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   Abstract 

     The most important and basic objective of aircraft operation is safe flying, which is achieved through 

proper functioning of various components. Amongst these components, lot of importance has been 

given to the tribological properties of brakes in an aircraft, as its failure could lead to catastrophic 

possibilities.  

     The materials employed for these braking applications must satisfy a range of requirements like high 

stiffness, thermal and chemical stability, and most importantly deliver stable friction coefficient and 

high wear resistance. Amidst ever developing technologies, the need of advanced materials to provide 

the required and desired mechanical, environmental and stable combination, which is expected off a 

braking system, is gaining dominance. Some of the best possible combination available have their own 

disadvantages and for now, it has become essential for researches to try to find a variation in the brake 

composition for currently available materials.  

     The objective of the present doctoral research was to study the tribological properties of different 

combinations of materials (typically disc and friction pad materials) intended for aerospace 

applications. Further, the project aims, and structure were to identify the best frictional couple through 

the tribological study of existing materials and the development of new ones, develop a methodology 

to investigate friction and wear mechanisms, and lastly to develop a map of tribological properties of 

material couples. The materials (and combinations) currently being employed or researched for 

aerospace braking applications are Cu based materials with heat treated steel, C/SiC composites, C/C 

composites and HVOF coatings.  

     In this current study different categories of friction materials were paired with distinct classes of 

counterface to evaluate the tribological characteristics of these combinations/pairings. The friction 

materials tested were Cu-Sn based, Cu-W based and SiC-graphite composite materials. The Cu based 

composite materials were selected for their properties like thermal and electrical conductivity, 

resistance to oxidation, and stability at extreme conditions. On the other hand, the SiC-graphite 

composite material was selected due to its low density, prolonged service life, high thermal shock 

resistance, and low property fluctuations to temperature and surroundings. Two different kinds of 

counterface were selected for pairings and subsequent testing. The first category of counterface consists 

of three types of steel: high Cr – low C (APX4), low alloyed (AISI4140), and martensitic stainless steel 

(AISI420c). The second category was of two types of high velocity oxy fuel (HVOF) cermet coatings. 

Cermets coatings are typically wear resistant materials that possesses a combination of high toughness 

and hardness. Cermets provide for superior hardness from ceramic materials and toughness from metal. 

Two different cermet coatings were analyzed – WC-CoCr and WC-FeCrAlY coating. The composite 

materials were tested in the form of pins of height between 12 – 12.5 mm and diameter 10 mm and the 

counterface were tested in the form of discs of diameter 100 mm and thickness 7 mm. The pins and 

discs were tested on a pin on disc testing equipment. The pin on disc equipment provided for the trends 

and magnitude of friction coefficient, pin and disc wear. The mated surfaces were further subjected to 

SEM/EDS/XRD to understand the composition, extension, bonding, and nature of the friction layer 

deposited on the mated surfaces.  

     The studies can be divided into three parts. The first part is focused on the analysis of the Cu-Sn and 

Cu-W based composite material with different grades of steel. The Cu-Sn composite material named 

SPEC 283 was paired with all the three types of steel counterface. The room temperature analysis (RT) 

was conducted at 0.5 and 1 MPa, 1.57 and 7 m/s, for a period of one hour. At 1.57 m/s, the most notable 

result was the highest pin wear recorded with APX4, which was in the severe region (above 10-13 m2/N). 

All other steel observed wear between mild and severe. At 7 m/s, the significant result was with respect 
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to a particularly high COF for AISI420c at 0.5 MPa. The friction layer at all the testing conditions was 

made predominantly of Cu and Fe oxides with difference in extension at different velocities and 

pressure. Nevertheless, the major outcome of this part of study was the discontinuation of tests with 

APX4, due to its high wear characteristics. The high temperature tests (HT) on SPEC 283 was 

conducted at 400°C, with AISI4140 and at same velocities and pressure as RT tests. The focus was on 

the major composition and phases of different constituents of friction layer on the pin and disc surfaces. 

At HT conditions, the pin wear was well in the mild and bordering to ‘very mild’ range. With respect 

to this, the major observation recorded was the importance of a well-established friction layer on the 

interfaces that led to superior tribological characteristics. The tests with Cu-W based composite material 

titled 7387-64 was conducted with AISI420c at 0.5 MPa, 1.57, 4.5 and 7 m/s, RT and HT conditions. 

Also, in this case, the pin friction layer was made of Cu and Fe oxides (transferred from disc surface). 

The results with 7387-64 were not as satisfactory as that of SPEC 283 due to the low deformability of 

the matrix, accompanied by the presence of NbC in the composite material, which restricted the spread 

of the friction layer, thereby causing comparatively elevated pin wear and undesirable magnitude of 

friction coefficient. 

     The second part of the studies was fully focused on testing the SiC-graphite composite material, 

named AS01, with both the classes of counterface. Firstly, AS01 was tested with the AISI420c disc at 

0.5 MPa, 1.57 and 7 m/s and at a range of high temperature starting from RT, 100°C, 200°C, 250°C, 

300°C, till 400°C. The major observation with respect to AS01 paired with AISI420c was the severe 

wear observed in the case of all the tests with 1.57 m/s and mild wear recorded for all tests at 7 m/s. 

However, when the AS01 testing method/procedure was tweaked, it revealed that as and when AS01 

already had a preexisting friction layer on its surface, the material would perform exceptionally well 

even at low velocities and high temperatures. The tests with the coated discs were divided into two 

groups – RT and HT conditions. The RT tests were conducted at 0.5 and 1 MPa, 1.57 m/s, and both 

with AS01 and SPEC 283. The results of the RT tests were compared with the results of AS01 and 

SPEC 283 with AISI420c. It was seen that the coated disc displayed comparatively high friction 

coefficient and low pin wear compared to AISI420c. The HT tests were conducted only on AS01 at 

300°C, 0.5 and 1 MPa and 1.57 and 7 m/s. From the tests at HT conditions it was seen that AS01 was 

able to form a highly compact and extended friction layer with extremely low pin wear, even at low 

velocity and high temperature, when compared to the uncoated AISI420c counterface. In all the cases, 

the friction layer on the mated surfaces predominantly constituted of Fe oxides. Further emission 

analysis on WC-CoCr coating and AISI420c counterface were conducted with AS01 at 0.5 MPa, 7 m/s 

RT. Also, in this case, the coated disc gave rise to appreciably low emissions when compared to 

AISI420c counterface. Hence, from the second part of the studies, a favorable relationship of AS01 

with friction layer as well as cermet coatings were observed and clearly appreciated.  

     In all the cases with SPEC 283, 7387-64 and AS01, it was seen that the friction layer was 

predominantly made of Fe oxides, which were transferred from the counterface surface. Hence, it 

piqued the curiosity to observe the effects on tribological properties of wear systems with considerable 

Fe content present in the friction material. Hence, the third part of the doctoral studies was focused on 

the study of different classes of composite materials containing varying Cu and Fe content. This section 

of the research was divided into two sub parts. The first sub part focused on the starting composition 

and production route of these composite materials. The starting composition had to be selected from 

three variation – first replicating SPEC 283 (OC), second from literature (LSC), and third without silica 

(WSC). The third variation was made after seeing that the major difference in the composition between 

first and second variation was the difference in silica content. The production route had to be selected 

between spark plasma sintering (SPS) and conventional sintering technique. Due to the desirable 

combination of friction coefficient and low pin wear, LSC was selected as the best starting composition. 

On the other hand, the SPS method was selected as the production route due to its ability to produce 

extremely dense and robust specimens compared to conventional sintering technique. The second sub 

part constitute of producing two classes of composite materials with varying Fe and Cu content starting 
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from LSC composition and SPS technique. The first class of composite material constituted of 

specimens containing increasing Fe content and decreasing Cu content. The second class of composite 

material constituted of specimens with Cu fully eliminated and decreasing Fe content. From the 

preliminary examinations conducted on both the classes of composite materials, it was seen that the Fe 

addition in the composite materials worked favorably towards tribological characteristics. However, 

due to the brittle nature of the second class of composite materials containing less Fe and evolution of 

high system temperature during testing, due to no Cu content, led to the conclusion that optimized 

amount of silica and Cu are necessary for elevated performance of specimens and wear systems. 

 

Organization of the thesis: Chapter 1 deals with the basic concepts on friction and types of wear 

mechanisms. Also presented are information and mechanism of aircraft braking with supplementary 

diagrams and a list of materials being employed for braking applications. Chapter 2 explains the general 

friction and wear behavior of different types of friction materials – Cu based and SiC-graphite 

composite materials. Additional information has also been provided on the effects of different types of 

lubricants and abrasives on the wear characteristics of a composite materials and ultimately the system. 

Chapter 3 predominantly explains the selection of various grades of steel and cermet coatings as 

counterface for this study, through explanations on the respective constituents and wear mechanisms of 

the materials. Chapter 4 is a short and basic introduction to spark plasma sintering (SPS) process, which 

has been predominantly in the third part of this doctoral research. Chapter 5 deals with the materials 

and methodology employed in this study. The materials part explains the composition and constituents 

of all the friction materials and counterface. The methodology portion focuses on the testing conditions 

and durations employed for different pairing, and different equipment (with pictures) used during 

studies. Chapter 6 delves into the extensive study of SPEC 283 specimen, divided into two parts – RT 

and HT conditions. Chapter 7 focuses on the studies of 7387-64 at different testing conditions and its 

subsequent variations in testing methods and wear mechanisms. Chapter 8 explains the various 

characteristics portrayed by AS01 material at different elevated temperature and velocities and possible 

fix that could assist AS01 to operate desirably at all testing conditions. Chapter 9 extensively explains 

the behavior of both cermet coatings with different friction materials, at different testing conditions, its 

subsequent wear mechanism and friction layer characteristics. Further, a basic emission evaluation and 

comparison of the cermet coating is also mentioned with preliminary analysis. The final part, Chapter 

10 deals with the third part of the study, to evaluate different classes of composite materials with varying 

Cu and Fe content. The chapter is broadly divided into two parts – the first part deals with the selection 

of the starting composition and production route and the second part actually deals with the preliminary 

evaluation of the two classes of composite materials.  

     Below is a simple flowchart of the overview of the studies conducted in this thesis. The big rectangle 

denotes the collection of observations of the studies of all the materials inside the box, which led to the 

conception and analysis of Cu/Fe based composite materials.  
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 Chapter 1 

Basic Concepts and Definitions 

 

1.1. Introduction to Friction and Wear Concepts 

      The phenomenon of friction and wear are heavily influenced by the characteristics of the interfaces/ 

mating surfaces. It is quite difficult to precisely predict and explain such concepts as it represents the 

complex nature of the surfaces, which is governed by particular material properties, the presence of 

oxides, geometrical irregularities and the presence of impurities deposited from the environment. 

Therefore, when two bodies are in close contact with each other, the salient features of their surfaces 

determine the nature of the relationship, which has a mechanical base, with the evolution of a stress and 

strain field in the mated region, and a physical-chemical nature, with the setup of chemical-physical 

bonds. A tangential force, FT, is necessary to initiate the relative motion between two bodies which are 

in close contact through a normal force FN (Fig. 1.1 (a)). This force is termed as friction force and is 

necessary to supersede the static friction force, Ff, which restricts/opposes the motion. The ratio of FT/FN 

is termed as coefficient of static friction, μs. Generally, μs is not dependent on the nominal area of 

contact. However, it may be dependent on FN and the corresponding properties of the materials in 

contact and their interfaces. To keep the two bodies from moving with respect to each other at a 

stipulated sliding speed, it is important to have a tangential force to work against the kinetic friction 

force. Hence, the ratio FT/FN is termed as the coefficient of dynamic/kinetic friction, μ. This 

kinetic/dynamic coefficient is also not dependent on the nominal area of contact, whereas it maybe 

depends on FN, the sliding velocity (especially when it is high), contact materials, and their surfaces. 

Generally, μs is higher than μ, as shown in Fig. 1.1 (b). However, it may not always be the case [1-8].  

 

Fig. 1. 1: Diagrammatical representation of the forces required to move two bodies in contact, with 

corresponding definitions of static and kinetic friction coefficients 

     Wear is described as damage of a surface when in contact with another surface, resulting in the 

formation of debris/fragments that may exit a wear/tribological system. Wear may induce direct failure, 

reduce surface finish and tolerance, and prompt surface damage that imminently lead to failure of the 

component. The wear process is explained by the features of the relative motion between two bodies in 

contact. Few examples are presented in Fig. 1.2. Sliding wear is obtained when bodies slide over one 

other. In turn, if the bodies roll, they are termed rolling wear. A sliding-rolling wear is seen if the two 

motion types are superimposed. Fretting is indicated by the presence of a reciprocating sliding with 
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minute displacement. When one of the two bodies consist of hard particles that ‘abrade’ the other softer 

body, this wear phenomenon is termed as abrasion from hard, granular material. If a fluid carries these 

abrading particles away, this wear type is termed as erosion. However, there are only four predominant 

wear mechanisms observed and they are as follows [9-10]: 

• adhesive wear; 

• tribo-oxidative wear; 

• abrasive wear; 

• wear by contact fatigue. 

     It is important to understand these four wear mechanisms as they are crucial to handle every wear 

process. This handling/controlling of processes can be done in the designing stage, when it is possible 

to efficiently understand in advance the acting wear mechanism. Subsequently, this managing can also 

be done when there is the requirement to redesign a wear/tribological system, after it has seen a wear 

related failure. To complete this task, a substantial and accurate failure analysis is mandatory, and this 

can be done only if the principle wear mechanisms are correctly recognized.  

 

Fig. 1. 2: Representation of different types of relative motion between contact bodies and their related wear 

processes: (a) sliding wear; (b) rolling wear; (c) fretting wear; (d) erosive wear (erosion) 

     Adhesive wear is observed when the adhesion forces between the contacting asperities play a major 

role in the development of wear fragments. This wear mechanism was effectively described by the 

theory of Archard, with subsequent improvements, thanks to the better observation and understanding 

of worn surfaces and formed debris. 

     Tribo-oxidative wear is observed when there is an interaction of the mating surfaces with an oxygen 

rich environment. This wear is a combination of mechanical and oxidative actions at the contacting 

asperities. Generally, the mechanism observes the presence of an oxide scale surface, which restricts 

the metal-metal contact at the asperities. This surface/layer may also act as a kind of solid lubricant, 

thus effectively reducing friction and wear magnitude. Different conditions may lead to tribo-oxidative 

wear.  Tribo-oxidative wear can be divided into two types: high temperatures and at low sliding speed 

tribo-oxidative wear [11]. 
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     Tribo-oxidative wear at high temperatures may be due to: 

• Sliding velocities, higher than 1 m/s in steels; 

• High temperatures 

In both cases, sufficient surface temperature is required to prompt the direct oxidation of the asperities. 

     In case of repeated sliding, a certain phenomenon is observed. The surfaces tend to observe oxidation 

during the sliding/contact with a general oxidation during the out-of-contact instances. This may be due 

to environmental vapor and oxygen. However, as the sliding progresses, the oxide scale may be partially 

or totally removed, and fresh metal surface underneath is exposed to the surrounding for a re-oxidation.          

This wear mechanism is termed as oxidation-scrape-re-oxidation and is represented in Fig. 1.3 [12]. 

The wear rate is influenced by the kinetic oxide growth and the surface temperature observed during 

the in and out-of-contact periods. If the ambient temperature is sufficiently high, the oxide formed in 

the out-of-contact periods is adequately thick and only partially removed during the upcoming contact. 

In these scenarios, this kind of tribo-oxidative wear is close to the wear encountered at high sliding 

velocities (with high oxidation), and it is therefore mild in nature. 

 

 

Fig. 1. 3: Representation of the oxidation-scrap-re-oxidation mechanism [12] 

     It is seen that tribo-oxidative wear can also occur at low sliding velocities (flash temperature is not 

enough to prompt the direct oxidation of the asperity tips). This type of low velocity tribo-oxidative 

wear was intensively studied by Stott [12]. The wear phenomenon follows the steps: 

a) At the contacting asperities, adhesive wear creates metallic fragments. These fragments may 

remain in the system or exit it.  

b) These fragments are strain-hardened, fractured, oxidized and later agglomerated; 

c) If the sliding and loading parameters are high, a tribological layer made of compacted oxide 

scales are formed; 

d) If contact temperature is high enough, the scales observe sintering and form an extremely 

protective ‘glaze’ layer on the surface; 

e) There may be a possibility of brittle fracture of the oxide scales that may lead to fragment 

generation that may remain in the interface or exit the system. 

     Thus, the wear intensity is dependent on the achievement of a dynamic equilibrium between steps 

(a), (d) and (e). On the basis of step (a), the wear nature is often mixed, with a mix of metallic and 

oxidized fragments, obtained at step (e). 

     With respect to abrasive wear, there are two types: two-body and three-body abrasion. In two body 

abrasion, hard particle or protrusion plastically penetrates a softer counterpart and draws furrows in it. 

This hard particle may be lodged in the material microstructure or may come from the environment. In 

the three-body abrasion, the hard particles present between two mating surfaces are free to rotate and 

hence, their actions are limited. Nevertheless, the abrasive interaction can only take place if the hard 

particles contain hardness 20–30 % greater than that of the softer surface.  
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     In the case of contact fatigue, when the cyclic loading is applied, a crack is nucleated, which is 

propagated, to obtain final fracture. This infers that wear fragments are obtained after some cycles that 

relate to the fatigue life of the loaded part.  

     Additionally, on the basis of applied load intensity, the damage process happens under small-scale 

plastic deformation, and the worn region appears free from large plastic deformations. In almost all 

cases, contact fatigue wear takes place in non-conformal contacts, wherein one of the two bodies roll 

over the other body. In such cases, the wear mechanism is termed rolling contact fatigue (RCF). The 

wear mechanism is complicated, since it is affected by numerous parameters: lubrication, contact and 

residual stresses, sliding, and material’s properties [13]. 

1.2. Basics on Aircraft Braking Mechanism and Materials 

     Aircraft brakes are employed to stop a moving aircraft by transforming its kinetic energy to heat 

energy through friction between stationary and rotating parts/discs situated in the brake assemblies in 

the wheels. Brakes impart a critical stopping function during landings to allow airplanes to stop within 

the runway length. They are also utilized to stop the aircraft during rejected takeoffs, in which a ventured 

takeoff is terminated as the airplane is rolling down the runway before it takes off. This may be due to 

tire blowout, engine failure, direction variation from air traffic control, or other system failures. Aircraft 

brakes are also utilized to assist steer the aircraft on the ground by applying different range of braking 

force to the left- and right-side brakes, limit speed during taxiing, and prevent the aircraft motion when 

parked. Aircraft brakes work together with other brake mechanisms such as air brakes, thrust reversers, 

and spoilers. Thrust reversers are basically surfaces that are used in the path of the engine jet blast to 

redirect propulsive thrust in a direction that opposes the aircraft motion. Spoilers and air brakes create 

extra aerodynamic drag when used in the air path flow around the aircraft [14]. 

     Commonly used aircraft brake is the disc brake. Disc brakes work by utilizing friction between 

stationary and rotating discs inside the brake. Upon recording a signal command to brake from the pilot, 

brake actuators move a piston to bring the discs together, thereby generating a frictional force that 

hinders the wheel rotation. The friction between these discs produces heat as the aircraft’s kinetic energy 

is transformed to heat energy. The brakes behave as a heat sink, absorbing tremendous amounts of heat, 

as the aircraft eliminates kinetic energy. Fig. 1.4 represents a simple exploded view of the aircraft brake 

system [15-16].  

 

(a) 
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Fig. 1. 4: (a) Aircraft brake [15], (b) Exploded view of steel and carbon aircraft brakes [16]  

     The discs are typically placed on a carrier assembly which consists of a torque tube. The torque tube 

transmits and resists brake torque to the landing gear structure. Squeezed together between backing 

plate and carrier assembly housing, the discs are setup in an alternating pattern of stators and rotors. 

Groove and notch configuration around the circumference of all rotor fits into its respective wheel 

geometry, allowing the rotors to the wheel, which lets them rotate. The stators are fixed to the torque 

tube and are thus held stationary. The actuator pistons are held together by cylindrical spaced in the 

carrier assembly [17].  

     Braking takes place when the piston force squeezes the discs together. During every brake 

application, the disc material is worn away due to frictional forces. A pin which is a form of wear 

indicator juts out of the carrier assembly and signals the thickness of the disc stacks. After over hundreds 

of brake applications, the material wears away and the discs become increasingly thinner, thereby 

leading to replacement followed by recurrent maintenance intervals. The primary design specifications 

for aircraft brakes include the diameter, number, and material of the discs [17]. 

     Initially, the most commonly used aircraft brake disc material was steel, which used until 1963. 

Later, the selection of beryllium as a potential disc material provided enhanced thermal properties. 

However, this selection observed an increase in the cost and difficulties of material handling due to the 

toxic nature of beryllium oxide. This was followed by the arrival of carbon brakes, which was widely 

utilized for commercial airplanes in the 1980s. These Carbon brakes, for instance, were made of carbon 

fibers in a graphite matrix, making them more durable, have higher energy absorption lighter, less 

thermally sensitive, and have faster cooling rates compared to steel brakes. Compared to the steel 

counterpart, carbon’s higher specific heat promoted reduced brake weight. Carbon’s higher thermal 

conductivity also allowed for uniform heat distribution and faster heat transfer through the disc. 

Additionally, carbon also possesses higher thermal shock resistance, lower thermal expansion, and an 

elevated temperature limit than steel. The specific strength of carbon is relatively steady for a wide 

(b) 
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range of temperatures, when compared to beryllium and steel. Steel and beryllium are known to display 

drastic declines in specific strength at high temperatures, dropping below carbon at around 650° C [18]. 

Few of the materials deployed as stator/friction material and counterface/rotor for aerospace 

applications are as follows [1-15]: 

Friction material/stator 

• Cu based composite 

• C/C based composite 

• SiC/C composite 

• Aluminum based composites 

• Cu-Fe based composite 

Counterface/rotor 

• Low alloyed/martensitic stainless steel 

• C/C composite 

• Thermal spray coatings 

     Brake actuators performs the crucial task of compressing discs together to obtain the frictional forces 

that transform the aircraft’s kinetic energy into heat energy to stop the aircraft. Generally, brake 

actuators on commercial aircraft are hydraulic in nature, however, electrical and electromechanical 

actuators have been in service as well. Hydraulic brakes are governed by the aircraft’s hydraulic system. 

A servo valve controls the flow of hydraulic fluid to the hydraulic actuator to modulate the magnitude 

of braking force. Electric brakes are governed by the aircraft’s electric system. Electricity is converted 

to mechanical power/energy in the brake’s electromechanical actuators. These actuators contain an 

electric motor, that drives gears to rotate a nut and ball screw to put force to squeeze the brake discs 

together [19-20]. 

     The large magnitude of heat generated during braking is eliminated by the means of active or passive 

cooling. Active cooling is obtained by employing fans that push air through the brakes. Fans are either 

situated into the wheel or in the part of the external ground support equipment. Passive cooling occurs 

when there is natural conduction of heat through the disc material and to nearby components, 

convection, and radiation of heat off the wheel and brake assembly.  Modern commercial aircraft 

contain an autobrake system that powers the deceleration of the aircraft by automatically and quickly 

optimizing the application of brake force. This autobrake is independent of pilot operation of the brake 

pedals to reduce stopping distance, hence reducing pilot workload and enhancing smooth braking action 

[20]. 

     Another important feature of aircraft brake system is the skid control function, which prevents wheel 

lockup. This control minimizes stopping distance and phenomenon like blowout and unnecessary tire 

wear. Skid control is obtained by applying an adequate brake force that maximizes the friction 

coefficient and remains just under the force that would create skidding [19].  
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Chapter 2 

Friction Materials 

 

2.1. Introduction 

  An aircraft is considered to have successfully completed its mission when it achieves its most basic 

objective; safe flying. This can only be done when the components that go into the making of the aircraft 

function accordingly [21]. Lot of importance has been given to the tribological properties of brakes in 

an aircraft as its failure could lead to heavy casualties as well as destruction of resources/properties. An 

aircraft braking system must be able to satisfy the following basic requirements: speed control, provide 

stability, controlled output, frictional torque, durability and reliability. In an aircraft, it is expected of 

only one brake to take care of all the aforementioned requirements as multiple brake setups could 

increase the weight and expenditure of the travelling [21-25].  

