm3/Nm)= 3.5 + 0.0298 Temperature(⁰C) + 0.594 

Load(N)-0.000050Temperature(⁰C)*Temperature(⁰C)-0.0071 

Load(N)*Load(N) - 0.000777 Temperature(⁰C)*Load(N) 

• (Haynes 25) Wear rate x10e-5 (mm3/Nm)= 3.7 + 0.0390 Temperature(⁰C) - 0.29 

Load(N) - 0.000063 Temperature(⁰C)*Temperature(⁰C)+0.0075 

Load(N)*Load(N) - 0.000060 Temperature(⁰C)*Load(N) 

•  

Analysis of Variance (In718)      

Source DF Adj SS Adj MS F-Value P-Value 

Model 5 1161.33 232.267 2.14 0.191 

  Linear 2 952.09 476.045 4.38 0.067 

    Temperature(⁰C) 1 948.26 948.260 8.72 0.025 

    Load(N) 1 3.67 3.673 0.03 0.860 

  Square 2 5.54 2.771 0.03 0.975 

    Temperature(⁰C)*Temperature(⁰C) 1 0.02 0.019 0.00 0.990 

    Load(N)*Load(N) 1 5.52 5.523 0.05 0.829 

  2-Way Interaction 1 243.66 243.659 2.24 0.185 

    Temperature(⁰C)*Load(N) 1 243.66 243.659 2.24 0.185 

Error 6 652.24 108.707     

Total 11 1813.58       

 

Analysis of Variance (C263)      

Source DF Adj SS Adj MS F-Value P-Value 

Model 5 337.652 67.530 7.11 0.017 

  Linear 2 271.515 135.757 14.29 0.005 

    Temperature(⁰C) 1 271.106 271.106 28.53 0.002 

    Load(N) 1 0.437 0.437 0.05 0.837 

  Square 2 42.341 21.171 2.23 0.189 

    Temperature(⁰C)*Temperature(⁰C) 1 40.257 40.257 4.24 0.085 

    Load(N)*Load(N) 1 2.084 2.084 0.22 0.656 

  2-Way Interaction 1 28.461 28.461 3.00 0.134 

    Temperature(⁰C)*Load(N) 1 28.461 28.461 3.00 0.134 

Error 6 57.016 9.503     

Total 11 394.668       

Analysis of Variance (Haynes 25)      

Source DF Adj SS Adj MS F-Value P-Value 

Model 5 74.433 14.8865 0.84 0.567 

  Linear 2 8.481 4.2407 0.24 0.795 
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    Temperature(⁰C) 1 2.101 2.1014 0.12 0.742 

    Load(N) 1 6.370 6.3705 0.36 0.571 

  Square 2 64.936 32.4682 1.83 0.240 

    Temperature(⁰C)*Temperature(⁰C) 1 62.629 62.6290 3.53 0.109 

    Load(N)*Load(N) 1 2.307 2.3073 0.13 0.731 

  2-Way Interaction 1 0.171 0.1710 0.01 0.925 

    Temperature(⁰C)*Load(N) 1 0.171 0.1710 0.01 0.925 

Error 6 106.440 17.7399     

Total 11 180.872       

 

Material  R squared (%) 

In718 92.3 

C263 85.5 

Haynes 25 83.1 

 

 