     Currently available materials are not able to provide the optimum and desired mechanical, 

environmental and stable combination which is expected off a braking system. Hence, there is a search 

for a better combination of materials. Some of the best possible combination available with the current 

technology are copper based, and ceramic/polymeric based. However, these combinations have their 

own disadvantages and for now, it has become important for researches to try to find a variation in the 

brake composition for currently available materials. [21]. 

     Metal matrix composites manufactured from the powder metallurgy method is especially preferred 

as they provide the necessary adaptability and tribological properties. The process of powder metallurgy 

constitutes of powder processing, pressure compaction and pressure sintering [21]. With this method, 

the composition of the friction material can be varied, which gives rise to altering of their properties. 

The metallic part of the friction material is expected to be tough, have thermal stability, thermal 

conductivity and be oxidation resistant [21-22]. Aluminum based metal matrix composites have been 

used for quite a long time and explored in great depth to be used as friction material in aerospace/train 

application [21-26].  

     The ingredients of a typical friction material may be divided into binder, reinforcing fibers, fillers, 

and friction modifiers. Binders are key components used to bind all other contents of the friction 

material together at drastic loading and temperature conditions. The binder itself must have high thermal 

stability and resistance to oxidation to withstand severe loading and environmental condition. 

Reinforcing fibers are used to increase the mechanical strength of the friction material. The fibers could 

either be metallic or ceramic in nature. The variation in the contents of these fibers can affect the 

properties of the friction material. Fillers, on the other hand, are used to reduce the cost and improve 

the manufacturing ability of the friction material. The presence of the fillers helps in altering some of 

the characteristics of the friction material. Lastly, and perhaps the pivotal ingredient in the composition 

of the friction material, are friction modifiers. The friction modifiers can be divided into solid lubricants 

and abrasives [27-30].  

     The addition of solid lubricants is of primary importance as it helps achieve steady state friction 

coefficient and reduce the wear of the friction material [27-28]. The solid lubricants widely used 

nowadays are graphite and molybdenum disulfide amongst others. Graphite is preferred amongst other 

alternatives as it is economical, aids in the formation of friction layer and has good lubrication 

properties. Graphite is used to a very large extent as a solid lubricant in most of the friction material 

because of its ability to provide stability in the process of braking. Graphite has a layered structure with 

space between the layers. This causes easy detachment of the layers onto the contact surface [25]. The 
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presence of Graphite in such types of friction material not only enhances self-lubrication but also 

promotes thermal conductivity of the composite. The shape of the Graphite particle influences the 

properties of the composite, flake form of Graphite enhances lubrication whereas granular Graphite 

promotes heat dissipation during braking. When a copper-based friction material containing graphite is 

subjected to compression test, it is seen that the material always fractures at an angle of inclination of 

45°. The graphite in the composite overstrains the lattice site of carbon atoms and before the material 

attains its ductility, it breaks. Also, the breaking down of Graphite leads to porosity, brittleness and 

slipping in the material [27]. The bond between copper and graphite increases when there is 

encapsulation of graphite with copper. The high mismatch of the graphite and copper interfaces, which 

leads to increase in their relative densities, is known to be the reason for reduced wear in the case of 

copper-based friction material containing graphite in it [27].  

     Abrasives used in a friction material helps stabilize the friction coefficient, remove carbon 

containing films and promote wear in the friction material and disc. The different types of abrasives 

employed are aluminum oxide, zirconium oxide/silicate, titanium oxide, chromium oxide and boron 

carbide [22-24] [30-32]. Silica abrasive particles have higher hardness compared to the copper and iron 

matrix materials present in the friction system. Due to this, they have a huge impact during dry sliding, 

which leads to drastic enhancement of friction coefficient [33]. Presence of abrasives like SiO2 restricts 

the movement of friction material and the disc, thereby increasing the friction coefficient. The hard 

SiO2 penetrates the friction layer, and the probability increases with increase in the content of the 

abrasives present in a system, increasing the friction coefficient. The broken pieces of the abrasives, 

when removed from the surfaces of the friction material, formed because of abrasion, avoids the 

possibility of adhesive wear and thereby aids in the frictional stability. Usually, ceramic materials are 

incorporated with soft materials like copper to enhance its wear resistance. However, if the amount of 

abrasives increases beyond a certain threshold in a system, and because of poor bonding and wettability 

with the matrix, the property of wear resistance degrades in the case of Cu based friction material [21]. 

The composition of iron on the worn surface is observed to increase when there is an increase in the 

amount of abrasives and reduction in the quantity of solid lubricants. This could be seen in most of the 

instance when the presence of abrasives like Zirconia could come in contact with the mating surfaces 

and increase the iron content and also the friction coefficient. Conversely, the wear particles are seen to 

be flat shaped when there is an increase in the solid lubricants and reduction in abrasive contents [22].  

     Tungsten Carbide (WC) is known for its essential property of protection from wear in extreme 

conditions of load, speed and temperature. The properties obtained from the combination of WC and 

Co is especially preferred over other pairings because of their low wear rate and stabilized friction 

coefficient. However, this combination of WC and Co has many adverse effects on lives which includes 

emissions of carcinogenic agents in the atmosphere, infertility and damages to unborn child. Keeping 

this in mind, and its availability, the evolution of the Niobium Carbide (NbC) as an alternative agent to 

WC has emerged, which is being utilized as an abrasive [34-35]. Niobium Carbide has been used as a 

carbide medium in metallic and ceramic materials. It is best known for its appealing properties of 

refining grains, enhancing wear resistance, limiting grain growth and improving hot hardness. Known 

to be a biocompatible material, its emissions aren’t registered by the European Chemical Agencies, 

meaning that the particles/fumes are harmless [34].  

     The properties of NbC are of prime importance when tribological studies are considered. It has 

superior wear resistance at dry wear testing condition compared to other conventional ceramic and 

carbide materials. NbC has a limited thermal softening because of its high melting temperature. Low 

thermal stresses induced during testing conditions, good thermal and electrical conductivity, stable 

hardness value at high temperatures, low Young’s modulus and large coefficient of thermal expansions 

are some of the other desirable properties displayed by NbC [35-36]. The thermal conductivity of NbC 

is observed to increase with increase in temperatures. All the grade variations of NbC observe a decrease 

in wear rates with increasing sliding speed and temperature, especially at 400℃. The high wear 
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resistance of NbC is due to its low solubility in alloys and hot hardness. Also, it has been observed that 

the NbC particles lead to even distribution of the particles in the medium, which increases the wear 

resistance [28] [37]. The tests of friction material containing NbC observe high and varying values of 

friction coefficient due to the craters on the surface which is generally caused by the crushing of the 

NbC particles. These craters also deter the formation of the friction layer/third layer in between the parts 

of the working system [36].  

     Usually, while conducting tests, the friction material is provided with a steel back plate. The back 

plate helps in maintains structural stability at extreme conditions and to protect the material from failure 

at various loading conditions. Initially, because of the material mismatch between the friction material 

and the back plate, frequent debonding would occur. To avoid this, a transition layer was set up (as 

shown in Fig. 2.1), coming in direct contact with the back plate. This separation led to better joint 

between the friction material and steel back plate. [23].  

 

 

 

 

 

 

 

 

 

2.2. Copper Based/Refractory Friction Materials  

    Copper based metal matrix composites are considered to be an excellent choice because of its thermal 

and electrical conductivity, resistance to oxidation, and stability at extreme conditions. It is imperative 

for us to study the copper-based friction material to be used in desired application because the behavior 

of the brake materials during operation is governed by the surface characteristics of the disc and the pad 

and the friction layer. However, its friction layer formation is a complicated process which hasn’t been 

understood very well, and little research has been done on the iron, magnesium and copper-based metal 

matrix composites, which are believed to deliver better performance in terms of wear resistance. These 

metallic materials may be present in the form of particles or fibers. The type, hardness value and the 

shape and size of the microstructure of the constituents governs the characteristics of the friction 

material [23-26]. A friction material containing iron and copper has the advantage of having smooth 

operating conditions due to the presence of copper, whereas iron, being stronger and harder than copper 

can resist abrasives and cutting action during the sliding conditions. Also, iron particles removed from 

the friction material promotes the resistance to friction between the two surfaces [22]. Noise and 

vibration in a system depends on its constituents and frictional stability. The vibration and noise become 

steadier and lower when the friction is low and stable. Presence of copper not only reduces the noise 

and vibration but also decreases the wear rate [22].  

 

Fig. 2. 1: Cross sectional microstructure of Cu-MMC with the presence of a backplate [23] 
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2.2.1.  Friction Coefficient and Friction Layer 

     The concept of the “third body”, formed by the wear debris from the friction material and the disc, 

during dry sliding, was introduced by Godet in 1970s [36].  This third body is observed to separate the 

“first body” (friction material and counterface), help in the propagation of load between the first bodies 

and neutralize a large part of their speed difference [38]. In most of the cases, it is believed that the third 

body is heterogeneous. A variety of factors influence the friction coefficient and the wear analysis which 

includes the composition of the friction material (including the various level of sintering of the 

constituents in the system) and the various components of the third body formed in the system. It is 

difficult to control the constituents present in the third body, which directly affects the tribological 

properties of the system [36] [38].  

     The third body is usually observed to be dark greyish in color. Nevertheless, the constituents of the 

third body (which are mainly iron oxide and carbonaceous materials) are dependent on the composition 

of the first bodies, particularly abrasives. Generally, these hard particles retain their original size, 

whereas the softer particles like copper are milled in with iron oxide, which finally becomes very small 

grained. It is also observed and recorded that the thickness of a typical copper-based friction layer run 

against a cast iron disc on a pin on disc testing equipment is 10µm. The friction layer is believed to be 

independent of the braking conditions. [39]. The friction of copper in a Cu-MMC friction material is 

due to the concentration of deformation at the thin surface layer [29]. 

     Steady state refers to the condition in which the thickness of the friction layer doesn’t vary over the 

duration of the test. An example of evolution of friction coefficient can be seen in Fig 2.2. The friction 

layer is made of loose particles of lubricants, abrasives and iron oxides, which can be unlinked or form 

a cluster. The formation of friction layer was not observed in those cases where the amount of solid 

lubricant was less. When the friction layer doesn’t form, this gives rise to fluctuating COF, extreme 

wear conditions and cracks in both the friction material and the disc [38-39].  

 

Fig. 2. 2: Typical example of evolution of friction coefficient [39] 

     It is typically observed in all the dry sliding tests done between copper-based pins and disc that the 

coefficient of friction (COF) initially increases with increase in temperature due to changes in contact 

area between the sliding surfaces. The rise in temperature leads to increase in the friction because of 

formation of primary plateaus [22] [40].  

     Contact plateaus are the term given to any condition which could either be primary or secondary 

[31] [41]. Primary plateaus are formed due to the lower removal rate of fibers, and abrasives that jut out 

from the surface. These protruding phases can be developing sites of the secondary plateau. The worn 
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material accumulates against the primary plateau when the friction pad is in sliding contact with the 

disc. This additional debris layer is called as the secondary plateau. A copper containing friction pad is 

usually covered with stable and fully developed third layer, unlike the pads where copper is absent. The 

presence of abrasives like aluminum oxide and zirconium oxide can act as sites of primary plateau to 

encourage the growth of secondary plateaus over them. In general, sulfates and oxides are also 

recognized as primary plateaus.  [29] [31] [40]. 

      Usually when the surfaces of the friction material and disc rub against each other, the materials 

which wear away or are removed make the primary plateaus. The formation of these primary plateaus 

leads to an increase in the probability of proper contact between the friction material and the disc. The 

increase in this contact area is observed to increase the COF for a system under specified loading 

conditions. A typical interface of the friction material and the counterface is shown in Fig. 2.3. 

 

Fig. 2. 3: Micrograph of frictional material – counterface interface [30] 

     Primary plateaus behave like barriers to the movement of finer wear particles, hence stop and 

accumulate on the interface of such barriers. When these particles stick to each other they promote in 

the formation of secondary plateau [30]. The plateaus containing iron represents the proper contact area 

between pad and the disc (usually containing iron). The transferred iron is oxidized to form either Fe3O4 

or Fe2O3 [31]. 

     The area around the hard particles and metallic constituents, and the contact area in the copper-based 

friction material grow because of the presence of the debris. Particles and the fibers are responsible for 

the occurrence of the primary plateaus and the area surrounding it forms the secondary plateaus. These 

plateaus may peel off or become small depending on the working conditions and a new plateau may 

replace it when enough debris is collected because of the contact between the pad and the counterface. 

Secondary plateaus are believed to increase the contact area and thereby reducing the contact pressure. 

A large plateau area results in higher friction [31] [40]. The copper fibers in the plateaus are severely 

deformed and plastically damaged in the sliding direction. The plastic deformation predominantly 

occurs by the sliding shear stress from between the pad and the counterface during the working of the 

system. The plastic deformation is caused by the ductile properties of these metal fibers in low metallic 

content environment [31]. The secondary plateaus appear to be much more compacted when the load 

of the system is increased. The microstructure of the less compacted plateaus (formed at low load) has 

coarser grain size of the debris. The copper content is seen to be in higher percentage in more compacted 

plateaus compared to less compact ones [40].  

     When well compacted secondary plateaus chip away, they are removed in the form of large plate 

shaped particles. Whereas, loose, uncompact secondary plateaus are removed in the form of small and 

irregular fragments. Secondary plateaus are expected to be compact, adhesive, form comparatively large 

and resistant fragments which are too heavy to be airborne. A well compacted secondary plateau usually 

is developed when there is presence of copper [40].  

     The increase in the temperature of the friction material is related to the temperature rise on the 

counterface. The counterface removes the majority of frictional heat generated. The surface elements 
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of the disc that comes in repeated contact with the friction material does not actually cool down to room 

temperature before the following contact. This induces a temperature rise until a dynamic equilibrium 

is reached. The values of the counterface temperature is higher than the average pin temperatures. This 

is to be expected as the there is a steep temperature rise on the surface of the pin which is in close 

contact with the disc. This effect is almost in alliance with the insulating character of the friction 

material [40].  

      It is also seen that the friction layer ever so slightly depends on the clamping force and seems to 

decrease with better clamping. A good clamping leads to compaction of the friction layer by removal 

of the defects in the system and deformation of the matrix. This in turn enhances the area of contact 

between the moving parts of the system leading to low and stable coefficient of friction. A smooth and 

low coefficient of friction can also be obtained by increasing the sliding speed. The sliding speed aids 

in easy deformation of the matrix of the friction material, leading to a stabilized COF [33].  

     In a Cu-MMC friction material, it is often observed and recorded that the friction coefficient is steady 

at the beginning of the tests. As the duration of the testing progresses, the COF decreases. This may be 

accounted for by the heat generation and emission in the system. The frictional heat, if persists, may 

lead to high values of oxidation [23]. Heat generated during the sliding of the friction material and the 

disc increases the interface temperature and helps bring the friction coefficient down during the running 

[24]. Presence of copper powder as an external agent (not a constituent of the friction material or the 

disc) is known to increase the friction coefficient. The increase in friction coefficient starts decreasing 

with increase in pressure and velocity. The friction coefficient also increases when the copper powders 

penetrate the working surface [36].  

     The strength of copper present in the friction material is less than the steel disc on which it is 

working. As the sliding time and friction temperature increases, copper tends to soften first compared 

to the steel disc, which leads to its deformation. Any sort of adhesion (which occurs when two same 

material tend to stick to each other at working condition) leads to variation in friction coefficient [29].  

     At low sliding speed, the working surfaces are observed to have thick striations and crumbling pits. 

As the sliding speed increases, the presence of the striations and the pits are seen to reduce. This 

reduction leads to compaction of the third body. With the increase of speed up to 1500 rpm, the third 

body is very compact and is seen throughout the working surface [36]. The coefficient of friction 

increases with the presence of the striations and pits, which seems to be more prominent at low speeds. 

As the speed increases, the striations become thinner and the pits become smaller or often are absent 

from the surfaces. This reduces the friction coefficient. When the speed goes beyond 500 rpm, the 

working surfaces are flat and smooth. At very high speeds, as the temperature increases, the matrix of 

the friction material deforms rather easily (because they become soft and ductile), which leads to 

uniform spreading of the third body. This uniform and smooth spreading of the friction layer acts as a 

lubricant which restricts the increase in the friction coefficient [36]. Nevertheless, it has been recorded 

by numerous researchers that copper containing friction material is covered by stable and fully formed 

friction layer. This phenomenon is seldom observed in friction material with no copper in it [31]. 

     Plastic deformation in a tribological system is characterized by lamellar adhesion and increased 

number of flakes. This is observed when the sliding speed of a given system increases beyond a 

threshold speed limit. The friction temperature is considerably higher, leading to deformation of copper 

and breaking of the working surfaces, which in turn causes a slight increase in the friction coefficient 

[29]. A part of copper present in the friction layer is nanocrystalline in nature. The presence of 

nanocrystalline copper is due to elevated temperature. These nanocrystalline copper are thought to be a 

substitute to graphite, as graphite loses its lubricative properties at high temperatures. These 

nanocrystalline copper, like graphite helps in the smooth sliding of the friction material on the disc. The 

presence of only copper is observed until 500℃, beyond which copper exists in the form of cupric oxide 

(CuO) or cuprous oxide (Cu2O). The presence of recrystallized copper nano particles was also seen 
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when the temperature was increased up to 650℃. The presence of CuO in a medium, known to be a soft 

oxide, performs the same task as a nanocrystallized copper does. It provides with lubricative properties 

for smooth functioning of the braking system. This in turn, helps in stabilizing the friction coefficient 

[38].  

     The iron oxide present in the friction layer is from the triboxidation of the disc. Only particles which 

are oxidized are incorporated in the friction layers as they are smaller in size. The oxide content 

increases at a high rate from temperatures above 330℃. However, the involvement of rather large sized 

iron particles is also observed in the friction layer. It has been frequently noted that the metal deposition 

on the surface layer of the friction material is mostly from the disc. The iron deposition detaches from 

the surface of the disc in the form of sheet like structures. This transfer, however, is not preferred. 

Hence, the conditions must be adjusted in such a manner that, nanocrystalline iron oxide is produced as 

the primary constituent in the third layer. This helps in the planting of soft oxides from the friction 

material onto the third layer [38]. 

     It is generally observed by lot of researchers that the friction coefficient usually increases with the 

increase in the iron content and decreases with the increase in the rotating speed. The extent of 

adherence between two friction surfaces, relates with the extent and characteristics of the adherence. 

When the micro protrusions on the surfaces of the two-friction layer are in contact with each other, the 

materials which are in the contacting point will stick to each other during friction. This type of the force 

is called the ‘friction resistance’. With this, it could be safely proven that the friction coefficient 

increases with the increase in the iron content. Iron has higher hardness and strength than the copper 

matrix, hence, the iron particles are much inclined to protrude on the friction surface due to the abrasion 

of the copper matrix during the friction process. The protruding iron particles increase the roughness of 

the surface, which enhances the working forces between the friction surfaces, so the friction coefficient 

increases. The adhesion of the iron particles and the counterface is better than that between iron and 

copper matrix. Therefore, the iron particles tend to weld with the counterface under load and friction 

heat. This is also observed to enhance the friction resistance between the frictional parts and increases 

the friction coefficient. [32]. 

     The temperature of the friction surfaces rises continuously when the rotating speed is increased. The 

surface composition of the friction materials reacts with the atmospheric oxygen and water at elevated 

temperatures and form a close, smooth and solid oxide of friction film. This film not only relives the 

surface of its coarseness (due to the friction surface) but also avoids the contact between the iron 

particles and the matrix. This leads to a decrease in the friction coefficient. The higher the sliding speed, 

the more the active function the friction film has and thus there is an appreciable fall trend in the friction 

coefficient [32].  

     Presence of silica on the other hand, has a higher influence on the increase of friction coefficient. 

This suggests intensive resistance between silicon dioxide and the counterface. Silica can effectively 

enhance abrasion properties under low sliding speed while the properties degrade under higher rotating 

speed [32]. Silica behaves as an ‘inert’ material when added in the friction material compared to iron 

and does not react with the matrix material. It has weak adhesion properties with matrix due to slight 

wettability. At low sliding speed, it is difficult for the friction film to form due to low temperature of 

the friction surface. The silica particles are likely to protrude on the friction surface because of higher 

hardness and strength, which restricts the movement between the two friction surfaces because of strong 

frictional effect and gives rise to a large friction coefficient. These silica particles are usually broken 

when they protrude on the surface due to the rubbing action between the interfaces. These crushed and 

broken pieces of silica roll between the interfaces which leads to abrasion and increase in wear loss at 

lower sliding speed [32].  
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2.2.2.  The Wear Phenomenon 

     The wear in a tribological system occurs due to frictional contact between the friction material and 

the disc. The wear leads to removal of the material and typically forms a third layer (fine grained debris) 

[19]. Usually, the detached fibers and abrasives from the surface of the friction material and worn 

powders from the disc are the constituents of the wear debris. This leads to surface roughness and 

increases the specific wear rate. The wear of the pin and the disc is influenced by several factors like 

characteristics of the specimen, sliding distance, sliding speed, load applied, and the strength of the 

third layer formed. [22] The term “worn surface” is used for the surface which has undergone higher 

wear whereas the “friction surface” is used for those surfaces wherein the wear rate has been very 

limited [24, 42].  

     Wear particles captured at the sliding surface coalesce together to become large agglomerate. These 

agglomerates enhance the third body abrasion and plowing, which causes increase in the friction 

coefficient. When there is an increase in friction coefficient from low initial values up to a higher steady 

state is attributed to increase in plowing by wear particles and agglomeration. These agglomerates may 

cause abrasion if there is any variation in their hardness with the initial wear surface [43]. The wear 

debris produced help separate the counterface and the friction material, thereby preventing adhesion 

and micro-welding of the metal constituents. It also enhances and accommodates the velocity 

considerations between the counterface and the friction material [39]. It is observed that when the first 

bodies (the counterface and friction material) are shielded from each other through an oxide layer, with 

the presence of a solid lubricant, a well-defined friction response with medium level COF value can be 

obtained. The volume of the third body increases with increase in temperature [39]. This wear 

phenomenon can be reduced in the presence of friction layer. However, depending on the parameters 

of the working, these friction layer could be removed, or the friction layer may remain at the contact 

surface for a while [22]. 

 
Fig. 2. 4: SEM observations at (a) worn surface (b, c) subsurface regions [23] 
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     The third layer/friction layer when formed protects the sliding surfaces to come in direct contact. 

Over the duration of the functioning of the braking system, these layers may start cracking up. These 

cracks may reach the worn surfaces. When this happens, pits are generated in those places where the 

friction layer falls off leading to delamination wear. Delamination wear is also said to be caused when 

the applied pressure on the material is very high. As the pressure varies, the severity of the delamination 

wear can also be observed. Bigger the pieces/flakes of the material removed, higher the severity of 

delamination and hence, wear is observed. Hence, it is recorded that the delamination and oxidation 

wear are considered to be the most prominent wear mechanisms in copper-based metal matrix 

composites [23]. This wear mechanism can be observed in Fig. 2.4. 

     Wear, especially the abrasive kind, depends on the relation between scale of reinforcement particles 

and the scale of damage caused by the abrasives. If the damage caused by the abrasive is smaller or 

similar than the scale of the reinforcement particles, the matrix and the reinforcement will react 

individually to the action of the abrasives. This is because each phase has different mechanical 

properties. If the hardness of the abrasive is lesser than the reinforcement particles, the preferred damage 

will be of the matrix. If the hardness of the reinforcement particles is lower than abrasive, with severe 

loading condition, the particles usually are removed from the matrix or they fracture under the action 

of the abrasive.  An increase in the reinforcement particle proportion results in a significant increase in 

wear resistance of the material. This is because these reinforcement particles resist scratching and stand 

off on the surface of the grooves [37].  

     When the contact temperature between the counterface and the friction material is relatively low, it 

confirms a typical ‘mild wear regime’. In this condition, any thermal conditions of the involved 

materials can be neglected. With the increase in the load/pressure applied, contact temperature and wear 

is seen to increase [40].  

     Wear can be usually grouped into severe/destructive wear, medium wear and low wear. A copper-

based friction material is made of various constituents each having varying hardness. The elements 

having higher number of hard particles are more wear resistant than those having softer materials. 

However, these materials will be more sensitive to the detachment of its constituents owning to the fact 

that higher the hardness, higher the brittleness. The hardest of the particles (usually the abrasives) 

project out on the surface and are worn away due to the sliding action. The wearing of these hard-

abrasive particles leads to a higher value of friction coefficient compared to the softer particles [25]. 

     When low wear is seen in running conditions, it is also observed that the equiaxed grains are formed 

at the interfaces of the working parts. These grains are very fine in nature. Whereas, in medium wear, 

equiaxed grains are developed, though the sizes are larger compared to the previous scenario.  In the 

case of severe wear, the debris are metallic scales containing sharp edges [31] [27]. 

      The wear mechanism for pure copper-based friction material in low wear case could be oxidative, 

medium wear would be delamination and severe/high wear rate would be seizure type. Whereas, when 

the copper-based friction material contains graphite, the wear mechanism are oxidation induced 

delamination, high strained delamination and sub surface delamination.  

     The low wear rate stage is depicted by very little deformation at the sub-surface which is covered by 

a thin oxide layer. The oxide layer is very loosely stuck to the surface of the friction material. Highly 

deformed layer beneath the sub surface, and graphite enveloping the surface characterizes medium 

wear. Severe wear is accompanied by fragmentation and very high deformation in the surface and the 

subsurface, with the presence of deep thick striations [31] [27]. The texture and features of the worn 

surface can help gauge the type of wear mechanism the surface has endured. Rough surface, relatively 

smooth surface and ultra-smooth surface with well-established friction layer are the traits of severe, 

medium and low wear rate sites respectively [31][33]. The surface that suffered severe wear mechanism 
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was checked under SEM observation and some distinctive morphologies are noted. These 

microstructures were seen to have endured abrasion mechanisms namely: fatigue and grain wear. Either 

one of these can give raise to severe deformations, removal of material and ultimately lead to failure of 

the system [44].  

     Specimen suffering from fatigue abrasion was observed to have a layered deposition of graphite. 

This layered graphite generates rotary and displacement motion which can cause formation of strips. 

When there is friction between a hard and soft surface (copper being the soft surface), there is some 

certain extent of embedding of particles onto the surface of the soft material. This can lead to the 

development of cracks which are parallel to the sliding direction. The presence of graphite in the 

medium restricts the development of these cracks. However, if the crack dimension crosses a certain 

extent, the material between these cracks and the surface are removed off in the form of thin sheets. 

This removal leaves behind pits on the surfaces [33] [44]. 

     The existence of grain abrasion mechanism requires a different working condition. A friction 

material is made up of numerous components which have varying hardness. Generally, the harder the 

material, the better the wear resistance. During sliding conditions, the softer materials gets worn away 

soon (like copper), leaving behind the harder particles. When the harder particles are subjected to wear 

during sliding, not only the relative motion of the components are limited, they enhance the friction 

coefficient of the system. It is easy for these hard particles to be detached from friction material, get 

crushed in between the working systems and plough through the softer friction material. This ploughing 

gives raise to grain abrasion mechanism. The grain abrasion is often represented by “shear marks” [44].  

     In the case of medium and low wear phenomenon, presence of scales is observed. The debris from 

the working surfaces either escape out of the system or settle in the pits or striations formed. The debris 

which has settled in the pits leads to a small extent of wear in the pit. This leads to reduction of the 

roughness and increase in the wear and scale formation. As a result, low wear replaces mild wear [31] 

[27] [33].  In the low wear region, few microcracks are observed but the whole surface is typically 

smooth and glossy. It can be seen from the formation of low wear that regenerated wear films are the 

reason for its inception [44].  

 
Fig. 2. 5: Example of craters formed on the disc working surface (left), close up of the crater formed due to 

delamination wear [45] 

 

     It is also mentioned that delamination wear and fatigue wear is characterized by sheet like wear 

debris. Whereas smaller particles with small aspect ratios denote the abrasive/and or adhesive wear 

[43]. An example of craters formed due to delamination wear can be seen in Fig. 2.5. On the surface of 

the wear regions, the presence of graphite and other elements indicates the transfer of components from 

the counterface (stainless steel) on to the friction material. This is due to mechanical movements during 
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the sliding conditions. The phenomenon mentioned confirms the presence of adhesive wear mechanism 

[45].    

     The captured wear particles agglomerate on the working surface and thereby separate the sliding 

surfaces. These deposits continue to grow thicker/larger until they reach a critical size. Beyond this, the 

agglomerates collapse, and new ones are formed. The distribution in size of the wear particles signifies 

the discontinuous contact which gives raise to smaller particles. This happens because of the 

discontinuous contact interrupts the agglomeration process, which forms smaller debris [43]. Another 

factor which may affect the size distribution of the wear particles is the normal pressure applied. As the 

normal load increases, the size of the wear particle becomes bigger. This can also be explained by 

compacting pressure on the agglomerate. High contact pressure enhances particulate bonding in the 

wear particle agglomerate [43].  

     The wear rate of a system depends on the friction layer developed, which is mostly on the friction 

material. The friction force that arises due to the ploughing action between the working surfaces 

increases the working temperature and disintegrates the friction layer. This increases the strength of the 

connections and metal contact between the working surfaces. As a result, this leads to adhesion, which 

in turn increases the deformation of the surface layer of the materials, which results in loss of the friction 

material. Beyond a threshold and load, wear debris and removal of more material from the surface of 

the working material increases the thickness of friction layer and hence, providing wear protection [21].  

     It is noted that the wear loss is enhanced with the increase in the normal load applied. During testing 

conditions, plastic deformation due to shearing strength can lead to number of cracks on the surface and 

subsurface. These huge normal stresses can increase the shear strength which enhances plastic 

deformation. Flakes are formed and there is transfer of material between counterparts. The friction heat 

that is generated due to contact stresses increases the local surface temperature which forms the 

oxidation film. This oxidation film and its plasticity is highly sensitive to temperature. When the 

temperature is 500℃, the plasticity of the oxidation film reduces drastically, and the flakes break off 

[45].  

     XRD analysis can also be used to analyze the wear stage that the material was subjected to. A friction 

material facing low and medium wear rate will project the presence of copper, graphite and cuprite 

(Cu2O). Whereas, material observing severe wear rate will show only the presence of copper and 

graphite. There will be no detection of any oxides in the XRD analysis for the severe wear rate stage 

[27].  For an XRD analysis of the brake disc made of various grades of steel, it is observed that there is 

a presence of FeO and Fe3O4. Fe3O4 in a system acts as a lubricating agent, its presence on the worn 

surface of the working specimen can provide some relief from abrasive characteristics. Presence of FeO 

and Fe3O4 signifies the temperature of the worn surface to be close to 600℃ during sliding conditions. 

In this scenario, oxides of copper cannot be detected because in this case, iron and graphite have higher 

inclination to turn into oxides rather than copper [44]. 
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2.3. Ceramic Based Friction Materials 

2.3.1.  Background 

     Advanced ceramic materials have a desirable combination of hardness, lightweight and chemical 

inertness. They are used in wear resistant applications. Due to development related to ceramic materials 

(increase in strength and fatigue resistance), they are used in wear pads, cam roller lifters and water 

pump seals [46-53].   

     Ceramics usually possess high compressive strength and weak tensile strength. Due to this, in most 

of the cases, tensile stress leads wear in the system, especially for mild wear cases. Micro-fracture on 

the surface as well as subsurface grain boundary dislocations maybe caused by tensile stresses from an 

asperity in touch with the counterface. Ceramics are insulators, hence thermal diffusivity is quite low. 

Under high velocity dry sliding testing conditions, concentrated thermal heating could be of high 

magnitude [54-60].   

     An example of a ceramic matrix could be Carbon/Carbon (C/C) composites. They are especially 

used in racing and aerospace applications because of their remarkable wear resistance, low density, high 

thermal conductivity, and frictional stability [51]. The tribological properties of this composite is 

influenced by testing conditions, surface treatment, environment, and material types [52].  C/C materials 

are used both in the brake pads and discs and have been in operation for a good amount of time. Due to 

their exceptional properties like low coefficient of thermal expansion and high strength at high 

temperature working conditions amongst others, C/C composites are the primary options for 

motorcycles, aerospace and racing cars applications [61-66]. 

     The C/C composites have a plethora of advantages but also have disadvantages like poor oxidation 

resistance beyond 450℃, long manufacturing process, poor surface porosity control, frictional 

instability due to temperature and humidity, pollution due to organic brake dust, and high manufacturing 

expenditure due to expensive raw materials, anti-oxidation treatments, low deposition efficiency and 

numerous reinfiltration steps. A combination of C/SiC composite requires pyrolysis propitiatory and 

polymer infiltration in the manufacturing process, which leads to more expenditure. Hence, these 

materials can be used for extremely fail proof applications like supersonic jet fighters and civilian 

aircrafts for now [67-73].  

     A typical C/C-SiC composite material described by Li et al. [70] is a dual matrix composite which 

is carbon reinforced which is derived after C/C composite materials. C/C-SiC composite materials are 

recognized for their advanced tribological properties when compared to conventional brake materials. 

They possess low density, prolonged service life, high thermal shock resistance, and low property 

fluctuations to temperature and surroundings. These composite materials have been successfully paired 

up with powder metallurgy pads since the middle of 1990s and have been incorporated in the braking 

systems of high-end automobiles since their first use in 2001. Due to a high abrasion resistance of this 

material, a higher service life of 300,000 km is guaranteed, which is four times higher than a 

conventional metallic counterface. The same was also observed when the C/C-SiC composite replaced 

the metallic counterpart in a tank and other types of armored vehicles.  

     Bian et al. [68] have stated that, for a SiC/C ceramic composite material, it has been typically 

observed that oxidation due to frictional heating and abrasion due to cracking damage at the contact 

sites are the main mechanisms that influence the frictional characteristics of a braking system at 

different testing conditions. However, this observation cannot be assumed for tests conducted when the 

ceramic material is paired with an organic counterface (pads in most of the cases). This is due to the 
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difference in the chemistry and structure of the mated surfaces, which can lead to different wear and 

frictional mechanisms. When the ceramic material was paired with the organic pads and its subsequent 

properties evaluated, it was noted clearly that a ‘bedding stage’ is required in a system to obtain a stable 

friction coefficient. This was inferred when the mated surface of the ceramic composite material was 

examined and was found that a good, stable and continuous friction layer does not deposited easily 

without the above mentioned ‘bedding procedure’. The ceramic material would require extended 

periods of time to complete the bedding procedure, obtain a stable friction coefficient and sustain an 

appreciable friction layer on its surface.  

     Ceramic composite material consisting of Alumina, Zirconia and SiC is considered as a viable option 

for high speed applications like aerospace and racing. SiC has Mohs hardness of 9 which is greater than 

zirconia (7-8) and alumina (7-8). SiC is usually added in the friction material due to its strength, 

morphology, stabilization and enhancement of COF and stabilization at high temperatures [51].  SiC is 

usually added in the friction material due to its strength, morphology, stabilization and enhancement of 

COF and stabilization at high temperatures. With excellent abrasive properties, SiC is characterized by 

high strength, low density, high thermal conductivity, low thermal expansion, high thermal shock 

resistance, high elastic modulus, high hardness, and chemical inertness. Presence of SiC reduces the 

presence of adhesion as dominant wear mechanism. Instead, abrasion results in wear of the system. 

Presence of coarse and big SiC particles leads to lower wear of the system compared to fine SiC 

particles. During testing, big SiC particles embed themselves on the mating surfaces, reinforce 

themselves on the friction surface and are not easily released. Alternatively, finer SiC particles can be 

easily released from the mating surfaces [51]. 

2.3.2.  Experimental Techniques 

     Silicon carbide (SiC) has two phased microstructures. The equiaxed grain phase is called α phase, 

whereas the elongated grain phase is named as the β phase. Compared to other abrasives like aluminum 

oxide (Al2O3) and silicon nitride (Si3N4), SiC has the highest hardness, thermal conductivity, fracture 

toughness and elastic modulus [53]. In manufacturing process of a hybrid composite containing 

graphite-SiC-Fe, if the percentage of SiC is more than 20% in the iron matrix, the compact cracks while 

being ejected out from the die after the compaction operation [51]. Typically for a pairing containing 

ceramic material, the brake pads are usually polished (burnished) through a bedding procedure. Due to 

this, a thin friction layer is formed on the mating surfaces and suitable braking performance is ensured. 

[63]. Bian et al. [68] analyzed the tribological behavior of a SiC-Cf /C composite material as shown by 

an optical microscopy image in Fig. 2.6. The Figure demonstrates different distinct regions comprising 

of the composite material. It can be observed that this composite material is extremely heterogeneous 

in nature with respect to distribution and size of the Cf/C and SiC particles.  
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Fig. 2. 6: Optical microscopy image of the tested SiC-graphite composite material [68] 

     The composite was manufactured through silicon-melt infiltration, the Si in all Si/SiC region was 

always surrounded by SiC that is formed by a chemical reaction between carbon and silicon. On the 

other hand, each carbon fiber in a C/Cf region was wrapped by pyrolytic carbon, which was obtained 

from carbonaceous gases or resins, depending on the used manufacture route.  

      Wang et al [57] tested a Cf/C-SiC which was produced in an industry. The composite was produced 

through chemical vapor infiltration (CVI) to obtain carbon/carbon fibers (Cf/C) preforms initially, 

which was followed by liquid silicon infiltration (LSI) procedure to obtain silicon carbide by converting 

partly the carbon matrix. This procedure was performed while the silicon melt was filling in the channels 

among the Cf/C regions.  

      Zhou et al. [52] produced SiC-C/C composites through PIP and CVI methods. In the PIP method, 

the preceramic polymer chosen was polycarbosilane (PCS). The preforms were infiltrated in a 50 wt. 

% PCS –xylene solution in vacuum. The preforms with the precursors were pyrolyzed at 1600℃ for 2 

hours. To increase the sample density, the infiltration-pyrolysis processes were repeated multiple times. 

Through this, the authors were able to produce different samples with varying densities. In the CVI 

method, the SiC CVI was conducted through a mixture of methyl-trichloro-silane (MTS, CH3SiCl3) and 

hydrogen. MTS was used as the precursor in an argon medium. Hydrogen was employed to slow the 

reaction rate by diluting the gas. Following the deposition, the sample surfaces were subjected to 

grinding for about 1 mm. This was done to avoiding the coverage of pores. This process was also 

repeated multiple times to increase the density of the samples. Also, in this case, the production route 

was used to produce samples with varying density values.  

      Li et al [70] produced a C/C-SiC composite material through a multi-step method. A 

polyacrylonitrile-based (PAN) carbon fiber was used in the production process. The first step 

constituted of preparation of fabric preforms through a three-dimensional needling technique. This was 

initiated by a constant, repeated overlapping of 0o layers of non-woven fiber cloth, which was a short-

cut fiber web, and 90o non-woven fiber cloth with step by step needle punching. The second step 

consisted of production of CNFs in the carbon fiber preform through the in-situ growth. The third step 

was devoted to the densification of the preforms and C/C material production with CNFs modifications. 

The final step was focused on infiltration of the CNFs-C/C materials with melted Si. The cross section 

and the OM images of the resulting C/C-SiC composite material is shown in Fig. 2.7. 
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Fig. 2. 7: C/C-SiC composite material (a) cross-section (b) OM image [70] 

2.3.3.  Friction Coefficient and Wear Behavior 

     It is important for researchers to predict appropriate wear mechanism of a system, so as to design an 

evolved material with desirable behavior. As the abundance of materials are increasing, it becomes 

important for researchers to narrow down on feasible properties which distinguishes each material [57].  

However, in the case of typical ceramic materials, due to complex microstructures, atomic level 

interactions and severe deformations occur which makes the wear mechanism a dynamic process, 

making it difficult to model. Typically, the wear mechanism involves both mechanical and physio-

chemical interactions for the formation of friction layers. Additionally, the generation of wear debris 

was primarily due to the fatigue and abrasion of the first bodies. As seen from both XRD and TEM 

studies, in a ceramic friction material containing appreciable quantities of graphite, the formed debris 

demonstrated higher structural order compared to phase compared with wear debris formed from a 

generic C/C composite. The presence of graphite in the friction player promoted the protection of the 

underneath layer to further degradation and wear. [49]. 

     When wear tests at low loads or low asperity contact stresses are performed on the ceramic materials, 

only elastic deformation occurs, hence no wear was be seen. As the asperity contact stress is increased, 

asperities will deform plastically due to twin generation and limited dislocation movement. Ceramic 

materials are considered to be ionic or covalent in nature, the stresses concentrated on the tested surface 

leads to plastic deformation which leads to dislocation accumulation. These deformations are more 

often seen in abrasion and indentation tests rather than tensile or bending tests. When the stress at the 

tip of an asperity exceeds the plastic limit, it gives rise to twins and dislocations on the subsurface and 

surface. These dislocations and twins result in sub-micron cracking. When the cracks merge together, 

small particles are formed. These particles are squeezed and removed out of the system in the form of 

wear debris during operation. The wear generation is dependent on generated cracks by the dislocation 

accumulation underneath the working surfaces. Variations in surface morphology also results in high 

asperity contact stresses and leads to time dependent wear transitions. The higher the contact stresses 

or deeper the penetration by the wear debris or the abrasives on the surface, the worse the damage. 

Hence, it can be summarized that at low contact stresses, wear is dominated by plastic deformation 

induced wear. As a threshold is reached when the tribological stress increases, severe wear occurs [53].  

     Wang et al.  [49, 57] after extensive tests were able to obtain a large magnitude of wear data for 

ceramic materials. The plotted wear maps wear transitions were observed easily and visually with the 

presence of distinctive wear transition boundaries. There was an increase in wear across transition 

zones. With respect to this, wear was classified into mild, severe and very severe wear regimes. The 

details of these regimes are demonstrated in Table 2.1. In the mild wear region microfracture and 

abrasion are the primary mechanisms. In the case of severe wear regimen, it is brittle fracture in the 
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form of intergranular cracking. Lastly, very severe wear is characterized by gross fracture demonstrated 

as intergranular cracking and delamination cracks. The rapid cracking can be explained using thermal 

shock stresses at high load and speed conditions. A critical parameter for identification of the 

predominant wear mechanism is stress intensity. For mild wear, insufficient stress intensity is produced 

to form microscopic fracture. Wear usually occurred in the form of microfracture or abrasion, 

generating subsurface intergranular cracking, leading to grain pullout. When severe wear is concerned, 

required stress intensity is generated leading to tensile cracks and producing more wear debris. These 

wear debris lead to grain pullouts and localized fracture, leading to larger wear particles. These larger 

particles lead to enhance the stress intensity and increases wear rate. For very severe wear regime, the 

most commonly observed phenomenon is intergranular fracture [49]. 

Table 2. 1: Wear data classification at dry sliding condition for ceramic materials [49]. 

Wear Regime Wear (mm3) Wear Mechanism 

Mild wear (stress intensity <KIC) 10-7 to 10-4 Asperity scale failure: 

intergranular cracks, grain pullout, 

tribochemical, subsurface 

cracks/damage, abrasion 

Severe wear (stress intensity >KIC) 10-5 to 10-2 Nominal scale failure: tensile 

cracks, fracture mechanics, edge 

effects, third bodies (grain pullout) 

Very severe wear (stress intensity >>KIC) 10-3 to 101 Nominal scale + thermal shock 

and few large debris 

 

     Bian et al. [68] tested two SiC-Cf/C ceramic composite material with a commercial organic pad in 

ambient air and water environment conditions. Only the analyses in the air is discussed here. The first 

ceramic composite material chosen contained a high fraction of SiC/Si and was labeled as Brake-H and 

the second ceramic composite material containing low fraction of SiC/Si was named Brake-L by the 

authors.  

     The friction coefficient for both the ceramic composite materials in air observed a rise from a low to 

high magnitude by more or less following a parabolic shape as shown in Fig. 2.8. This was observed to 

be a characteristic trend when the bedding procedure was incorporated. The authors also observed the 

same trend in other literatures as well. For Brake H, the friction coefficient increased to a certain braking 

stops and then stabilized. However, further brake stop number observes a small increase in the friction 

coefficient. A similar increasing trend in the friction coefficient was observed for Brake L, which 

achieved a steady state and maintained that state throughout the testing duration.  
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Fig. 2. 8: Evolution of friction coefficient for Brake H and Brake L ceramic composite material [68] 

     It was noteworthy to mention that for the same counterface and testing conditions, Brake H took 

more testing duration to achieve steady state friction coefficient compared to Brake L and produced 

high friction coefficient magnitude. 

     The worn top surfaces of the Brake H and Brake L after testing were subjected to SEM analysis. 

Both the surfaces demonstrated the presence and deposition of transferred materials in the SiC and Si 

regions. The friction layer was deposited either as a continuous layer or as fillers in the crevices. These 

crevices may have formed through surface fracture during testing. Through this observation, it can be 

inferred that the Si and SiC regions were fully in contact with the organic pads during testing. The 

regions containing C observed the presence of friction layer in a discontinuous and island like manner. 

The region that was load bearing was seen to be exposed, the ones that did not bear any load or were in 

no contact with the pad have a powdery appearance. This observation validates that the deposition and 

formation of friction layer is independent of the Si/SiC content in a system. The load bearing regions 

contained both Si/SiC and C/Cf constituents. The regions involved in load bearing or were in the contact 

regions represent a light or dark grey contrast in the OM images. The authors after conducting a 

preliminary investigation of the organic pads coupled with their detailed analyses of the ceramic 

material surfaces inferred that during the bedding stage, the friction coefficient was dependent on the 

friction contact area of the mated surfaces. However, the authors were unable to determine the reason 

for prolonged time duration required to achieve a steady state friction coefficient in the case of Brake 

H when compared to Brake L. This was due to various reasons including different bedding speeds for 

different composite materials and regions, which was also dependent on the real contact pressure. 

     Zhou et al [52] evaluated the properties of two kinds of SiC-C/C composite materials produced using 

different methods, which included CVI and PIP. With respect to the two different manufacturing routes, 

it was seen that irrespective of the production method, the densities of the produced composites were 

more or less the same, ranging between 1.88-1.92 g/cm3. As the densities of the samples increased, the 

porosity and SiC content decreased. The friction coefficient traces for the samples produced by both 

the production route are shown in Fig. 2.9.  
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Fig. 2. 9: Friction traces of samples produced through (a) PIP (b) CVI [52] 

     It is observed from Fig. 2.9 that the friction coefficient traces are fluctuating, and an initial peak is 

observed immediately after the beginning of the test. During the initiation of testing, an increase in the 

surface pressure of braking pair is observed rather suddenly. The grains from the sample surface will 

be lodged and leads to the evolution of new abrasive particles. This leads to a quick increase in the 

friction coefficient. Some of the abrasive particles are broken down into a layer of friction film. This 

friction film behaves as a lubricant, leading to the decrease in the friction coefficient. The curves 

become steadier and smoother when the abrasive action is balanced by the lubricating action. This 

smoothening of curve can be observed in the intermediate section of the friction traces. At the end of 

the testing trial, due to inherent defects in the composites like high surface energy and structural flaw, 

the friction leading to high temperature may cause decomposition of the material. This leads to increase 

in the friction coefficient, depicted by an increase in the friction trace in the graph.  

     Li et al. [70] tested a C/C-SiC composite material modified by in situ grown carbon nanofibers. This 

composite material was compared with a C/C-SiC composite material which was not subjected to any 

modification. These different composite materials were paired with a metallic counter material.  The 

typical brake curves of the modified C/C-SiC composite are represented in Fig. 2.10.  

 

Fig. 2. 10: Brake curves of modified C/C-SiC composite with corresponding brake stages and surfaces [70] 

     The figure clearly states that the brake curves can be divided into three regions: early brake, middle 

brake and later brake. A small ‘pre-peak’ is observed at the beginning of the early brake stage and is 

indicated as a grain abrasion mechanism. In the early stage, extensive brittle asperities are observed on 
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the friction surface, which includes Si, SiC and pyrolytic carbon. These particles break off due to 

compressive and shearing forces and plow the mating surfaces and then are removed by micro-cutting. 

As the braking process progresses, the asperities are pulverized and sheared away to form a large 

amount of wear debris. Under the braking pressure, these debris start filling the grooves on the friction 

surface, thereby decreasing the plowing effects of the asperities. Following this, non-continuous friction 

films are formed on the mating surfaces due to the application of compressive force. This results in 

decrease in the friction coefficient and smoothening of the braking process. 

     When cyclic stresses are applied, cracks are generated and propagated in the friction films, causing 

damage and formation of friction films, demonstrating fatigue wear. Simultaneously, the friction 

surface temperature increases and leads to the softening of the metallic counterface. Hence, material 

transfer occurs between the mating surfaces resulting in adhesive and fatigue wear in the middle braking 

stage. With the decrease in the speed, the friction coefficient is observed to increase and then decrease 

sharply. The production of debris is also seen to decrease with the decrease in the speed. Hence, the 

dynamic balance of the damage and formation of the friction layer is broken, again giving rise to 

discontinuous friction films. This results in a fatigue and oxidation abrasion wear mechanism in the last 

braking stage.  

     Lafon-Placette et.al [59] conducted a detailed study on the tribological characterization of SiC and 

carbon materials. Tribological ring on ring tests were conducted on SiC/SiC and SiC/C pairings. The 

carbon materials were impregnated with polymer resin and antimony. With respect to the tests with the 

SiC/SiC pairing, the friction coefficient was observed to be high and oscillating. Later the friction 

coefficient was seen to stabilize. The friction behavior with respect to SiC/C pairing with polymer resin 

impregnation observed quick reduction in friction coefficient but with frequent spikes and reduction in 

the COF values. Lastly, for the SiC/C pairing with antimony impregnation, extremely high instabilities 

of friction coefficient were seen throughout the testing time. Additionally, a comparison of magnitude 

of friction coefficient for all three pairing was conducted. This comparison verified the lowest and 

relatively the most stable friction coefficient for the SiC/C coupling with polymer resin impregnation. 

The friction coefficient for SiC/C coupling with antimony impregnation observes the most disturbance.  

     When the worn ring surfaces where observed under an optical microscope, it was observed that the 

debris was deposited on the inner area of the SiC, (in white grey color). However, they were more 

spread out in the samples containing carbon. With naked eye inspection, both the SiC/C pairings have 

similar surfaces. Their tribofilm was developed on the whole mating surface. Fig. 2.11 represents the 

OM images of the worn surfaces of the different specimens.  

 

Fig. 2. 11: OM images of the worn ring surfaces for (a) SiC/SiC pairing (b) SiC/C with polymer resin 

impregnation (c) SiC/C with antimony impregnation [59] 

     When the same worn ring surfaces of different pairings were observed in the SEM, a clear and 

distinctive difference was observed. After the tests with the SiC/SiC specimens, the worn surface was 

covered with powdery plate shaped particles spread throughout inhomogeneously. Some cracks were 

also observed due to the cooling effects after the friction test. In the case of SiC/C with polymeric resin 
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impregnation, scratches from abrasion were see on the surface. Also, large debris were present in the 

inside depressions from the material extractions were seen on the wear track. Lastly, for the SiC/C 

specimens with antimony impregnation, a smaller and thicker tribofilm was observed. The surface did 

not exhibit any abrasive scratches or large removal of materials and close to the initial surface when 

compared to the SiC/C specimen with polymeric resin impregnation. Hence, it can be inferred that each 

coupling had its own and different wear mechanism and that the impregnating material played quite an 

important role in friction layer formation. 

      Another study was conducted to evaluate the tribological properties of a SiC ceramic brake material 

paired with a steel pad. An average measurements of friction coefficient for different braking speeds 

are represented in Fig. 2.12.  

 

Fig. 2. 12: Average COF measurement for each braking stop at different initial braking speeds [68] 

     It can be that after certain number of braking stops, a convergence is observed at 0.6. This indicates 

that the bedding stage was achieved for the friction couple. Before the couple reached the bedding stage, 

different trends were followed by the braking speeds. An initial, drastic peaking is observed for 8.5 m/s 

with subsequent reduction in its friction coefficient. In the case of 14 m/s, a small, initial peak was 

observed when compared to the peak at 8.5 m/s. In the case of 20 m/s, no initial peaks were seen, but a 

gradual increase in the friction coefficient.  

     Langhof et al [50] evaluated the tribological behavior of C/SiC friction pad at high performance 

friction applications paired with C/SiC rotors. Three different pad materials were investigated: C/SiC 

ceramic (C/SiC SF) comprising of C short fibers, without filler, SiC, Si and amorphous carbon, C/SiC 

ceramic (C/SiC SF 11 Coke) comprising of an additional 11 vol.% coke, and lastly, a low metallic 

commercially available pad material (Low Met) consisting of steel, bronze, brass and copper particles, 

graphite as solid lubricant, alumina and silica as hard particles and a binder in the form of phenolic 

resin.  

     With respect to the open porosities and bulk densities, the bulk density of C/SiC with coke decreased 

whereas the open porosity of the C/SiC SF composite increased. This may be due to the less additions 

of Si and SiC and more carbon contents in these samples. Also, the coke particles are in the form of 

flakes and are less compact compared to amorphous carbon matrix. Due to the presence of more carbon 

particles, less polymeric binders were added to the composite material, which led to reduction in the 

shrinkage due to pyrolysis. If there is low amount of porosity, only less amount of Si could infiltrate 

and transform into SiC during the final LSI process.  

     The composite materials were subjected to both lab scale and full-scale dynamometer tests at 

constant pressure and increasing velocity and vice versa. Both the ceramic materials produced similar 
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friction coefficient magnitudes. A similar decreasing trend and magnitude of friction coefficient was 

also observed as the velocity of the increased. For all the cases, the low met friction pad demonstrated 

stable friction coefficient over a wide range of velocities and pressure. The friction coefficient 

evaluation with respect to the full-scale dynamometer produced higher friction coefficient in the 

ceramic material compared to the reference material.  

     The C/SiC with coke composite material demonstrated the least wear and C/SiC SF showed the 

highest wear compared to its counterparts. The addition of coke made the pads relatively softer. This 

led to less stiffness in the composite material. Additionally, coke particles are more flexible and less 

brittle compared to the other phases in the ceramic pads. Hence, the real contact and friction coefficient 

increases simultaneously with a decreasing wear rate. On the other hand, for a full-scale dynamometer, 

an appreciable decrease in wear is observed for the ceramic materials, but it was still 1/3rd higher than 

the low met friction material. This change in property is due to the various thermomechanical loads that 

occurs while testing on a full-scale mode.  

    In summary, when the tests on the lab scale and full-scale dynamometers are compared, the friction 

coefficient magnitude and trends remain similar, Due to the difference in the sizes of the specimens, a 

variation in the extent of oxidation is observed, which results in the difference observed in the wear 

rates of specimens on a full scale dynamometer. Additionally, smaller pads have more abrasives 

accumulated on the outer surfaces, which shear and abrade off rather easily, compared to large ceramic 

materials. Due to this, the low met pads demonstrate higher wear in the lab test rig. The reliability on 

the lab scale test results increases with increase in the thermomechanical stability of the selected mating 

materials 

     The authors have mentioned the influence of abrasion, adhesion, oxidation and fatigue on the braking 

specimens and system in general. With respect to adhesion, adhesion between the pads and the rotor 

occur due to free silicon material transfer on both the surfaces. Si welds together during the friction 

testing and can include hard SiC wear particles. At extremely high speeds (20 m/s) and temperatures 

above 400ºC, the welding and inclusion is enabled due to the ductile to brittle transition of Si and 

presumably the inclusion of SiC wear debris. Additionally, the Si transfer from pad to rotor takes place, 

where Si observes a strong bonding and the peaks continue to grow with the increasing duration of the 

tests. Due to the increase in the SiSiC content, the thermal conductivity of the rotor drastically increases 

compared to the pads. Hence, after the ductile to brittle transition occurs, the Si from the ‘soft’ pads are 

transferred more easily compared to the ‘colder’ rotor. The Si from the rotor is obtained from the friction 

layer and is transferred from the pad to the rotor. It is because smaller forces are required to pull the 

silicon out of the pads compared to silicon on the rotor. In the C/SiC composite with coke, as the 

lubricant quantity (coke) is more and SiC is less, the adhesion-abrasion mechanism is particularly 

avoided in this composite material. Due to this reason, polished and smooth contact plateaus can be 

detected on this composite material. With respect to the oxidation, the carbon oxidation starts at 400ºC 

in air. Additionally, the formation of silica from Si and SiC oxidation is possible due to very high 

temperatures on the contact area of the mated surfaces, which cannot be properly determined during the 

braking conditions. 

     Additionally, quite a few numbers of authors have also written review papers regarding the wear 

properties of ceramics and especially on the tribological properties of SiC. It was mentioned in a review 

study that tribo-oxidation is the primary wear mechanism at sliding velocities greater that 1 m/s and at 

room temperature testing conditions. Tribo-oxidation is seen to occur at higher temperatures even for 

lower velocity. At high temperatures, in the case of SiC ceramic materials, a layer of silica is observed 

on the surfaces. The thickness of such layers on specimens increases with sliding velocity. Additionally, 

delamination and fatigue wear mechanisms were also observed in SiSiC specimens [56].  
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Fig. 2. 13: Wear transition diagram of sintered SiC obtained through ball-on-flat tests, self-mating conditions, 

unlubricated and in air [58] 

     Jahanmir [58] published a review paper on the wear transitions and tribochemical reactions in 

ceramics. He presented the wear transition studies for sintered SiC through self-mating ball on flat tests 

in air conditions. The same is represented in a diagram through Fig. 2.13. At room temperature testing 

conditions, high relative humidity and high loads, a friction coefficient of 0.23 and wear coefficient of 

10-3 is observed. When we first consider region I, the tribological behavior is primarily governed by 

tribo-chemical reaction between SiC and water vapor. Due to this reaction, a continuous a continuous 

thin film is formed on the wear track. However, this thin film is observed to fracture in the high vacuum 

during SEM observations forming microcrack networks, which looks like ‘mud cracks.’ In this setup, 

as the humidity decreases, the friction coefficient is observed to increase. In region II, a high friction 

coefficient of 0.63 is observed, irrespective of the humidity and the predominant wear mechanism is 

ploughing. The friction coefficient and wear are seen to decrease in region III due to formation of large 

cylindrical wear debris on the wear track and oxidation of SiC. In the region IV with high loading 

conditions, wear is observed through microfracture. This results in high friction coefficient and wear. 

The region IV is divided into two parts and there is very small difference with respect to the behavior 

of wear debris in these parts. At low temperatures, the wear debris appears loosely attached to the 

surface and at higher temperatures, the debris are observed to be compacted regions. The transition from 

mild to severe wear and the conversion of wear mechanism of microfracture occurred at a load of 7 N, 

irrespective of temperature. The wear coefficient of SiC increased by only one order of magnitude. 

     Sharma et al [60] wrote an extensive review article on the tribological behavior of SiC ceramic 

materials. The authors explained that when compared to monolithic SiC, the SiC-graphite composite 

material demonstrated lower friction coefficient during sliding. The flake like graphite particles present 

in the system provides for solid lubrication with easier shear during sliding. Fig. 2.14 represents fracture 

surface of SiC and SiC-graphite composite material. The graphite particles remain flake like which are 

indicated by the arrows.  

 

Fig. 2. 14:  Fracture surface (a) SiC (b) SiC-graphite, the arrows indicate the flake like graphite particles [60] 
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     The wear mechanism in SiC can be divided in two ways (a) mechanical wear, wherein different 

types of cracks like median, lateral and radial cracks are formed by friction around the Hertzian contact 

zone, (b) tribo-chemical wear, wherein silica was found on the surfaces of unlubricated worn surfaces. 

The tribological contact stresses are the primary reasons that affects the mechanism of material removal. 

It was seen that SiC removed through plastic deformation created microfracture for less contact surface 

stress. As the contact stress increased to a certain extent various cracks like lateral/shallow cracks, radial 

cracks, cone cracks etc. were generated. Further increase in contact stress propagated cracks to intersect 

each other and led to detachment of chunks of materials. These detached materials were further crushed 

to fine powder by continuous tribological contact and led to the formation of wear debris. The various 

types of induced cracks are represented in Fig. 2.15.  

 

Fig. 2. 15: Different cracks formed by friction in unlubricated sliding wear conditions (W is load and F is 

frictional force) [60] 
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Chapter 3 

Counterface 

 

3.1. Stainless Steel 

     Stainless steel is defined as an iron-based alloy that consists of at least about 12 wt. % of Cr. This 

amount of Cr is essential for high corrosion resistance by the formation of passivating oxide film. 

Additionally, this amount of Cr is required to be dissolved in the metallic matrix to ensure passivation. 

Although Fe-Cr system forms a basis, modern stainless steels also contain other constituents apart from 

Cr. These constituents are added to enhance the tensile strength, corrosion resistance, ductility, and 

hardness of the steel. Some of the constituents maybe manganese, copper, nickel, molybdenum, silicon, 

niobium, titanium, sulfur, aluminum, and selenium. The hardness of the steel is determined by its carbon 

content, whereas the hardenability is due to the other constituting elements. The role of other alloying 

elements in stainless steel, though complex, are summarized as follows: 

Carbon (C): Increases the strength and hardness of the stainless steel through heat treatment. The carbon 

content is kept at lower levels in stainless steels, except in martensitic types, in which the carbon content 

is intentionally increased to obtain high specific properties like hardness, and to make these alloys heat 

treatable by tempering and quenching to form the martensitic steel phase. Carbon can have negative 

effects on the corrosion resistance of the steel. It can combine with chromium to form chromium 

carbides and reduce the chromium availability in the metallic matrix to form a passive layer to have 

good corrosion resistance.  

Chromium (Cr): The passive film essentially constitutes of chromium in its trivalent state forming a 

stable Cr2O3 which observes a very low corrosion rate. Chromium content in stainless steels increases 

corrosion resistance and reduces the propagation of stable pitting. Chromium oxide is the principle 

constituent of the inner part of the passive film. Chromium hydroxide are seen to be a constituent of the 

outer part of the passive film.  

Nickel (Ni): Nickel helps in stabilizing the austenitic structure and acts on the deformation behavior of 

material. It helps in improving the toughness at low temperatures and solid solution softening. Nickel 

is less oxidized in chromium and iron. Subsequently, there is a nickel enrichment in its metallic state in 

the metal closest to the metal/oxide interface and hence, it is rarely detected in the passive film. Nickel 

may also decrease the overall dissolution of chromium and iron.  

Molybdenum (Mo): Molybdenum has a strong and beneficial influence on the pitting resistance and 

passive film stabilization of stainless steels, mainly in the presence of chloride ions. Molybdenum can 

improve de-passivation resistance and enhance the formation of passive films. There are various 

mechanisms which have been proposed to demonstrate the role of molybdenum in stainless steel 

passivation.  

Nitrogen (Ni): Nitrogen helps in austenite stabilization and has a major influence on the passive film 

properties. It has the strongest influence on the localized corrosion in the Pitting Resistance Equivalent 

Number (PREN) formula. Nitrogen demonstrates high concentration gradients in passive film. 

Ammonia inhibits chlorination enhanced localized corrosion. Formation of nitride in the film/metal 

interface decreases the dissolution rates of the individual elements of the alloy. Carbon, copper, silicon, 

and nickel reduce nitrogen solubility, whereas manganese, molybdenum and chromium increase the 

solubility.  
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Other alloying elements: Addition of manganese in the stainless steels increases the nitrogen and 

molybdenum solubility. Both the elements help in pitting resistance. Copper helps in enhanced 

corrosion resistance in austenite. Vanadium is used in increasing hardness and promotes ferrite in 

microstructure. Vanadium is known to form nitrides and carbides at lower temperatures.  

     Stainless steel observes three main types of microstructures: ferritic, austenitic, and martensitic. By 

properly adjusting the steel chemistry, the required microstructure can be obtained. Out of these three 

categories, stainless steel can be classified into several classes like martensitic, austenitic, duplex, and 

ferritic stainless steel. These steels demonstrate different properties and have been extensively 

documented in literature.  

     Martensitic stainless steel usually contains 12-17 wt. % of chromium, 0-4 wt. % of nickel, and 0.1-

1.0 wt. % of carbon. Other alloying elements like niobium, aluminum, vanadium, copper, and 

molybdenum maybe added for specific property enhancement. Martensitic stainless steel is usually 

incorporated in applications requiring high mechanical performance. They are used in the bulk of 

various industrial components like dies, propellers, tools, ball bearings, impellers, bushings, knives etc. 

In short, they are primarily used in the applications requiring moderate corrosion resistance and high 

strength/wear resistance. The steel properties are strongly influenced by heat treatments. The carbide 

content in the quenched microstructures has a pivotal role on the material properties like hardness and 

resistance to wear and corrosion [46-48, 74].  

     Dalmau et al. [75] published a detailed study on the wear, corrosion, and tribo-corrosion behavior of 

martensitic stainless steels. Lately, with respect to the desired properties and microstructures, 

martensitic stainless steels are modified through surface treatments. Some of these martensitic steels 

are precipitation hardened martensitic stainless steel and martensitic stainless steel containing 12 wt. % 

chromium. The latter is known to have good combination of high mechanical strength and ductility as 

well as corrosion resistance. The steel is austenitic in the temperature range of 1000-1050ºC. The 

martensitic transformation can occur with air cooling because of extremely good hardenability. For 

good mechanical properties, these steels are usually tempered between 100-150ºC. This steel is 

particularly used in high temperature applications. This steel is usually alloyed with vanadium, niobium, 

and molybdenum. The steel type AISI 410 with 12 wt. % of Cr and 0.1 wt. % of C is a popular grade 

used in wide variety of industrial application. Newly introduced martensitic stainless-steel grades are 

XD15NW, used for improved fatigue and tribological properties. CX13VD steel is used for aerospace 

applications and in propellers, gears, and screws.  

 

Fig. 3. 1: Schematic representation of principle wear mechanisms of martensitic stainless steel during dry sliding 

contact [75] 
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     With respect to the wear mechanism in martensitic stainless steel, it is important to know that the 

testing conditions play a major role in wear magnitude and mechanism. The most common wear 

phenomenon observed in various literatures by different researchers are abrasive wear (ploughing) and 

adhesive wear. In many instances, surface and subsurface cracks, and delamination were also observed. 

Martensitic stainless steel has high surface hardness and produces hard wear debris particles and 

abrasive wear. Hence, cracks are formed on the surface when the steel is subjected to various heat 

treatments. Fig. 3.1 demonstrates the principle wear mechanisms in martensitic stainless steel under dry 

sliding contact.  

     T.H.C. Childs [76] published a review on the sliding wear mechanism in steels. It was mentioned 

that the wear in a dry sliding system could be clearly divided into severe and mild. In severe wear, 

surface roughening was observed due to rubbing and the wear debris was metallic in nature with 

dimensions up to 1 mm. In the case of mild wear, a smooth surface was observed through rubbing and 

the debris formed were oxides in nature of size up to 1 µm. The primary reason for the formation and 

degradation to wear debris was the adhesive transfer of metal between surfaces. Hence, this type of 

wear is termed as adhesive wear. The author has also mentioned the presence of delamination and 

oxidational wear. The former is seen when metallic debris is produced with surface smoothening and 

without transfer. The latter is observed when oxidized debris is produced without any transfer. It was 

also reported that after an initial so called ‘run-in’ period, the rate of change of wear volume would 

typically be constant with respect to sliding distance and proportional to the applied load that presses 

the sliding surface together. When two metal surfaces encounter each other, plastic flow at the 

contacting high spots is dependent on the surface roughness and the ratio of effective Young’s modulus 

to the hardness of the softer surface.  

     Childs presented a simple relation between the wear coefficient with the applied load for a 0.63% C 

steel pin sliding on the same material at 1 m/s. Initially, the continuous sliding caused the production 

of metallic wear debris and surface roughening. Eventually, the rough surface was smoothened by 

rubbing and a visible oxide film developed with the production of wear debris from the film. This 

phenomenon was observed for loads at and below 15 N. At loads close to 79 N, a small change in the 

mild wear mechanism was observed. Severe wear below 15 N was avoided through hardening of both 

surfaces or changing the ranges by altering the sliding speeds or by reducing the oxygen content in the 

atmosphere. Another instance mentioned by the author was the variation of wear coefficient of 60/40 

brass against hard steel surface at 30 N and 300ºC. A severe wear region was obtained at intermediate 

speeds. This region separates the mild wear regions at high and low speeds. It was also seen that an 

oxygen rich atmosphere reduced the probability and range of severe wear.  

     An extensive study of oxidative wear in steels was conducted at a load close to 15-25 N and below 

75 N. In this case, the initial sliding was severe, resulting in adhesive transfer of thin fragments of metal 

between surfaces. These transferred materials build up as the testing progresses. They are converted 

into agglomerates and eventually detach themselves as wear particles. All metallic debris produced 

initially were formed through this manner. As the time duration progresses, hardening through 

transformation and surface oxidation of the transferred layer take place and produce a protective layer 

for the mated surface. This surface keeps becoming smooth until eventually it is removed as an oxide 

(Fe2O3). It was also observed that both oxidation and hardening was essential for protection in this 

condition. If the reversing of hardening or the removal of this oxides occurs, it would lead to severe 

wear.  

     The run-in conditions in hard steel was stable and material transfer between the surfaces almost 

stopped. Wear occurred through surface oxidation and subsequent direct abrasion of oxides from the 

surface with no transfer. At load above 75 N, it was seen that FeO and Fe3O4 were the predominant 

composition of wear debris. These oxides are seen to be produced more frequently at higher 

temperatures compared to Fe2O3.  
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     It was also noted that the minimum wear coefficient was observed with the presence of Fe3O4 in the 

wear debris. Also, severe wear was not observed in the cases wherein Fe2O3 is the main oxide formed. 

The presence of a small amount of slip in rolling contact action can lead do the formation of an oxide 

film which is 200 times thicker than what is observed when there is no slip. Thus, it can be noted that 

the wear mechanism in steels depend on the load applied. The author sums up the mechanism of 

oxidative wear in the following way: initial transfer of materials on mated surfaces followed by 

oxidation, wearing away, and cycle repetition. In case of some steels, back transfer of pin material from 

the disc surface (usually the steel surface), and back to pin surface was seen. Depending on the 

composition of steel, the back transfer also consisted of disc materials.  Hence, in a mild oxidative wear, 

the mechanical properties of the substrate and the oxide film are important. However, the oxide 

composition and hence, its mechanical properties, depends on the mated surfaces.  

     When the severe wear phenomenon is considered, at initial sliding, transfer occurs immediately on 

the roughened surfaces. However, roughness must be generated on smooth surface first. When the 

transfer begins, almost all the contacts produce transfer particles. The wear coefficient is also heavily 

dependent on the size and shape of transferred particles. Additionally, the author mentions the testing 

condition that produces delamination wear: low sliding speeds and loads and when wear by oxidation 

and severe wear is suppressed. It was seen that at typically between 1 m/s – 5 m/s, the wear particles 

resembled metal plates, which is a characteristic of delamination wear.  

     Straffelini et al [67] conducted a detailed study on the oxidative wear of heat-treated steels. They 

inspected the low sliding velocity wear behavior of heat-treated steel, through debris and track 

inspection, after conducting dry sliding pin on disc tests on them. When two surfaces are mated for dry 

sliding, the contact temperature increases with the frictional heating. If the sliding velocity is higher 

than a certain limit, the flash temperature at these contacting asperities leads to oxidation. Once these 

oxides reach a certain thickness limit, they break and produce wear fragment. This mechanism was 

initially modeled by Quinn. Typically, this type of wear is usually observed in steel for sliding velocities 

above 1 m/s and where the flash temperature is greater than 400ºC. However, various studies have 

shown that for heat treated high strength steels, oxidative wear may occur even at lower sliding 

velocities. This is important as oxidative wear at low velocity is usually related to the procurement of 

mild wear. Also, in this case, the metal to metal contact do not produce any adhesive wear due to the 

formation of surface glazes, which is produced due to the compaction and sintering of iron oxides. Some 

of the researchers have described wear evolution as follows: plastic deformation, debris formation and 

material transfer, environment reaction and mechanical mixing. It was also seen that numerous factors 

like test environment, mating material properties and experimental conditions, influence the formation 

of wear. The wear debris collected from the tests are represented in Fig. 3.2. The wear debris were made 

of rounded porous, oxidized particles and having diameters of some hundreds of microns. There was 

also presence of some plate like wear debris as well. XRD analyses on these debris confirmed that the 

composition is not dependent on sliding velocity. The debris were predominantly made of hematite, 

magnetite, and small amounts of α-iron. Also observed during the tests are the accumulation of wear 

debris in front of the pin, as represented by Fig. 3.3. This presence has a significant influence on the 

characteristics of the worn surfaces. From the Fig. the ‘front zone’ is covered by large amount of oxides 

than the ‘rear zone’.  
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Fig. 3. 2: (a) SEM images of wear debris collected after the end of test at 0.6 m/s (b)-(c) The round debris and 

plate like debris characteristics [67] 

 

 

Fig. 3. 3:  Different degrees of oxide coverage in the front and rear zone of the pin sliding surface [67] 

    Stott et al [71] conducted a detailed analysis on the effects of substrate hardness and loads on the 

development and sustenance of friction/transfer layer during dry sliding conditions at elevated 

temperatures. Iron based alloys are thermodynamically unstable in air and form metal oxides when they 

encounter oxygen. These metal oxides behave as a barrier and prevent surfaces underneath it from 

further oxidation. For high temperature testing conditions, the metal alloys are designed in such a way 

that these oxide layers are formed as a barrier to the substrate. The metal oxides are also known to 

reduce metal to metal contact during dry sliding conditions, hence protecting the surface from wear.  It 

has also been reported that low temperature testing conditions, the metal oxides reduce the wear rate of 

a system from severe to mild. However, the influence of these metal oxides becomes more prominent 

at high temperature applications. At these conditions, the wear rate is observed to be appreciably lower 

compared to the wear rates at lower temperature testing conditions. This is related to the presence of 

substantial and continuous surface layer, termed as ‘glaze’ in this research that provides decreased 

resistance to sliding and effective wear damage protection. The transition from severe to mild wear has 

been achieved through the presence of these sufficiently/partially oxidized wear debris that behave as 

load-bearing areas. The wear protective layer is usually formed through the compaction of agglomerated 

fine wear debris, trapped within the mating surfaces. High temperatures promote the compaction and 

sintering, which leads to smooth, continuous, compact glaze surfaces. This surface is produced from 

and on particulate layers. Some mathematical models have verified that at high temperature, more debris 

(a) 
(b) 

(c) 
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are formed which directly affects the wear of the system. The glazed surface is not influenced by 

oxidation but is associated with adhesion between debris particles within the worn surfaces. With 

respect to the load applied to the system, it was observed that the higher the applied load, the bigger the 

size of the wear debris particles. Due to this, it becomes difficult for wear debris to collect within the 

mated surfaces to form friction/transfer/wear protective layer. Additionally, there is an elevated chance 

of complete removal of these particles off the mating surface. With the load increase, the critical particle 

size required to establish the wear protective layer decreases. Substrate hardness is also known to be a 

key factor that influences the production of wear debris. Lower the substrate hardness, higher the 

probability of debris particles removal, leading to difficulty in establishment of a proper friction layer.  

     In this study, the authors have carried out dry sliding tests on high speed steel (HSS) and high chrome 

steel pins paired with carbon steel discs at elevated temperatures of 500, 550, and 600ºC. The loads 

applied were 10, 15 and 20 N. All tests were run for 6 hours. The authors have provided with a detailed 

description of wear scars at above mentioned temperatures.  

     At 500ºC, the HSS pins developed huge wear scars, while the carbon steel disc scars were flat and 

large in area with no measurable loss of material. The main damage was abrasion of pin by wear debris 

in and on disc surface. X-Ray diffraction showed that the debris was α-Fe2O3. At any applied load, there 

was no transferred layer on the pin surface. The debris were uncompacted and loose. This was seen for 

the disc specimens as well at 10 N, however, a smooth, compact, and continuous oxide glaze started to 

develop from 15 N and particularly at 20N. In the case of high-chrome steel pins, for the same pairing 

and testing conditions, the scars formed were much smaller than HSS. This is due to the rapid formation 

of glaze on both the mating surfaces.  

     At 550ºC, the HSS pin wear was dependent on the load applied. The scars formed at 5 N and 10 N 

were smaller compared to the scars formed at 500ºC. However, the scar size at 15 N were comparable 

to the scars produced at 500ºC. At low loads, the low wear was due to the formation of glazed layer 

over the mated surface. The glaze also spread over the grooves. The debris particles which formed into 

a compact layer turned to be load bearing. As the sliding continued, the debris particles deformed and 

sintered together, forming the glaze surface. This formation was influenced by high temperatures, which 

was not seen in the case of tests at 500ºC. Further sliding, damaged and broke the glazed layers. For 

tests at 15 N load, it was observed that the glazed surfaces were inefficiently formed and were not 

sustained. Small patches of glazed layers were formed, but they were not capable enough to protect the 

surfaces from wear. Increasing load to 20N saw a decrease in pin wear, but an elevated disc wear. The 

tests with high chrome steel at 550ºC under 10 and 15 N loads saw very small scars and little wear, 

mainly due to the large presence of glaze. At 20 N load, the pin and disc wear increased considerably. 

Nevertheless, the scars were still efficiently covered by glazed layers.  

     Tests conducted at 600ºC (or above 570ºC), produced a significant oxidation of the carbon steel 

discs, as FeO becomes thermodynamically stable. Also, here, the load provides a significant 

contribution in tests with HSS when paired with carbon steel discs. At 10 N, a rapid formation of the 

glazed layer takes place. At the end of the test, the pin surface is fully covered, and disc surface was 

partially covered by glazed surface. At 15 N and 20 N loads the scar morphology is like the surface 

observed at 20 N and 550ºC. An appreciable amount of disc deformation with disc material transfer to 

pin was observed. Loading conditions are observed to have less influence with the high chrome steel 

pins. The magnitude of wear at 10 N and 15 N was less and a little high at 20 N. Less quantity of debris 

was observed compared to HSS due to the quick formation of a much-stabilized glaze layer. 

Nevertheless, extensive disc deformation and wear was observed at high loading conditions.  
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3.2. Cermet Coated Counterface 

     Cermets and ceramics are predominantly used in applications in which different components 

subjected to various types of wear processes face degradation. Ceramics are especially attractive for 

their wear resistance, but their major drawback is their brittle nature. Hence, a typical wear resistant 

material possesses a combination of high toughness and hardness. With respect to this, cermets provide 

for superior hardness from ceramic materials and toughness from metal. Few examples of these cermet 

materials are WC hard phase in combination of ductile metal phases like CoCr or FeCrAlY. [77-80].  

     The ‘thermal spray’ (TS) method involves a variety of coating processes that is used to spray 

ceramic, polymer, metallic and composite coatings. The TS method involves introducing raw materials 

in the form of rod, powder or wire to the energy source, which heats up the materials. These 

partially/fully molten materials are accelerated towards a surface to be coated/substrate by gases and 

projected on the considered substrate. When the particles come into contact with the substrate surface, 

they are flattened and solidified to resemble disc shape structure. These structures are called ‘splat’. A 

continuous coating layer is formed through the overlapping and adherence of these splats. The deposits 

exhibit lamellar structure due to the aforementioned nature of deposition. The final coating structure 

through TS consists of pores, splat boundaries and cracks. Due to the complex microstructure of the 

coatings, it is a difficult task for the researchers to fully comprehend its performance and mechanical 

properties [81-83].  

     Among the various coating materials deposited through the TS method, composite ceramic-metallic 

coatings (cermet), which is mainly carbide-based ceramic particles in a metallic binder, have been 

widely used as a wear resistant coating. It has been noted that the erosive and abrasive wear of coating 

materials (including cermet coatings) are influenced by material resistance to particle penetration and 

displacement/removal resistance from the surface through plastic deformation/fracture. Hence, the 

abrasive wear influencing parameters of material is usually characterized by material fracture and 

elasto-plastic characteristics. Cermet coatings are seen to demonstrate high wear resistance due to its 

toughness and hardness. The toughness is due to the ductile metallic binder and the hardness is due to 

the brittle and hard dispersed ceramic particles [84-86].  

     The utilization of cermet coatings through TS method is a well- studied and established technology 

dating back to 1960s. The cermet coating designs developed from similar work in the cutting tool 

industry. Yet, some TS methods like high velocity oxy fuel coating process (HVOF) results in structural 

and chemical changes to the material and leads to new mechanisms in the contact damage regions. The 

studies on the wear performance and its associated mechanisms is a difficult process for thick films and 

coatings. This is due to the fact that most wear testing analysis depends on mass or volume loss 

measurements of the mated materials. This provides with quantitative analysis rather than mechanical 

information on the material wear [87-89].  

     WC-CoCr and WC-FeCrAlY coatings can be deposited on a substrate through numerous ways like 

explosive spraying, plasma spraying or HVOF technique. The major properties of WC-CoCr coatings 

include better adhesion, high hardness, small stiffness difference between the substrate and the top 

coating layer. The WC-CoCr coating provides for equal distribution of contact stress, thereby reducing 

sever delamination problems. Cobalt and nickel are typically used binder metals. The amount of binder 

phase observed is 20-30 vol. %. For cutting operations, the hardmetal constituents were modified by 

including a second hard phase with a cubic crystal lattice. The mostly widely used second hard phase 

was chromium. With the addition of Cr, the melting point of WC-Co hardmetals lowered by more than 

100K. For quite some time, the WC-10Co-4Cr composition is most widely being used for the 

development of coatings having superior corrosion and wear resistance. It is observed that this 

composition is a good empirically derived and balanced formulation and for the preparation of wear 

and corrosive resistant coating. However, through plasma spraying, WC is observed to be easily 
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decomposed as the temperature of the plasma flame is considerably high. In the case of HVOF and 

explosive spraying techniques, as the powder feed rate is sufficiently high, the hardness, bonding 

strength and density of the coating layers are superior to those produced from plasma spraying method. 

Also, since the flame temperature is low and the powder floating time in the flame is very short, the 

probability and possibility of WC decomposition is very less. Hence, currently, HVOF spraying with 

continuous combustion is most widely used method than the explosive spraying technique. HVOF 

coatings are considered to be a viable option compared to electroplated hard chrome as they are flexible 

with respect to choice, are environmentally friendly, and deliver better performance [77-78, 81, 84, 87]. 

     High velocity oxygen fuel (HVOF) spraying method is a typical and widely used hardmetal coating 

procedure by thermal spraying. Coatings are usually obtained from feedstock powders made of small 

hardmetal particles, usually in the size range of 10-45µm. The preparation of thermal spray coatings 

can be a two-step process: feedstock powder preparation, and the actual spray process. The coating 

thickness is typically 100-500µm. The coating properties are heavily influenced by thermal spray 

process conditions and feedstock material properties. During the spraying, many metallurgical 

processes are witnessed like carbide dissolution in the binder, phase and chemical composition change 

of material which occurs in quite a short time [79, 83].  

     For an HVOF system, different types of fuels maybe used: gases like propane, hydrogen, ethane, 

and liquid fuel like paraffin. The gas fuel provides for higher particle temperatures than the liquid 

counterparts. The liquid fuels are characterized by higher particle velocities. The selection of fuel is 

characterized by availability, purity and price. The HVOF technique is categorized by high repeatability 

and reproducibility as the process is not affected by strong wearing parts of the spray gun [83].  

     In a gas fueled HVOF coating, the intensity of W2C is comparatively greater than the liquid fueled 

HVOF coatings. Additionally, the utilization of hydrogen causes a greater degradation of mono-carbide 

WC phase during the thermal spraying step when compared to kerosene. Finally, the magnitude of WC 

decarburization was lower in the case of liquid fueled HVOF coating. The reason for greater powder 

decomposition during gas fueled HVOF spraying is that the powder injection is directly into the 

combustion chamber, whereas the particles are injected in the nozzle for liquid fuel gun. The systems 

that utilize hydrogen produce lower velocities and higher particle temperatures compared to systems 

that use kerosene liquid-fuel. Due to this, with higher temperature and lower velocities, the residence 

time of particles increase in the hot gas. If at any point of time, the temperature of WC-CoCr exceeds 

beyond its melting temperature, pseudo-ternary eutectic, dissolution of the WC in liquid CoCr occurs. 

Another phenomenon observed with enrichment of liquid CoCr in C and W is an increase of affinity to 

amorphisation during splat-quenching on the cooler substrate [83].  

     For a gas fueled HVOF, at higher temperatures, a higher degree of decarburization of WC particles 

were observed, which could be related to a high hardness of coating. At this condition, a high magnitude 

of W2C phase is present in the coating. Conversely, the liquid fueled HVOF demonstrates lower 

hardness due to lower spraying power of the process. This drastically reduces the decarburization extent 

of WC particles with tiny amounts of W2C phase [83, 85].  

     Thermal spraying methods are often used to deposit coatings on substrates which are heavily utilized 

in severe temperature, wear, and environmental conditions. However, sufficient melting of powders has 

to be ensured for superior mechanical properties of the coatings, as partially melted powders leads to 

high coating porosity and low spraying efficiency. However, it has been observed by quite a number of 

researchers that WC powders break down to W2C and C before they melt during thermal spraying 

process at high temperatures. In case of WC-Co, WC is easily decomposed to W and C or W2C. The 

resulting free C reacts with W and Co to form secondary phases that degrade the mechanical properties 

of the coated layers. To avoid the decomposition of WC, it is essential to attain a low flame temperature 

and exposure time of the powder’s high temperature [87].  
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     A new generation of thermal spray systems have been developed to overcome the old systems which 

found it difficult to coat the inner regions and the complex shaped parts, due to large stand-off distances 

and big sizes. The new generation systems inculcated smaller dimension spray torches which was fitted 

in narrow regions to curb the problem of huge stand-off distance and coat all the surfaces of uniformly. 

However, some limitations were observed for spray torches with a short barrel and used at smaller 

stand-off distance like on the temperature dependence on in-flight particles. Smaller stand-off distance 

means the in-flight particles would still be under heating and acceleration when it would come in contact 

with the substrate to be coated. This may result in poor coating, as sufficient melting of particle may 

not have taken place. Additionally, a low velocity of particles may result in the low adiabatic shear 

instabilities and low plastic deformation. In most of the cases, feedstocks containing finer powders are 

suitable than bulky particles as they can easily attain high acceleration and requires less energy to reach 

the desired temperature. Also, smaller particles exhibit higher surface area to volume ratio which 

promotes heat transfer in the heated environment. However, it has been seen previously that a main 

disadvantage observed during the utilization of these smaller particles during coating operation is it 

subsequent WC phase decomposition, referred in this case as decarburization. This phenomenon is due 

to WC grains dissolving in the molten binder phase, which is followed by removal of carbon due to 

reaction with oxygen at gas-liquid interface. To obtain the best possible coating, it is essential to 

optimize spray parameters and select ideal powder feedstock [87, 89]. 

     Ghabchi et al [77] conducted a detailed analysis on the damage mechanisms and cracking behavior 

of HVOF deposited WC-Co Cr coating through scratch testing. The coating was deposited on steel 

substrate. The scratch testing was conducted through a conical diamond tip with 200 μm tip radius on 

polished coated surface. The tests were carried out between 5 N to 100 N loads. Average scratch length 

was more or less 9 mm. Different coating specimens were developed depending on the spraying 

parameters. The friction coefficient evolution of all the samples with respect to loading conditions are 

represented in Fig. 3.4. It can be seen that, for all the coating specimens, the friction coefficient is more 

or less in similar magnitude. The scratched surfaces were observed under SEM and OM to determine 

the different failure mechanism. Five distinct observations were observed as follows. The different 

observations are represented diagrammatically in Fig. 3.5.  

 

Fig. 3. 4: Friction coefficient trends for various coatings specimens with respect to loading conditions [77] 

• Localized collapsing of material: At low loads of 5-11 N, some regions observed high amount 

of closely spaced open surface porosities. In these regions, sliding tip was observed to penetrate 

suddenly into the material. Fine structured crack networks connecting the pores were seen on 



39 

 

the surface. Presence of these pores leads to lower local load capacity of the coating. Due to 

this, the failure mechanism is termed as localized collapsing of material. The surface pores 

maybe observed due to coating deposition, preparation or polishing. At loads of 15-20 N, 

changes in groove width were observed, which were not related to the open surface porosities. 

This is due to the subsurface cracking and collapsing of subsurface pores along the scratch path.  

• Angular cracks: These were observed at the scratch groove edges. These cracks are developed 

due to bending and moving action (or a combination of these actions) around the moving tip at 

the groove edge. These cracks become more visible at higher loads.  

• Primary semi-circular and developed semi-circular cracks: With increasing friction in a system, 

maximum tension regions in the path of moving diamond stylus are observed to appear on the 

contact surface. In these regions, cracks are also developed. At lower loads, these cracks are 

not fully developed and are limited to scratch groove. When the scratch test proceeds, semi-

circular cracks are observed which expands outside of scratch groove. In some regions, both 

angular and semi-circular cracks are present along with the scratch grooves.  

• Splat delamination: At loads higher than 20 N, semi-circular cracks are well developed, which 

meet each other at the coating surface and splat boundaries. Such interactions lead to 

detachment of one or more groups of splats. This detachment is explained with the fact that the 

splat boundaries are usually the weak regions in TS based coatings. It is also noted that splat 

delamination may take place in front of the moving tip due to tensile stress formation at the pile 

ups’ highest point. In the case of thin coatings, the coatings are fully detached from the substrate 

surfaces. Whereas, the detachment/delamination of splat groups in the thick coatings could be 

either partial or full. 

The thermal spray coatings are non-monolithic structures. Their extrinsic and intrinsic properties are 

characterized by the process. 

 

 

Fig. 3. 5: General observation on failure mechanisms observed during a scratch test at increasing loads [77] 

     Voyer et al [80] conducted a study on cermet HVOF sprayed WC-CoCr coated rotors subjected to 

wear test paired with carbon-graphite stators. Additionally, for comparison, the authors also produced 

another WC-CoCr coated rotors through high power plasma spray technique (HPPS). When the porosity 

levels were calculated for deposited coatings through both the techniques, it was seen that the HVOF 

discs has <1% of porosity, whereas HPPS discs had porosity >5%. Additionally, when the Vickers 
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microhardness tests were conducted at 300 g, the HPPS discs had lower microhardness (1253) 

compared to HVOF discs (1420). This was probably due to the high porosity levels in HPPS discs. 

During dry sliding tests, major fluctuations were observed for the HVOF coated discs. This could be 

explained by the temporary presence of debris, trapped between rotor and stator surfaces, which behaves 

like an abrasive third body. The level of fluctuation represents as an indicator if the quantity of wear 

debris trapped between the surfaces and magnitude of wear/material loss. Nevertheless, the friction 

coefficient magnitude remained the same for the discs coated with both the methods. However, HVOF 

coated discs experienced higher mass loss compared to HPPS coated discs. Additionally, the mass loss 

for the stator paired with HVOF rotor/discs was higher than the pairing with HPPS coated rotor/discs.  

      The presence of porosity in the coating leads to increase in wear for both the stator and rotor. The 

presence of pores on the surface increases the contact pressure, as there is less material to 

balance/support a given load. The corners and walls of these pores, when in contact with the stator, act 

as cutting edges and results in faster material removal from the stator. However, these assumptions were 

not supported in this study. In this study, HPPS had more porosity and demonstrated lower wear rate. 

In this case, the pore presence had a positive impact on the wear resistance.  

     Porosity is observed to have positive impact in the wear systems by acting as a produced wear debris 

reservoir. Two types of wear debris are generally observed: hard, abrasive type from the coating and 

soft, lubricating type from the soft stator (in this study carbon-graphite). During wear, the debris is 

detached and is temporarily trapped between mating surfaces. This debris is either embedded on the 

stator surface or is ejected out of the mating system. Trapped hard particles either present or embedded 

serves as stress concentration, leading to microfracture and further wear. The presence of pores on the 

surface may reduce these severe actions of hard particles by reducing the number of embedded particles 

on the stator surface. If at all the particles are embedded on the surface, the time length of them 

remaining on the surface is reduced as the porous surface would be successful in drawing them out. The 

pores also serve as a reservoir for the softer material removed from the stator. It may in some cases lead 

to further lubrication of system. As more materials are removed, more materials are expected to be 

trapped in these pores. The effect of these pores on the wear system reduces as these pores are filled by 

debris. In this study, a packed pore was also considered to be a positive element. As the coating wears, 

old pores maybe removed and new pores are continually formed. Hence, this is a dynamic process, 

wherein the surface is slowly being renewed.  

      Lee et al [82] have evaluated the tribological properties of WC-CoCr coatings which were 

developed from various particle sizes. This study was primarily conducted to evaluate the powder feed 

rate and lower the WC decomposition in the WC-CoCr powders. The starting powders were in the range 

of fine (10-38µm), medium (15-45µm), and coarse (20-73µm). The authors prepared three sets of single 

powder, i.e., fine, medium, and coarse, and three sets of mixed powders with varying contents of fine 

and coarse powders. Through SEM analysis, it was seen that all the powders used were more or less 

spherical in size.  

     Extensive microstructural analysis of the coating layers was conducted through SEM. Typically, the 

spray coated layers are assumed to have lamellar structures, due to extensive collection of high speed 

molten and unmolten particles on the substrate. Also, the presence of pores is observed due to 

solidification of the molten particles and oxides formed due to reaction with ambient oxygen, along 

with generation of gas. It was observed that the porosity decreased with decreasing size of powders. 

This can be explained by the fact that smaller powder particles collide on the substrate at a higher speed 

compared to larger powder particles. As the original particle shape is circular, after collision with the 

substrate, the smaller powder particles pile up one after other with a more flattened shape, compared to 

larger powder particles which deposit with a more circular shape. A flattened structure implied low 

porosity, whereas a circular shape implies higher porosity. Additionally, increasing the ratio of smaller 

particles in the mixed powders combination reduces the porosity of the system, as it is effective in 

decreasing the spacing amongst larger powders.  
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     The hardness of the coating increased with decreasing powder size in the case of single mix powders 

and when increasing the quantity of finer powder size in the mixed powder. In general, the hardness of 

a system/coating is dependent on the size and distribution of the pores, and the interaction between the 

molten particles. Smaller powder size melt thoroughly during the heating process, whereas the larger 

particle size may partially melt during heating. Due to this, pores are generated, which may lead to 

decrease in the hardness of a coating. Supplementing this is the hardness of the coatings formed through 

mixed powders is more than the single powder coating. This is due to the space between the 

insufficiently melted coarse powders being filled by fully melted smaller powder. This leads to the 

decrease in porosity and subsequent increase in the hardness of the coating system. Similar results with 

respect to high fracture toughness for single mix containing finer powder, and mixed powders 

containing higher finer powder fraction was observed. The higher fracture toughness was attributed to 

lower porosity of the coating. Additionally, due to low porosity of the system containing higher or only 

finer powder fractions, the wear loss was seen to be drastically less compared to other powders 

containing coarse powder fraction.  

     Hong, Ozbek and Marple [84, 87, and 89] have focused on the effect of temperature on the dry 

sliding wear mechanism of HVOF sprayed nanostructured WC-CoCr coatings at two temperatures of 

200 and 500℃, load of 50 N, sliding velocity of 0.9 m/s. The relative humidity of the test was between 

35-55% and the test duration was 30 minutes. The discs were paired with alumina ball of 6 mm 

diameter.   

     When the friction and wear behavior of the coating was considered, for the friction coefficient traces, 

two typical regions were observed: running-in and steady state period. This was observed for all the 

testing conditions and is also reported by other researchers. The fluctuation of COF at 500℃ is less than 

at 200℃. This can be explained by the formation of large amounts of oxide layer/films that has 

lubricating properties. This results in the production of smaller worn debris at the higher temperature. 

The friction coefficient was observed to be highest at 200℃. This could be attributed to the presence of 

different oxide composition on the coatings wear track. A lower friction coefficient is observed at 

500℃. This is due to the fact that high temperature of worn surface has a high impact on the sliding 

wear behavior. It results in oxidation of wear debris and creates friction oxide layers which avoids 

adhesion between counterfaces. A higher roughness and wear of the system is observed as the 

temperature increases. This is due to the formation of oxides on coating layers at high temperatures, 

and between inter-splats, which results in loss of hardness, and influences the formation and propagation 

of horizontal micro-cracks and helps in coating delamination.  
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Fig. 3. 6: SEM images of the worn WC-CoCr coatings tested at (a-b) room temperature, (c-d) 200℃, (e-f) 500℃ 

[84] 

     The researchers also tested the coatings at room temperature. When the worn surfaces tested at all 

temperatures was subjected to SEM analysis, as shown in Fig. 3.6, it was seen that, for room temperature 

tests, few small pits, and pull-out carbide fibers were present on the surface. This confirmed that slight 

material removal had taken place during wear testing. For tests at 200℃, the surface was covered with 

oxide clusters. These clusters were made of W, Al, and Co oxides. Additionally, carbide particle pull-

out and cracks were also observed. Supplementing to this, small quantities of white masses were present 

on these oxide clusters, which was heavily oxidized Al and W. This indicates the adhesion phenomenon 

between the counterfaces. At 500℃, there are several carbide particles pull-out and dark grey materials, 

which are spread widely and extensively. This indicates the presence of tribo-oxidation film. The 

presence of fatigue delamination and cracks are also observed.  

     When the normal load collects to a certain limit, serious plastic deformation occurs at the sub-surface 

and surface of the coating, and vertical, and transverse cracks occurs under compressive and tensile 

stress. At room temperature testing conditions, cracks begin at the defects and spread along the carbide-

binder interphase, causing pull-out of carbide particles and formation of pits. The predominant wear 

mechanism at this temperature is extrusion deformation. At 200℃, carbide particle pullout was 

observed, followed by crack propagation, cluster of oxides, and adhesion between counterfaces. This 

contributed to sliding wear mechanism. The predominant wear mechanism at 500℃ of the coating was 

binder extrusion, fatigue delamination, and oxidation.  
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Chapter 4 

Spark Plasma Sintering – A Modern Manufacturing 

Technology 

 

     Spark Plasma Sintering (SPS) is a relatively new third generation sintering method that utilizes 

electrical energy pulses and is also referred to as electromagnetic field assisted powder consolidation 

technique. The first attempts at this type of electrical impulses driven sintering process was carried out 

in 1933. Initially, this process was termed as ‘spark sintering’. SPS is also termed as pressure assisted 

resistance or discharge powder compaction or electric-discharge sintering, electro-consolidation, field 

assisted sintering, plasma activated sintering, pulse electric current sintering and electric pulse sintering. 

[90-94]. 

     This method was explored by Lenel in 1950 and in second generation (90s) was termed as ‘plasma 

activated sintering’. SPS utilizes Joules’ law and DC pulses to convert electrical energy into internal 

energy. During the process, the temperature between constituent particles becomes very high, leading 

to ‘skin effect’, melting and inter-particular linking. The SPS method observes the occurrence of 

microplasma discharge, followed by Joule heating, which influences bonding and diffusion of particles. 

The SPS method is a faster sintering technique compared to conventional PM processes. The SPS 

process produces very high temperature between particles, higher density, limited grain growth and fast 

heating compared to other conventional PM processes. Additionally, utilization of conventional 

methods like hot isostatic pressing, hot pressing, and high temperature extrusion leads to undesirable 

grain growth, which leads to poor end quality. This undesirable phenomenon can be easily avoided in 

SPS due to extremely low sintering time. SPS can be used for sintering of metals, ceramics, metal 

joining, polymer consolidation, chemical reactions and crystal growth [95-101]. 

     SPS mainly consists of a combination of high axial pressure, high temperature, and low mode (high 

current, low voltage) field. The process is associated with electric current passed through a powder 

specimen as show in Fig. 4.1. This electric field generates Joule heating, which results in hot compaction 

condition. This current also enhances densification and leads to final improved grain structure. [91].  

 
Fig. 4. 1: Basic SPS Schematics [91] 

     Saheb et al [95] have mentioned that a typical sintering equipment consists of uniaxial press, punch 

electrodes, controlled atmosphere, vacuum chamber, DC pulse generator and position, pressure 

measuring units and temperature. The sintering temperature can be effectively controlled by ramp rate, 

holding time, pulse duration, voltage and pulse current.  The DC pulse discharge usually generates spark 

impact pressure, spark plasma, electrical field diffusion effect, and Joule heating. Compared to 
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conventional hot-pressing technique, SPS is usually assisted by on-off pulse DC voltage. Figs. 4.2 and 

4.3 represents the DC pulse current flow through the particles.  

 

Fig. 4. 2: Schematics of SPS Process [95] 

 

Fig. 4. 3:  DC pulse current flow through particles [95] 

     Omori et al. [93] have mentioned  five expected processes/merits of SPS: 1, spark plasma generation; 

2, electric field effects; 3, effects of electric current in the conductor or skin current on the insulator; 4, 

Influence of spark plasma; 5, rapid cooling and heating. Graphite dies are normally used during the SPS 

processing. The authors have also mentioned a wide range of materials from aluminum to organic fibers 

that can be treated to SPS process.  

    Long et al [94] produced a Cu-NbC composite through mechanical alloying and densification through 

SPS method. This composite demonstrated 3.5 times higher microhardness and 4 times higher electrical 

conductivity compared to composites produced from normal sintering processes.  
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Fig. 4. 4: Various Sintering Stages [95] 

     Various stages in sintering process were explained in detail by Saheb et al [95], Guillion et al [96], 

Mamedov et al [99] and Trapp et al [97]. A diagrammatical representation of the different SPS stages 

are represented in Fig. 4.4. The first stage removes gases and creates vacuum. The second stage is 

represented by pressure application, followed by resistance heating in the third stage. When spark 

discharge is produced in contact points or a gap between the material particles, a localized high 

temperature state of several to tens of thousands of degrees centigrade is generated for an extremely 

short amount of time. This leads to melting and evaporation on the powder particles surfaces, forming 

necks around the contact area between particles. The current and pressure applications, with the 

additional localized temperature leads to powder consolidation without excessive grain growth. SPS 

does not require pre compaction step. The powder is directly filled into a graphite die which is subjected 

to current passage. Subsequently, pressure is applied to obtain a highly dense material with elevated 

mechanical properties.  

     With respect to copper-based materials, it has been recently demonstrated that the Branley effect can 

occur in the early stages of the SPS process of pre-oxidized metallic material. This is possible due to 

the inductive effects created by applied pulse current. This leads to melting zone formations in between 

contact area of copper grains, leading to enhanced material densification [95]. Saiprasad et al [98] 

produced a copper-aluminum alloy through SPS process, which produced high density and hardness. 

The relative density obtained was 98.52% through SPS technique. Xie et al [102] conducted a detailed 

study on the development of SPS produced composites including copper based, which demonstrated 

elevated mechanical and microstructural properties.  Diouf et al [100] were also able to produce SPS 

treated cryomilled copper powder with superior densification compared to other conventional 

processes. 
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Chapter 5 

Materials and Methods 

 

5.1. Materials 

     Three different classes of friction materials/composite materials were tested and paired with 

counterface made of various grades of steel and two types of cermet coated counterface. The pairings 

were subjected to analysis with respect to COF, pin wear and friction layer characteristics to determine 

the best possible tribological combination.  

5.1.1.  Friction Material 

5.1.1.1. SPEC 283  

     The first material extensively tested was a commercially available friction material titled SPEC 283 

and provided by Brembo SpA. The friction material/composite material was a Cu-Sn based metal matrix 

composite constituting of Fe, abrasives like zirconia, alumina, and silica, and lubricants like calcium 

fluoride (CaF2) and Graphite. Table 5.1 depicts the approximate volume percentage of each 

constituents, obtained from a semi-quantitative estimation, through the ImageJ software. Fig. 5.1 

represents the cross-sectional view of the friction material, obtained through SEM, with its 

corresponding constituents.  

 

 

Fig. 5. 1: BSE SEM image of the cross section of SPEC 283 with its constituents 
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Table 5. 1: Constituents and composition of SPEC 283 

Constituents Composition (vol. %) 

Cu-Sn matrix 40 

Graphite 18 

Iron 9 

Silica 20 

Alumina 5 

Zirconia 2 

Calcium Fluoride 6 

 

5.1.1.2. 7387-64 

     The second friction material tested was a Cu-W based refractory metal matrix composite material, 

provided by Brembo SpA. Fig. 5.2 represents the contents of the material from the backscattered images 

obtained from SEM. The composition included a Cu-W matrix with the addition of graphite, silica, NbC 

and alumina. A rough quantitative estimation (in volume %) of the constituents of the pin again obtained 

through the ImageJ analysis software are represented in Table 5.2.  

 

Fig. 5. 2:BSE SEM image of the cross section of 7387-64 with its constituents 

     Fig. 5.3 represents the SEM images of the matrix of 7387-64. The matrix mainly contains Cu with 

distribution of W inclusions in it, as W and Cu are mutually insoluble. It can be seen from the images 

that W is present in the form of randomly oriented fibers. Their distinct bright, whitish presence 

separates them from the round and dull greyish NbC quite easily. 
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Fig. 5. 3: 7387-64 matrix with the presence of tungsten inclusions 

Table 5. 2: Constituents and composition of 7387-64 

Constituents Composition (vol. %) 

Cu-W matrix 38 

Graphite 30 

Silica 18 

Niobium Carbide 6 

Alumina 8 

  

5.1.1.3. AS01 

     The third type of friction material tested was a SiC-graphite based composite material containing 

other additives. This friction material was formulated, produced and provided by Brembo SpA. The 

material was synthesized using a mixture of ceramic precursor, abrasives, lubricants and metal 

materials. A catalyst was introduced so that reticulation of the precursor was achieved during the hot-

pressing stage. The mixture was then molded and hot pressed. The green body was then subjected to 

pyrolysis at a temperature between 400-600℃ to obtain the ceramic matrix material. The manufacturing 

process was completed with thickness adjustment and surface finishing. 

     Fig. 5.4 represents the cross section of AS01 procured using the back scattered imaging through 

SEM. The composition of the material, obtained from EDXS analysis were graphite, SiC, Fe and Sn. 

X-Ray Diffraction analysis conducted on the untested top surface of the composite produced the same 

composition as shown in Fig. 5.5. Semi-quantitative phase composition was obtained through the 

Rietveld methodology which was implemented in the MAUD software [103-107]. A rough quantitative 

estimate of the composition of AS01 was obtained using the ImageJ software in volume percentage and 

is presented in Table 5.3: graphite: 47%, SiC: 40%, Fe: 9%, Sn: 4% 
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Fig. 5. 4: BSE SEM image of the cross section of AS01 with its constituents 

 

Fig. 5. 5: XRD Analysis on the top surface of AS01 

        Table 5. 3: Constituents and composition of AS01 

Constituents Composition (vol. %) 

SiC 40 

Graphite 47 

Iron 9 

Tin 4 
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5.1.1.4. Cu-Fe Based Composite Materials 

     Additional to the composite/friction materials provided by Brembo SpA, a range of Cu and Fe based 

composite materials were obtained with varying Fe content to validate the importance of Fe present in 

the composite material towards the development and sustenance of a good friction layer, that would in 

turn effect the COF and pin wear. Fig. 5.6 represents the starting powders from which the range of 

composite materials were obtained.  

 

Fig. 5. 6: Powders used for specimen preparation: (a) Copper (b) Tin (c) Graphite (d) Alumina (e) Zirconia (f) 

Silica (g) Iron (h) Tin Sulfide (i) Calcium Fluoride 

5.1.2.  Counterface 

5.1.2.1. Stainless Steel  

     Three commercial steels were used to produce the counterface titled, APX4, AISI4140, and 

AISI420c. The nominal composition of the counterface are listed in Table 5.4. APX4 is low-C 

martensitic stainless steel, AISI4140 is a low-alloyed steel, and AISI420c is a conventional martensitic 

stainless steel.  

     Table 5. 4: Composition of the three steel counterface 

Steel Chemical Composition, wt-% 

C Mn Si Cr Ni Mo P S 

APX4 0.06   16 4 1   

AISI4140 0.42 0.8 0.2 1  0.2 0.02 0.02 

AISI420c 0.45 0.8 0.8 13 - - 0.03 0.03 
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     Table 5. 5: Thermal conductivity, specific heat, and hardness of the steel 

Steel Thermal 

Conductivity 

W/mK 

Specific Heat 

J/gK 

Hardness 

HV30 

APX4 19 0.48 408 

AISI4140 45 0.47 334 

AISI420c 30 0.46 342 

    

   The hardness values for the steel were obtained through a Vickers indenter and a load of 30 kg. The 

hardness, thermal conductivity and specific heat of the counterface are listed in Tables 5.5. All steels 

were heat-treated to obtain a martensitic microstructure and were subjected to stress-relieving to retain 

the highest possible hardness in order to provide the best behaviour under dry sliding conditions. The 

microstructure of the steel counterface are represented by Fig. 5.7.  

        

 

Fig. 5. 7: Microstructure of the three steel counterface (a) APX4 (b) AISI4140 (c) AISI420c 

5.1.2.2. Cermet Coated Counterface 

     Two different cermet coated counterface were used in the testing of the friction materials. The first 

coating was made of WC-CoCr. The first coating constituted of 86 wt. % of WC particles. This WC 

powder was embedded in a matrix which was made of 10 wt. % of Co and 4 wt. % of Cr. A commercial 

WC-CoCr powder (Amperit558.074) was used. This composite feedstock was obtained through 

agglomeration and sintering, which consisted of spherical grains with average size ranging between 15-

45µm. The second coating obtained was a cobalt free coating. The constituents of the cobalt free coating 

were WC-FeCrAlY. The mixture consisted of 83 wt. % of WC particles, 12 wt. % of Fe, 3.5 wt. % of 

Cr, 1 wt. % of Al and 0.5 wt. % of Y. Table 5.6 represents the different properties of the coatings and 

Figs. 5.8 and 5.9 depict the cross section of both the coatings. The high velocity oxy fuel method 

(HVOF) was utilized to deposit the coating. An industrial coating procedure was utilized for both the 

(a) (b) 

(c) 
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coatings, wherein, the spraying distance of 380 mm was employed. An oxygen flux of 1000 l/min and 

kerosene flux of 25l/h was used. The substrate was pre-treated by sand blasting before deposition. The 

coatings procedure and spraying parameters were obtained and standardized from previous researches 

and the coating method adopted here was considered to be typical/normal for these types of coatings.  

The substrate used for coating deposition was APX4 steel counterface.  

Table 5. 6: Properties of the WC-CoCr and WC-FeCrAlY coatings 

Properties WC-Co-Cr WC-FeCrAlY 

Microhardness (HV0.3) 1130±90 1130±89 

Surface roughness Ra (µm) 1.0±0.4 1.0±0.4 

Present phases (wt. %) WC - 46±8 WC - 100±13 

W2C - 54±9  

Density (kg/m3) 

Coating thickness (µm) 

13000 

70 

9000 

70 

 

 

Fig. 5. 8: Backscattered image of the cross section of the WC-CoCr coating on the disc surface obtained from 

SEM 

  

 

Fig. 5. 9: Backscattered image of the cross section of the WC-FeCrAlY coating on the disc surface obtained 

from SEM  
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5.2. Methodology 

5.2.1.  Pin on Disc Testing 

     The tribological characteristics of the friction/composite materials paired with different counterface 

were obtained through dry sliding tests conducted on a pin on disc testing (PoD) equipment. The make 

of the equipment was from Ducom. The composite materials/friction materials were tested in the form 

of pins and the counterface in the form of discs. The pins were fitted in a pin holder and held stationery, 

whereas the discs were fixed in the disc holders and the disc holders were rotated at a desired velocity 

through a Ducom designed software. A basic schematic representation is shown in Fig. 5.10. This test 

set-up was designed and utilized to obtain wear of the friction material under drag conditions (with the 

angular velocity of the disc is kept constant).  The PoD testing system was not designed to replicate the 

real brake system condition, which could be obtained through specific types of equipment like the dyno-

bench tests, but to analyze and study the fundamental tribological mechanisms observed at the 

sliding/mating interfaces. The tested pins were of an average height between 12-12.5 mm and diameter 

of 10 mm. All the discs had a uniform diameter of 100 mm and thickness of 7 mm. Fig. 5.11 represents 

a typical pin and disc used for dry sliding test. 

 

Fig. 5. 10: Basic pin on disc schematics 

  

   

Fig. 5. 11: (a) Typical disc and pin used for testing. The pin has a hole to insert the thermocouple (b) Disc after 

test with wear tracks  

      In order to represent the wear mechanisms at the brake pad/disc interface, the dry sliding tests were 

conducted at testing conditions that were similar to those of real braking conditions. The tests on SPEC 

283 with all the three steel counterface were conducted at 0.5 and 1 MPa contact pressure, sliding 

velocities of 1.57 and 7 m/s, and testing temperatures of ambient conditions (RT) and at 400°C (HT). 

The tests on 7387-64 with AISI4140 and AISI420c discs were conducted at 0.5 MPa contact pressure, 

(a) (b) 
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sliding velocities of 1.57, 4.5, and 7 m/s, and testing temperatures of ambient conditions and at 400°C. 

The tests on AS01 with AISI420c discs were conducted at 0.5 MPa contact pressure, sliding velocities 

of 1.57 and 7 m/s, and at a range of testing temperatures starting from ambient conditions, 100°C, 

200°C, 250°C, 300°C to 400°C. SPEC 283 and AS01 were tested with the coated counterface at 0.5 

and 1 MPa contact pressure, sliding velocities of 1.57 and 7 m/s, and testing temperatures of ambient 

conditions and at 300°C. The test duration with the stainless steel counterface were a continuous hour 

long. The test duration with the coated discs were a continuous 90 mins long. Additionally, the tests 

with the Cu/Fe based composite materials were tested with the AISI420c disc at 0.5 MPa, 1.57 and 7 

m/s, RT conditions, for 2 uninterrupted hours. 

     Fig. 5.12 represents the Ducom pin on disc testing equipment used for dry sliding tests. The 

equipment with real time data acquisition is used to obtain friction coefficient, pin and disc temperature, 

and pin wear. The pin and disc temperature were obtained from a thermocouple and a close proximity 

sensor to the disc holder respectively. The friction coefficient is obtained through a load cell, and is 

determined directly during the tests by measuring the deflection of the arm that maintains the pin on the 

disc. The equipment also has the capacity to heat the disc holder to a maximum of 600°C through an 

inductor, which is continuously controlled through a pyrometer during testing. The wear depth is 

obtained from a linear displacement transducer. However, this measurement is not included in the study 

as it may also take into consideration the wear contribution from the disc, as well as the thermal 

expansion of the specimens. Hence, the pin wear is evaluated by weighing the pin before and after each 

test.  

      

 

                   

Fig. 5. 12: The Ducom pin on disc testing configuration 
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    The pin wear for each test was calculated from the weight or volume of material removed during the 

test. The pin was carefully weighed before and after each test through of an analytical scale having a 

10-4 g sensitivity. The wear volume of the pin (𝑉) is calculated as (Eq. 5.1):  

 

                                                   V = 
𝑚𝑜−𝑚1

𝜌
                                  (Eq. 5.1) 

 

     Where, m0 and m1 are the mass of the pin before and after the test, and 𝜌 is the bulk density calculated 

as the ratio between the mass and the volume.  

 

     The wear volume (𝑊) is used in the equation to calculate the wear rate (Eq. 5.2):  

 
 

                                                                  𝑊= 
𝑉𝑝𝑖𝑛

𝑠
                                       (Eq. 5.2)  

 

     Where, s is the sliding distance, and is calculated by multiplying the sliding velocity with the duration 

of the test.  

Lastly, the specific wear coefficient (𝐾𝑎) is obtained from (Eq. 5.3):  

 

                                                          𝐾𝑎 = 
𝑊𝑝𝑖𝑛

𝐴𝑝𝑖𝑛∗𝑃𝑛
 = 

𝑉𝑝𝑖𝑛

𝐹𝑛∗𝑠
                          (Eq. 5.3)  

 

     Where, 𝐹𝑛 is the nominal contact force between pin and disc and is obtained by multiplying the 

nominal area (𝐴𝑝𝑖𝑛) by the nominal contact pressure (𝑃𝑛).  

5.2.2.  Thermal Camera 

     In some cases, a thermal camera was used to obtain an approximate temperature of the wear track, 

which was not obtained through the disc sensor in the PoD configuration. The thermal camera used was 

FLIR T1020 HD Thermal Imaging Camera with 12° Lens, 1024 X 768. The thermal camera was 

predominantly used to obtain the disc track temperature of tests on SPEC 283 and AS01 with the 

stainless steel counterface. To obtain the best possible results, the discs were painted black. Fig. 5.13 

depicts a typical thermal camera image taken for SPEC 283 at the end of test conducted at 0.5 MPa and 

7 m/s, RT testing condition.  

 

Fig. 5. 13: Typical thermal camera image to record an approximate disc track temperature 
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5.2.3.  Profilometer 

     A profilometer equipment was used to obtain the disc surface profile, the readings and evaluation of 

which were subsequently used to understand the disc wear and transfer on the disc surface. The 

profilometer used was is a Hommel Tester T1000 stylus profilometer, with a curvature radius of the tip 

equal to 5 μm. The scanning length on the disc was 15 mm and the tip speed across surface of 0.15 

mm/s. The disc wear details are provided in the subsequent section.  

5.2.4.  Characterization Tools and Techniques 

     To understand the nature, composition and extension of material transfer on mated surfaces (both 

pin and disc), various characterization tools and techniques were used. The tools employed are 

described as follows: 

5.2.4.1.  Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDXS)  

     The scanning electron microscope and the energy dispersive X-Ray spectroscopy were utilized to 

understand the nature and characterize the friction layer formation on the worn surfaces of pins and 

discs. The SEM make used was JEOL IT300 with Bruker make EDXS probe. The SEM allowed for 

analyses of the specimens through the different interactions of the accelerated electron beam obtained 

with the specimens. Both backscattered electron (BSE) mode and secondary electron (SE) mode were 

analyzed for phase and topographic contrast respectively. The EDXS was used to obtain compositional 

information by detecting the typical X-ray radiation procured from different elemental composition 

present on the pin or disc sample. Furthermore, by combining SEM and EDXS analyses, it was possible 

to achieve an elemental map of the samples, where different compositions covering different areas were 

denoted by diverse colors, as shown in Fig. 5.14. 

 

Fig. 5. 14: Typical EDXS maps obtained to understand the distribution of alloying elements (Material: SPEC 

283) 

     The worn top surfaces of the pins and the discs didn’t require any special preparation, and the 

analysis mainly concentrated on evaluating the extension, nature, and characteristics of the friction 

layer. In some cases, the cross sections of the pins and discs were prepared by cutting the samples and 

500 μm 
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embedding in a cold mounting resin (Struers EpoFix). The mounting was followed by polishing to the 

extent of obtaining a mirror finish. The cross sections were analyzed for the thickness, compactness and 

bonding of the friction layer.  

     The worn top surfaces of the pins were analyzed at 50X, 100X, and 250X, with EDXS maps of the 

particle distribution. The worn disc surfaces were analyzed at 100X, 250X, 500X, and 750X, with object 

analysis to obtain more details on the composition of transferred layer/friction layer.  

5.2.4.2. X-ray Diffractometer (XRD) 

     The crystallographic phase composition present on the worn surfaces of the pins and the discs were 

also investigated by means of X-Ray diffraction analysis. The data were collected using an Italstructures 

IPD3000 powder diffractometer, equipped with a 1200 W Cobalt source, coupled to a flat multilayer 

monochromator and 100 μm slits on the incident beam path, and an Inel CPS120 detector (4096 

channels, ~0.03° per channel resolution) on the diffracted beam path. Samples were analyzed in 

reflection geometry, with a fixed orientation of the incident beam with respect to the surface (5°). The 

estimated spread of the beam sampling region is 5 mm x 0.5 mm. Diffraction data were collected with 

a total counting time of 1 hour over the 5°-120° 2-theta range, out of which the 15°-90° interval was 

selected for the analysis. Preliminary qualitative analysis was performed by means of the QualX search-

match software [103], indexing the COD database [104], with the goal to identify the component 

crystalline phases. Quantitative Rietveld modeling was performed by means of the Maud software 

[105], refining scale factors for all the phases as well as average crystallite size, microstrains and 

preferred orientation parameters when necessary. Size-strain effects were accounted for with the 

isotropic model described in [106], whereas the orientation distribution was modeled using the Standard 

Functions [107] algorithm. Fig. 5.15 represents the XRD pattern for SPEC 283 with AISI4140 disc at 

0.5 MPa, 1.57 m/s HT.  

 

Fig. 5. 15: XRD of the worn SPEC 283 surface at 0.5 MPa and 1.57 m/s HT. Dot: experimental points; 

continuous line: Rietveld simulated pattern. 

5.2.5.  Pin on Disc Emission Analysis 

     The AS01 pin was paired with AISI420c and WC-CoCr coated disc at 7 m/s, 0.5 MPa and RT testing 

condition to compare and analyze the emission behavior of both the counterface with the composite 

material. During the emission testing and collection, the pin on disc equipment was enclosed in a box 
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(climate chamber) to control the cleanliness of the incoming air. During testing, the airborne fraction of 

the wear debris interacts and mixes with the incoming clean air. This air flux generated passes through 

the outlet of the chamber and is collected and analyzed through different equipment. Emitted airborne 

particulate matter (PM) obtained during dry sliding tests were measured by a TSI® Optical Particle 

Sizer (OPS) model 3330 and a DEKATI® Electrical Low-Pressure Impactor (ELPI+) at a sampling 

frequency of 1 Hz. The particle measurement instruments with their working principles are explained 

as follows:  

Optical Particle Sizer (OPS): The instrument measures the particle number concentration (PN) in the 

particle size ranging from 0.3 μm to 10 μm. These collected particles are divided into different counting 

channels depending on their optical diameter. The working principle of the equipment is based on light 

scattering. The sampling flow rate in entrance is passed through an optical chamber and each particle is 

sampled by a laser beam. This is followed by a photodetector counting the size and number of particles 

scattered by the beam. 

 Electrical Low-Pressure Impactor (ELPI+): This equipment measures the concentration and particle 

distribution in the size ranging from 6 nm to 10 μm. The particles are collected on 14 different stages, 

on the basis of their aerodynamic diameter. Essentially, the equipment is a low-pressure cascade 

impactor. The particles are charged from a known charge level through a corona charger. The different 

stages present bend the air flow diversely and collect particles that are deposited on the collecting 

substrates. The particles are differentiated according to inertial force and their aerodynamic diameter. 

Subsequently the respective electrometer channel is used to record the electrical current of the collected 

particles, which is proportional to the number concentration. Furthermore, the physical and chemical 

analysis maybe performed after the tests as the particles are collected on the filters, usually circular 

shaped Al foils. 

5.2.6.  Pin production methodology 

     Various Cu/Fe based composite materials/pins were obtained through different production routes as 

follows: 

Spark plasma sintering (SPS): The powders mixtures were subjected to the SPS processing in a DR. 

SINTER® SPS1050 (Sumitomo Coal & Mining, now SPS Syntex, Inc.), equipment operating with 

graphite dies and punches, at K4Sint S.r.l, Pergine, Italy. The SPS process was produced at a nominal 

temperature of 950 °C, with a uniaxial pressure of 25 MPa applied at around 400 °C. The temperature 

of the system was measured and recorded by a thermocouple inserted in a blind hole in the die wall. 

The heating rate was 100 °C/min and a holding time of 3 minutes when the maximum temperature was 

applied. During the whole SPS sintering cycle the data of current, voltage and displacement of the upper 

punch and temperature were recorded. 

Conventional compaction and sintering method/ Press and sinter method: The conditions for the second 

production route were adopted by keeping the parameters of previous studies under consideration [21-

33, 38, 44-45]. First, the carefully weighed out powder mixtures were mixed using a 

TURBULA® mixer for 9-12 continuous hours. This was followed by production of compacts from 

these powder mixtures using cold die compaction. The customized die was made of tool steel and used 

to obtain pins with diameter of 10 mm and height up to 17 mm. The compaction pressure applied was 

650 MPa. After the compaction, these green compacts were sintered in a Carbolite® tubular furnace. 

The sintering temperature was 950℃ with a heating rate of 4℃/minute (the maximum permissible 

heating rate of the furnace). The heating was conducted in an Argon-5% Hydrogen atmosphere. The 

sintering temperature was maintained at 950℃ for 3 hours. Finally, after the sintering process, the 

sintered specimens were cooled inside the furnace under the same Argon-Hydrogen atmosphere.  
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Chapter 6 

Analysis of SPEC 283 

     The SPEC 283 composite material was tested in the form of pins with APX4, AISI4140, and 

AISI420c disc counterface. The results with SPEC 283 can be divided into room temperature (RT) and 

high temperature (HT) analysis.  

1.1. Room temperature analysis (RT) 

1.1.1.  Friction Coefficient and Wear Trends 

     The RT analysis were conducted at ambient temperature between 23-25°C. Fig. 6.1 represents the 

friction coefficient traces of the SPEC 283 pin with AISI4140 disc at 0.5 MPa and 7 m/s. It can be 

observed that the friction trace reach and maintain an appreciable steady state. Further, it can also be 

noted that an hour-long continuous testing time is sufficient for the SPEC 283 material to reach and 

maintain a steady state friction coefficient. Similar trends were observed for all the testing conditions 

and temperatures and hence is not reported here.  

 

Fig. 6. 1: Friction traces of SPEC 283 with AISI4140 disc at 0.5 MPa and 7 m/s  

     Fig. 6.2 represents the friction coefficient behavior of SPEC 283 with all the three steels at 0.5 and 

1 MPa and 1.57 m/s and 7 m/s. For ease, the Steels are denoted by the following names; Steel A – 

APX4, Steel B – AISI4140, and Steel C – AISI420c. It can be noted for both the velocities that the 

friction coefficient slightly reduces with an increase in pressure. All the testing condition observes the 

COF magnitude between 0.4-0.5. However, the only anomalous behavior is seen for Steel C (AISI420c) 

at 0.5 MPa and 7 m/s.  
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Fig. 6. 2:  Friction coefficient behavior for SPEC 283 with all the steel at 0.5 and 1 MPa. Steel A: APX4, Steel 

B: AISI4140, and Steel C: AISI420c       

 

  

Fig. 6. 3: Pin wear behavior for SPEC 283 with all the steel at 0.5 and 1 MPa. Steel A: APX4, Steel B: 

AISI4140, and Steel C: AISI420c 

     Fig. 6.3 represents the pin wear trends for SPEC 283 with all the steel at 0.5 MPa and 1 MPa and 

both velocities. In the case of tests at 1.57 m/s, a severe pin wear is observed for Steel A (APX4) which 

is in the range of 10-13 m2/N. This magnitude of pin wear was just restricted to 1.57 m/s and Steel A and 

was not seen for any other testing conditions or steel. At the same velocity, Steels B and C have pin 

wear in the range of mild to severe (above 2x10-14 m2/N and at the threshold of 10-13 m2/N). In the case 

of 7 m/s, we see that the pin wear with all the steels is in the very mild region (below 2x10-14 m2/N).  

  

Fig. 6. 4: Disc wear behavior for SPEC 283 with all the steel at 0.5 and 1 MPa. Steel A: APX4, Steel B: 

AISI4140, and Steel C: AISI420c             

1.57 m/s 7 m/s 

1.57 m/s 7 m/s 

1.57 m/s 7 m/s 
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     Fig. 6.4 represents the disc wear trends for all the steel with SPEC 283 at 0.5 MPa and 1 MPa and 

both velocities. It can be easily observed that the disc wear trends are similar to pin wear trends in Fig. 

6.3. In the case of tests at 1.57 m/s, a severe disc wear is observed for Steel A (APX4) which is in the 

range of 10-13 m2/N, similar to the corresponding pin wear. At the same velocity, Steels B and C have 

disc wear in the range of mild to severe (above 2x10-14 m2/N and at the threshold of 10-13 m2/N). In the 

case of 7 m/s, we see that the disc wear with all the steels is in the very mild region (below 2x10-14 

m2/N). Hence, from Figs. 6.3 and 6.4, it can be validated that the pin wear magnitude/trend is directly 

proportional to disc wear magnitude/trend.  

  

Fig. 6. 5: Surface profiles across the wear traces for steel A tested at 0.5 MPa and at (a) 1.57 m/s, and (b) 7 m/s. 

     Fig. 6.5 represents the disc surface profiles for Steel A (APX4) across the disc wear tracks tested at 

0.5 MPa and 1.57 m/s (a) and 7 m/s (b). It is visible that in the first case, wear was quite prominent, 

whereas in the second case, the wear magnitude was comparatively less. These trends are on par with 

the observations recorded for pin and disc wear in Figs. 6.3 and 6.4.  

1.1.2.  Analysis of worn pin surface 

     Fig. 6.6 represents the worn top view of SPEC 283 pins with all the three steels at different testing 

conditions. The different conditions are shown to validate the composition, nature, and extent of the 

friction layer deposited. Fig. 6.6 (a-f) depicts the worn top view of SPEC 283 pin paired with Steel A 

(APX4) at 1 MPa and 7 m/s, with the corresponding EDXS maps. In this case, we see that the surface 

is covered with small regions which are brilliant white in nature. These regions are occupied by metallic 

Cu. Another contrasting region is in black and is the graphitic region. However, the most expansive 

region is made of grey. This grey colored region is predominantly made of Cu and Fe (from the maps). 

Additionally, from the O map, it can be seen that the Cu and Fe are oxidized. This expansive layer made 

of compacted Fe and Cu oxide is the friction layer. It is also seen that the Fe and Cr maps are coinciding, 

which leads to the conclusion that the Fe oxides that are a part of the friction layer are transferred from 

the disc counterface (since Cr is part of the disc composition and is not present in the pin). Further, the 

coverage of friction layer for this testing condition is so high that graphite, which is not usually covered 

due to its low surface energy and the consequent low adhesion versus the oxides, is also partially 

covered [108].  

     Similar results on the composition of the friction layer were seen for Steel B and C at 0.5 MPa, 7 

m/s, and 0.5 MPa, 1.57 m/s (as seen from the EDXS maps). The only difference within the nature of 

the friction layer is the coverage extent. In the case of Steel B, we see that though the pin surface is 

fully covered by compacted friction layer made of Cu and Fe oxides, the graphitic regions are uncovered 

and free of any friction layer coverage. In the case of Steel C, though the surface is covered with the 

compacted Fe and Cu oxides, the surface is not as smooth as in the case of Steel A and B at much severe 

testing conditions (higher contact pressure and sliding velocity).  

(b) (a) 
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1 MPa, 7 m/s Steel A 0.5 MPa, 7 m/s Steel B 0.5 MPa, 1.57 m/s Steel C 
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Fig. 6. 6:   Top view and corresponding EDXS maps of (a-f) 1 MPa, 7 m/s Steel A, (g-l) 0.5 MPa, 7 m/s Steel B 

and (m-r) 0.5 MPa, 1.57 m/s Steel C 

     To further elucidate on the influence of Fe- and Cu-oxides present in the friction layer, various full 

frame elemental EDXS analyses were conducted. From this analysis, the ratio of (Fe + Cu)/O was 

obtained and is presented in Table 6.1. To a first approximation, it can be assumed that as this ratio 

decreases, the oxide content in the friction layer (particularly Fe oxides) increases, and as it increases, 

the metallic elemental content (especially Cu) increases. This ratio is observed to be highest for steel A 

(APX4) at 1.57 m/s (above 10), whereas it appears low for all the other Steel (in the range 3.6 – 8). It 

is the lowest, in the case of the tests at 7 m/s, particularly for steel C. 

Table 6. 1: (Fe + Cu)/O ratios obtained from the EDXS analyses of the worn pin surfaces. 

Testing condition 

(MPa - m/s) 

Steel A Steel B Steel C 

0.5 – 1.57 13.5 7.9 5 

1 – 1.57 10.3 8 5.9 

0.5 – 7 7.45 5 3.6 

1 - 7 5 5.28 4.35 

     Further understanding on the friction layer characteristics deposited on the worn pin surface was 

obtained by studying the cross section of the pin, close to the worn surfaces. In Fig. 6.7 (a), the cross 

section of the friction layer for steel A at 0.5 MPa and 1.57 m/s is presented. It can be observed that the 

friction layer is very uncompact in nature with the presence of a crack, depicting that the wear was 

possibly adhesion/delamination in nature. The EDXS analysis of the friction layer presented a large 

amount of copper (40.6 wt.%) and Fe (32.8 wt.%). The ratio of (Fe + Cu)/O is elevated (13.57), in 

agreement with results presented in Table 6.1. This result validate that oxides were scant in the friction 

layer. However, the situation improves with increase in the sliding velocity to 7 m/s, Fig. 6.7 (b). In this 

case, the friction layer is predominantly made by the compacted oxides. From the EDXS results, the 

ratio (Fe + Cu)/O is 6.9. Furthermore, in Fig. 6.7 (c) the friction layer formed with steel B, at 1 MPa 

and 7 m/s, it can be seen that there is a presence of compacted oxides sustained by a Cu region that 

observed large plastic deformation by shearing. The friction layer, which is made of compacted oxides 

is a clear representation of the cross section of the grey areas shown in Fig. 6.6.                                                                                       

(f) (l) (r) 

500µm 500µm 500µm 
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Fig. 6. 7: Cross sectional microstructures showing the pin friction layers with (a) Steel A tested at 0.5 MPa and 

1.57 m/s; (b) steel A tested at 0.5 MPa and 7 m/s; (c) steel B tested at 1 MPa and 7 m/s. 

1.1.3.  Analysis of worn disc surface 

     Fig. 6.8 (a) represents the worn Steel A surface, at 0.5 MPa and 1.57 m/s. The appearance of large 

plastic deformations in the direction of sliding can be easily observed, which is characteristic of wear 

by adhesion/delamination [48, 109]. The full frame EDXS analysis showed the presence of Ni and Cr 

with quantity similar to the steel composition (13.34 wt. % Cr and 4% wt. Ni). Also seen was the 

presence of Cu through the transfer from the pin surface (9.23 % wt. Cu). The oxygen composition was 

considerably low (3.72 wt. %) and the ratio of (Fe + Cu)/O is 20, depicting metallic wear, in agreement 

with of the pin surface observation. Fig. 6.8 (b) depicts the worn Steel A surface, at 1 MPa and 7 m/s. 

In this case, the worn surface is consisting of a considerable proportion of grey and white areas. The 

object EDXS analysis on the white areas presented that the surface was similar to the worn surface of 

Steel A at 0.5 MPa and 1.57 m/s. The Cu and oxygen content were 7.44 wt.% and 5.7 wt.% respectively. 

In contrast, the grey areas consisted of 32 wt.% Cu and 13.2 wt.% oxygen. This validated that the grey 

areas were made by the compaction of Cu and Fe oxides [110]. This was also in agreement with the 

results from the observation of pin surfaces. In the case of Steel B and C, the worn surface of the discs 

tested at 1.57 m/s always constituted of white and grey areas, whereas the sample surfaces tested at 7 

m/s observed large grey area coverage. Further, Figs. 6.8 (c) and (d) represent the worn Steel C surface. 

The presence of a huge expanse of oxide layer on the disc surface at 7 m/s can be clearly seen. 

 

 

(a) (b) 

(c) 

10µm 10µm 

10µm 

(a) (b) 
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Fig. 6. 8: (a) SEM images representing the worn top view of steel A after sliding at 0.5 MPa and 1.57 m/s and  

(b) at 1 MPa and 7 m/s, and of (c) steel C after sliding at 0.5 MPa and 1.57 m/s and (d) at 1 MPa and 7 m/s.  

     Microhardness measurements on the cross sections of the worn discs, subjected to tests at the lowest 

pressure and lowest velocity, and at the highest pressure and highest velocity were conducted. The 

measurements were obtained close to the bulk and the worn surface (at a distance of approx. 200 μm 

from the worn surface). The obtained results are presented Table 6.2. In the case of Steel B and C, a 

considerable increase in microhardness was observed, which was close to the worn surface with respect 

to the bulk. This showed that steel strain hardening was attained during testing. Conversely, in the case 

of Steel A, almost no change in the microhardness was seen. This may be due to high initial hardness 

of the Steel and the corresponding inability to undergo additional strain hardening [111].  

            Table 6. 2:  Microhardness values of all the Steel taken in the bulk and near the worn traces. 

Steel Testing Conditions Bulk 

Microhardness 

 

HV0.025 

Microhardness 

Under the wear 

track 

HV0.025 

A 0.5 MPa – 1.57 m/s 478 ± 6 476 ± 4 

1 MPa - 7 m/s 484 ± 4 479 ±7 

B 0.5 MPa – 1.57 m/s 361 ± 3  440 ± 20 

1 MPa – 7 m/s 360 ± 3 385 ± 9 

C 0.5 MPa – 1.57 m/s 393 ± 6 483 ± 23 

1 MPa – 7 m/s 390 ± 7 530 ± 29 

 

 

(c) (d) 

20µm 20µm 

20µm 50µm 
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1.1.4.  Results Interpretation 

     The pin wear rates, Ka, as a function of the (Fe + Cu)/O ratio is presented in Fig. 6.9. The Ka-

magnitude is observed to decrease with the decrease in the magnitude of (Fe + Cu)/O ratio, 

demonstrating that an elevated oxide fraction in friction layer is helpful for the wear resistance of the 

material. This observation agrees with the previously reported study that an oxide filled, and well 

compacted friction layer protects the surface below the layer from severe adhesion/delamination wear. 

The wear mechanisms in SPEC 283 and the corresponding steel counterface are similar, with respect to 

the contribution of metallic and oxidative wear. This also explains the proportionality/similarity 

between the pin Ka-values and the disc Ka-values, as shown previously. 

     By closely inspecting Fig. 6.9, it can be seen that wear is always ‘very mild’, i.e. below 2x 10-14 

m2/N, in case of the tests at 7 m/s, irrespective of the contact pressure and steel. In case of the tests at 

1.57 m/s, wear is mild, i.e. below 4x10-14 m2/N, for steels B and C, whereas it is severe, i.e. Ka is above 

10-13 m2/N, for steel A. More analysis of Ka pin with Ka disc is provided in Fig. 6.10. 

 

Fig. 6. 9: Specific wear coefficient of SPEC 283 with the (Cu+Fe)/O ratio. 

 

Fig. 6. 10: Specific wear coefficient of SPEC 283 with specific wear coefficient of discs 

     To understand the results, a detailed explanation on the acting wear mechanisms have to be 

considered. With respect to this, it is helpful to analyze the flash temperature obtained during sliding. 

The flash temperature, Tf, is the temperature attained for a very short span of time at the contacting 

asperities during dry sliding, due to the dissipation of frictional energy. Using the approach by Ashby 

1.57 m/s 

7 m/s 
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et al. [88, 112], it can be assumed that the frictional heat is inserted only across the real contact area, 

Ar, to obtain the average sink surface temperature at predetermined distances that are named the 

‘equivalent diffusion distances’ for the flash temperature, l1 and l2. Ashby et al. [88, 112] proposed few 

simplified relationships for Ar, l1, l2 and the spread of the contact junctions by assuming a plastic contact. 

Using these relationships and the subsequent heat model, an equation for simplified evaluation of Tf 

was obtained [48]: 

                                                 𝑇𝑓 − 𝑇𝑠 = 8.8 104 𝜇

√1+12 𝜇2
 

𝑣

𝑘1+𝑘2
                                   (Eq. 6.1) 

       

     Where: Ts is the surface average temperature, μ is the average coefficient of friction obtained during 

sliding, v is the sliding velocity and k1 and k2 are the thermal conductivities of the materials in contact. 

The friction coefficient values were taken after reaching steady state. The Ts-values were obtained from 

temperature recorded by a Thermocamera.  The thermal conductivities of the Steel A, B, and C were 

taken from datasheets [1-5]. The magnitudes were 19, 45.1, and 30 W/mK for steel A, B and C, 

respectively. The k-value for SPEC 283 was estimated by utilizing specific temperature measurements 

at 1.57 m/s against steel A by using a thermocouple in the pin at a distance of 6 mm from the sliding 

surface, and from the fitting temperature model proposed in Ref. [88,112]. The obtained result was 26 

W/mK, which was in a good agreement with literature values for similar composites [48]. The results 

of the flash temperatures calculations and interpretations are presented in Table 6.3. 

Table 6. 3: Calculated flash temperatures and proposed wear mechanism in different testing conditions. 

Steel Testing Conditions Flash 

Temperature 

[°C] 

Wear mechanism 

A 0.5 MPa – 1.57 m/s 860 Adhesion/delamination (severe wear) 

1 MPa – 1.57 m/s 882 Adhesion/delamination (sever wear) 

0.5 MPa – 7 m/s > 1500 Intense oxidation (very mild wear) 

1 MPa – 7 m/s >1500 Intense oxidation (very mild wear) 

B 0.5 MPa – 1.57 m/s 588 Low-sliding speed oxidation (mild wear) 

1 MPa – 1.57 m/s 575 Low-sliding speed oxidation (mild wear) 

0.5 MPa – 7 m/s > 1500 Intense oxidation (very mild wear) 

1 MPa – 7 m/s >1500 Intense oxidation (very mild wear) 

C 0.5 MPa – 1.57 m/s 690 Low-sliding speed oxidation (mild wear) 

1 MPa- 1.57 m/s 704 Low-sliding speed oxidation (mild wear) 

0.5 MPa – 7 m/s >1500 Intense oxidation (very mild wear) 

1 MPa – 7 m/s >1500 Intense oxidation (very mild wear) 

 

     Let us first evaluate the ‘very mild’ wear case, displayed by  SPEC 283 and all the three steel 

counterface at 7 m/s. Irrespective of the counterface and loading condition, the calculated flash 

temperature was always extremely high and above 1500°C, which is in agreement with data reported 

in [88]. This infers that the asperity oxidation of the steel contact surfaces was fast and easy, with 

accompanied intense oxidation.  The same cannot be inferred for the pin asperities, as it is seen that 

copper oxides are rather unstable at these high temperatures. Due to this, Fe oxides were formed easily 

and spread on the worn pin and disc surfaces. The extremely high flash temperature produced a large 

softening and even melting of the oxides during sliding, which greatly assisted in compaction and 

spreading on the worn surfaces. Due to the high flash temperature, any influence of the specific steel 

composition and constituent can be eliminated, and in this case, wear is tribo-oxidative in nature and 

mild, with being independent of steel composition and contact pressure. 



68 

 

     Let us now consider the wear behavior of SPEC 283 and the Steel discs at 1.57 m/s. The flash 

temperatures for the three steels were high: 870°C for steel A, 580°C for steel B, and 700°C for steel 

C. In all the cases, the flash temperature appeared enough to obtain the asperities oxidation, and mild 

tribo-oxidative wear. However, this phenomenon was seen for Steel B and C, but not for Steel A. This 

behavior can be explained by the fact that steel A is characterized by very low oxidation tendency, due 

to its composition containing high amount of Cr and an extremely low C content. Vingsbo et al.  [109] 

had explained in their study that the inherent high oxidation resistance of a Steel can make it extremely 

difficult to oxidize its asperities and entrapped wear fragments, thus promoting wear by 

adhesion/delamination.   

     The tribo-oxidative wear of Steel B and C at 1.57 m/s was different from the tribo-oxidative wear of 

all the Steel counterface at 7 m/s. At low velocity, the presence of a large oxide layer on the worn 

surface was not seen. Instead, discrete oxides islands on the worn surfaces were observed. These 

observations are consistent to the ‘tribo-oxidative wear at low-sliding speeds’ phenomenon [1-5]. It has 

been validated that Fe oxides were obtained by the direct asperity oxidation and oxidation of extremely 

deformed metallic fragments produced during the run-in stage of testing, as proposed by Stott et. al 

[12]. The flash temperature was not high enough to promote severe oxidation and plastic spreading of 

the soft oxides on the wear surface, as seen at 7 m/s. Nonetheless, Steel C was characterized by the 

lowest specific wear coefficient among the other Steels due to its ability to produce perfect oxidative 

wear and to form and sustain an oxide-rich friction layer during sliding. This was due to its high 

hardness and strain-hardening ability. 

     Lastly, with respect to the friction behavior of the materials under study, Fig. 6.11 represents the 

steady state friction coefficient plotted as a function of the (Cu+Fe)/O ratio of the pin friction layer. It 

can be seen that the COF increases as the (Cu+Fe)/O ratio decreases. Also, two important trends were 

displayed at different sliding velocities. The results can be explained with the help of the adhesive 

theory of friction [7-14]. A decrease in the (Cu+Fe)/O ratio related to an increase in the Fe-oxides 

content in the SPEC 283 friction layer and with that an increase in the work of adhesion between the 

pin and the Steel disc [48]. The COF of 0.65 for steel C at 7 m/s is proportional to the large oxide-rich 

friction layer coverage on the worn surface. This is typical of the steel-steel contact under dry sliding 

conditions [12]. Conversely, the value of COF of approximately 0.4 for steel A at 1.57 m/s and with an 

almost negligible oxides on the worn surface, is common of the metallic steel-Cu alloys interaction 

under dry sliding conditions [5]. Additionally, the average COF decrease with increase in sliding 

velocity is due to less time availability at the asperity contacts to form tough junctions, which is 

commonly observed in different wear testing systems [46]. 

 

 

 

 

 

 

 

 

 

Fig. 6. 11: Steady state friction coefficient with the (Cu+Fe)/O ratio. 
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1.1.5.  Preliminary Observations 

▪ With Steel A at 0.5 MPa and 1.57 m/s, the wear mechanism for both the pin and the disc was 

by adhesion/delamination. Hence, wear was metallic and severe in nature. This was due to the 

high Cr- and low C-content of steel A that made it extremely resistant to oxidation thereby 

drastically reducing the possibility to undergo tribo-oxidative wear. Due to this behavior, all 

subsequent tests with Steel A (APX4) were discontinued.  

▪ With Steel A at 1.57 m/s and at 1 MPa, and Steel B and C at 0.5 and 1 MPa, moderate tribo-

oxidative wear for both pin and discs were observed. The surfaces were covered and protected 

by islands of Fe-oxides rich friction layer, transferred from the disc. The subsurface hardening 

in Steel B and C helped in forming and sustaining the oxide-rich friction layer. 

▪ The pin and discs observed very mild tribo-oxidative wear at 7 m/s. This was due to the high 

contact flash temperatures obtained during sliding. These temperatures prompted an easy 

oxidation of the mating asperities, which were independent of the Steel composition. 

▪ The specific wear coefficient of the pin and the discs were proportional to each other. 

▪ The steady state friction coefficients were found to decrease as the (Fe + Cu)/O ratio on the pin 

surface increased and as the sliding velocity increased. This was explained through the adhesive 

theory of friction. 

▪ An optimal selection of Steel counterface is of utmost importance to optimize the friction and 

wear behavior of SPEC 283 and the whole wear system. The results validate that steel C 

(AISI420c), demonstrated the lowest pin and disc specific wear rates and the highest values of 

the steady state friction coefficient, due to its ability to produce and maintain an oxide-rich 

friction layer. 

1.2. High temperature analysis (HT) 

1.2.1.  Friction and wear behavior 

     The HT analysis of SPEC 283 was conducted with all the three Steel. However, only the tests with 

AISI4140 (Steel B) was taken forward to conduct further analysis and study. The same results with 

AISI4140 are presented in the subsequent sections. Additionally, as the friction coefficient traces and 

characteristics were similar to RT tests from the previous section, the friction coefficient graph for HT 

analysis have not been shown here.  

     Fig. 6.12 represents the comparison of COF and pin wear for both the velocities and contact pressure.  

From Fig. 6.12 (a), it can be observed that the COF is not affected by the sliding velocity and is only 

slightly influenced by the contact pressure. Fig. 6.12 (b) depicts the magnitude of the specific wear 

coefficients, Ka, for SPEC 283. There is nearly no influence of the contact pressure, whereas the 

magnitude appreciably decreases as the sliding velocity is increased from 1.57 m/s to 7 m/s. For all the 

cases, the wear is lower than 4 x 10-14 m2/N and is in the mild range. At high velocity testing condition, 

the pin wear magnitude is lower than 2 x 10-14 m2/N and is in the very mild range. The disc wear was 

proportional to pin wear, i.e., in the range of 10-14 m2/N. However, the disc wear data are not reported, 

as it was difficult to obtain accurate Ka-values with profilometer measurements, due to the extensive 

material transfer. 
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Fig. 6. 12: (a) Average steady state friction coefficient and (b) pin wear magnitude. 

1.2.2.  Analysis of worn pin surfaces 

     Fig. 6.13 (a) represents the top view of the worn pin surface tested at 0.5 MPa and 1.57 m/s. The 

corresponding EDXS maps (Figures 6.13 (b) – (f)) assists in identifying the composition of the friction 

layer. The grey areas are predominantly made of compacted of Fe and Cu-oxides, obtained by inspecting 

the Cu, Fe, and O maps. Additionally, the friction layer is not present on the graphite particles present 

on the surface (black region). Fig. 6.14 represents the worn pin surface after tests at 1 MPa and 7 m/s. 

In this case, the friction layer is observed to fully cover the worn surface.  
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Fig. 6. 13: (a) SEM image of the worn pin surface after test at 0.5 MPa and 1.57 m/s. From (b) to (f): 

Corresponding EDXS maps 

 

Fig. 6. 14: SEM image of the worn pin surface after test at 1 MPa and 7 m/s. 

     Table 6.4 presents the full frame EDXS analysis of the worn pin surface. It can be seen that Cu and 

Fe are present in the highest quantity. Though it is difficult to identify a precise trend, it can be definitely 

said that for each testing condition, an extensive quantity of Fe was transferred from the Steel disc to 

the pin surface during testing. Other components of SPEC 283 were also detected as minor elements. 

Additionally, the presence of O demonstrated that some of the components on the pin surface were in 

the form of oxides. Also included is the (Fe + Cu)/O in Table 6.4. As seen for the RT results, when the 

ratio is lower than 8, the friction layer is predominantly made of oxides. For HT results, the (Fe + Cu)/O 

ratio was always below 4.5, confirming the large presence of oxides.  

     In order to fully understand the wear transfer mechanisms, and to obtain information on the nature 

of the oxides making the friction layers on the worn pin surfaces, extensive XRD data were collected 

and studies. Fig. 6.15 is a representative XRD pattern of the worn pin surface tested at 0.5 MPa and 

1.57 m/s. The rudimentary search-match procedure helped to identify the main phases: α-Fe, hematite 

(α-Fe2O3), magnetite (Fe3O4), Cu, tenorite (CuO), cuprite (Cu2O), and graphite (C). Quantitative phase 

evaluations were performed through the Rietveld method, by considering a homogeneous sample 

volume. The obtained results are presented in Table 6.5. A few interesting aspects can be observed 

about the crystallographic composition of the pin friction layer. At 1 MPa and 7 m/s, only Cu- and Fe-

oxides were present in the XRD patterns. No graphitic content was detected, as the friction layer was 

able to uniformly cover them (see Fig. 6.14). The prevailing Fe oxide phase was magnetite (between 9-

25%) and hematite was always below 5%. With respect to Cu-oxides, the presence of CuO and Cu2O 

were detected, for all cases CuO was the major phase present, only with the exception for test conducted 

at 0.5 MPa and 1.57 m/s. 
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             Table 6. 4: EDXS analysis (full frame) of the worn pin surface 

 0.5 MPa 

1.57 m/s 

0.5 MPa 

7 m/s 

1 MPa 

1.57 m/s 

1 MPa 

7 m/s 

Cu 44 44 51 46 

Fe 28 18 11 24 

O 16 18 16 17 

Si 6.8 12 14 5.6 

Al 1.0 1.6 1.9 1.5 

Sn 1.3 1.3 1.4 1.3 

Zr 1.0 2.5 1.3 2.8 

Ca 0.2 1.3 2.0 1.4 

Cr 0.3 0.1 0.1 0.5 

(Cu+Fe)/O 4.4 3.5 3.9 4.2 

 

 

Fig. 6. 15: XRD pattern of worn pin surface after test at 0.5 MPa, 1.57 m/s. The main phases are also identified. 

Table 6. 5: XRD analysis on the pin surface for all testing conditions 

Sample / wt % α-Fe 

Hematite 

Fe2O3 

Magnetite 

Fe3O4 Copper 

Tenorite 

CuO 

Cuprite 

Cu2O Graphite 

1.57 m/s 0.5MPa 2.6 2.6 19 1.9 21 14 39 

1.57 m/s 1MPa 2.7 1.6 9.2 2.6 35 14 34 

7 m/s 0.5MPa 1.1 3.3 13 1.9 36 12 33 

7 m/s 1MPa - 4.4 25 - 68 1.8 - 

 

1.2.3.  Analysis of worn disc surfaces 

     Fig. 6.16 (a) represents the top view of the worn disc surface after testing at 0.5 MPa and 1.57 m/s. 

In Figs. 6.16 (b-d), the corresponding EDXS maps are also present. Fig. 6.16 (a) depicts the presence 

of two main regions, indicated by 1 and 2, both present in the sliding direction. From comparison of the 

Fe and O maps, it is seen that region 1 is mainly made of compacted Fe-oxides. Similarly, by comparing 

the Cu and O maps, the region 2 mainly consists of compacted Cu-oxides, which is transferred from the 

SPEC 283 surface. Fig. 6.16 (e-h) depicts the top view of the worn disc surface after testing at 1 MPa 

and 7 m/s, with the corresponding EDXS maps. The results are similar to the studies from 0.5 MPa and 

1.57 m/s. In Table 6.6, the readings of the full frame EDXS analysis show the predominant presence of 
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Fe. The (Fe + Cu)/O values for all testing conditions were below 4.5, indicating the presence of Fe and 

Cu oxides.  

  

  

  

  

Fig. 6. 16 (a) SEM images of the worn disc surface after tests at 0.5 MPa, 1.57 m/s. From (b) to (d): EDXS 

maps, (e) SEM images of the worn disc surface after tests at 1 MPa, 7 m/s. From (f) to (h): EDXS maps 
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          Table 6. 6: EDXS analysis (full frame) analysis on the disc surface 

 0.5 MPa 

1.57 m/s 

1 MPa 

7 m/s 

Cu 20 17 

Fe 57 62 

O 19 19 

Si 1.6 0.5 

Al 0.3 - 

Sn 0.6 0.01 

Zr 0.6 - 

Ca 0.5 - 

Cr 0.6 0.5 

(Fe + Cu)/O 4.1 4.0 

 

     To understand the crystallographic phase composition, XRD data were obtained on the worn disc 

surfaces; the results from the Rietveld analysis are reported in Table 6.7. All spectra saw the presence 

of metallic α-Fe diffraction peaks, present from the bulk disc. With respect to Fe oxides, the 

predominant compound was magnetite (Fe3O4) for the pins. Interestingly, the presence of some wüstite 

(FeO), which is unstable at room temperature, was also detected. The metallic copper content was low, 

and when Cu-oxides are considered, only tenorite (CuO) was detected. In summary, the disc wear tracks 

consisted of a covering of thin and uniform friction layer made of two regions in the direction of sliding. 

The region was made of compacted Fe-oxides (predominant magnetite, with presence of hematite and 

wüstite), the second region made of compacted tenorite (CuO) particles. In Table 6.7, the measurements 

recorded on the out-of-track region of the disc surface, is also seen. Also, in this case, the predominant 

phase was metallic α-Fe and a mixture of hematite and magnetite. As expected, no wüstite was detected.  

     Furthermore, few XRD characterization of AISI4140 discs at two extreme testing conditions (lowest 

load and speed, and highest load and speed), tested at RT testing conditions were also conducted. The 

results are reported in Table 6.8.  

Table 6. 7: XRD analysis on the disc surface for all testing conditions 

Sample / wt % α-Fe 

Hematite 

Fe2O3 

Magnetite 

Fe3O4 

Wüstite 

FeO 

Cu Tenorite 

CuO 

1.57 m/s 0.5MPa 24 3.3 27 6.8 - 38 

1.57 m/s 1MPa 50 0.8 23 3.8 1.3 20 

7 m/s 0.5MPa 70 1.3 21 0.2 0.8 6.5 

7 m/s 1MPa 56 5.5 32 1.0 0.3 5.6 

Out of track 87 7.8 5.5 - - - 

 

Table 6. 8: XRD analysis on the disc surface for room temperature testing conditions 

Sample / wt % α-Fe 

Hematite 

Fe2O3 

Magnetite 

Fe3O4 

Wüstite 

FeO 

 

Cu 

Tenorite 

CuO 

1.57 m/s 0.5 MPa 89 5.3 2.7 - 0.3 - 

7 m/s  1 MPa 81 4.2 9.3 - 1.4 - 
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1.2.4.  Result Interpretation 

     The wear and friction characteristics of a tribological system is dependent on the friction layer 

evolution on the pin and disc interfaces and their interactions. A pivotal role is played by the contact 

temperature, which is not simple to evaluate. Nevertheless, some aspects can be mentioned considering 

both the experimental studies and from the literature survey. In this study, the average surface 

temperature of the disc was maintained at 400°C, even during testing. The flash temperature at the 

contacting asperities was definitely quite higher than the average contact temperature, due to the heat 

generated during friction. The evolution of flash temperature is heavily influenced by sliding speed 

[112]. With respect to the studies conducted by Sullivan and Athwal [113], it can be assumed that flash 

temperature is 200°C higher than the average surface temperature, i.e., beyond 600°C. The studies of 

Sullivan and Athwal also provides insight on the average pin surface temperature, inferring that it would 

be slightly below 400°C and is influenced by the tribological parameters, such as contact pressure and 

sliding velocity. With respect to disc, the temperature is maintained same throughout its thickness, 

whereas, the pin temperature decreases from the surface towards the bulk. This decrease depends on 

the heat provided, developing at the contact point with the counterface, is proportional to the product 

of the COF, contact pressure and sliding velocity. Therefore, it can be noted that such a temperature 

gradient is slightly influence by the contact pressure, since its increase is counterbalanced by a decrease 

in the COF, whereas it is greatly affected by the sliding velocity. 

     As seen from the previous sections, the friction layers are mostly made of compacted Cu and Fe-

oxides. However, the most important differences were seen with respect to the oxide phase constituents 

present on the pins and on the disc worn surfaces. On the pin surfaces, the presence of both CuO and 

Cu2O were detected. From a thermodynamic perspective, the oxide stable from room temperature and 

up to approximately 1000°C is CuO [114]. However, Cu2O generally forms before CuO as it contains 

lower fraction of oxygen, and it can be easily stabilized by several parameters, including dislocations 

in nanocrystalline grains, and alloying elements [115]. From a previous study [116], it was seen that 

extensive plastic deformation obtained through large contact shear stresses during testing can influence 

the formation of stabilized nanocrystalline grains and thus the formation of Cu2O. From this, it can be 

argued that after a little plastic spreading of metallic copper through local temperature rise, the 

formation of Cu2O on the pin surface asperities occurs initially and some oxidation of Cu2O to CuO 

takes place subsequently. The presence of Cu2O is particularly high at 1.57 m/s – 0.5 MPa. This can be 

explained through the fact that in these conditions, an extensive amount of graphite particles jut out on 

the pin surface, since they are not covered by the friction layer. As observed in similar testing systems 

[108, 113, 117, 118], it can be considered that a lower oxygen partial pressure is present in the air gap 

between the interfaces, making the oxidation of Cu2O to CuO highly difficult, even in the presence of 

the competing carbon oxidation reactions.  

     With respect to the disc wear tracks, a tiny fraction of metallic copper is seen along with CuO. CuO 

is predominantly present, for the tests carried out 1.57 m/s, and in smaller quantities at 7 m/s. Metallic 

copper is transferred from the pin to the disc surface. However, the time for interaction with the pin is 

too small to obtain a sufficiently high plastic deformation required to stabilize Cu2O. Consequently, the 

out-of-contact (static) surface oxidation of Cu is mainly present, allowing for the easy formation of the 

thermodynamically stable CuO. The CuO quantity decreases as the sliding speed increases, as 

extremely short time between two subsequent contacts is permitted, with quick removal of this oxide 

by the pin movement, with the subsequent wear fragments transfer onto the very pin surface. The 

comparison with the results obtained from the RT tests, validates the presence of Cu transfer onto the 

disc counterface and pivotally, the absence of any further Cu oxidation, due to the low contact 

temperature achieved during room temperature sliding/testing (below 100°C [119]).  

     When Fe oxides are considered on the worn pin surfaces, a mixture of Fe3O4/Fe2O3 mixture was 

detected. Essentially, they were transferred from the disc counterface, since the Fe content in SPEC 283 
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is quite low and hence provides little contribution to the surface oxides formation. As seen in previous 

sections, a high quantity of Fe3O4/Fe2O3 are present on the worn disc tracks. Through this, it is important 

to consider the data from the RT tests and the out of track disc regions. During RT tests, the contact 

temperature was close to 100°C and the presence of small quantities of Fe3O4/Fe2O3 is observed, which 

is as expected. Similarly, in the out of track regions the presence of Fe3O4/Fe2O3 was also detected, as 

the surface temperature was close to 400°C. However, the flash temperature achieved at the contacting 

asperities during sliding was definitely higher, i.e. above 600°C as mentioned before. This could explain 

the presence of a large amount of magnetite [112, 113, 120], and FeO in the friction layer on the worn 

disc tracks. As a matter of fact, this oxide is reported to be present only when the contact temperatures 

are above 570°C [113].  

     To summarize (Table 6.9), the pin friction layer is mainly made of CuO/Cu2O, with CuO increasing 

with increase in sliding velocity. The other compositions are Fe-oxides, Fe3O4, transferred mainly from 

the disc counterface. The friction layer on the disc wear track consists of CuO regions, CuO transferred 

from the pin surface. Fe3O4-rich regions are also seen, formed from direct asperity oxidation, due to the 

quite high flash temperatures, above 600°C, achieved during testing. 

Table 6. 9: Summary of friction layer characteristics 

Phase Disc: out of track 

Surface temperature: 400°C 

Disc: worn surface. 

Asperity (flash) temperature: 

above 600°C 

Pin: worn surface. 

Asperity (flash) temperature: 

above 600°C 

Amount, % Comment Amount, % Comment Amount, % Comment 

α-Fe < 85  20-70  <3 Uncovered Fe 

particles 

Fe2O3 ~8 Static 

oxidation 

<5.5 Static/asperity 

oxidation 

<5 Transferred 

from disc 

Fe3O4 5.5 Static 

oxidation 

20-30 Mainly 

asperity 

oxidation 

20-25 Transferred 

from disc 

FeO 0  <7 Asperity 

oxidation 

0  

Cu -  ~1 Transferred 

from pin 

<2  

Cu2O -  0  2-14 Surface/asperity 

oxidation 

CuO -  6-38 Transferred 

from pin 

20-70 Surface/asperity 

oxidation 

 

     During the friction layer formation, a pivotal role is played by the sliding velocity, when compared 

to the contact pressure, which is also seen in [8]. As sliding velocity increases, the flash temperature at 

the pin surface and contacting asperities also increases, with the reduction of temperature gradient below 

the pin sliding surface. This helps in the spreading of wear particles on the mating surfaces, obtaining 

a higher coverage (compare Fig. 6.13 and 6.14). Parallelly, it helps in the compaction and sintering of 

the wear particles [12]. A final thought must be dedicated to the experimental magnitudes of COF. It is 

observed that the COF is not dependent on sliding velocity; but the decreasing magnitude with contact 

pressure requires further evaluation. The experimental magnitudes are all in the small range between 

0.44 – 0.48. The COF is influenced by the characteristics of the friction layers on the interfaces. In this 

case, the friction layers are always made of a mixture of Cu and Fe oxides. It is seen that, that if the 

friction layers contain a mixture of Fe-oxides with high amounts of magnetite, the COF is typically in 

the range 0.48 - 0.55 [119, 121-123], whereas when the friction layer mainly constitutes of Cu-oxides, 

the COF is lower, i.e., in the range 0.4 – 0.5 [124]. Hence, it can be roughly said that at 0.5 MPa, the 

friction layers (on both pin and the disc) contain Cu and Fe oxides, and this may help to understand the 
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intermediate value of 0.48 for the COF. At 1 MPa, the CuO fraction in the friction layer (especially for 

pin) is quite high, explaining the slightly lower magnitude of COF, i.e., 0.45. 

1.2.5.  Preliminary Observation 

▪ The average steady-state COF was found to be independent of sliding speed and to decrease 

slightly as there was an increase in contact pressure. 

▪ Wear was found to be mild in all cases and independent from the contact pressure and 

dependent on the sliding speed. As the velocity increased, the specific wear coefficient 

decreased. 

▪ Through careful SEM and XRD, it was seen that the friction layer on the worn pin surfaces was 

predominantly made of compacted CuO/Cu2O, with CuO increasing with increase in velocity, 

and by Fe-oxides (mainly Fe3O4) transferred from the disc counterface.  

▪ The friction layer on the worn disc surface was made by CuO, where CuO was transferred from 

SPEC 283, and Fe3O4-rich regions, formed by direct oxidation of disc asperities, due to the high 

flash temperature during sliding. 

▪ The decrease in pin wear with the increase in sliding velocity was due to the increase in the 

contact temperature that helped in the formation of well compacted and expansive friction 

layers.  
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Chapter 7 

Analysis of 7387-64 

      

1.1. Introduction 

     The 7387-64 composite material was tested in the form of pins with AISI4140 and AISI420c disc 

counterface at 0.5 MPa contact pressure and 1.57 m/s, 4.5 m/s, and 7 m/s sliding velocity. However, 

only the tests with AISI420c (Steel C) was studied extensively. The results with 7387-64 was divided 

into room temperature (RT) and high temperature (HT) analysis.  

     Similar to the previous investigation on SPEC 283, an hour-long uninterrupted test was conducted 

to obtain the friction coefficient and pin wear magnitude and trend for each testing condition. The trials 

for each condition were repeated thrice to obtain consistency in the results. However, it was seen that 

even after repeated trials, the specimen and its corresponding tests were unable to reach a steady state 

in friction coefficient. Fig. 7.1 presents a typical friction coefficient trend for the hour-long testing 

procedure at 0.5 MPa and 7 m/s for RT and HT testing conditions. Due to this observation, an alternate 

procedure was considered to record the required steady state in friction coefficient and pin wear 

readings. For all trials, a “bedding procedure” was conducted to observe formation of a well-established 

friction layer which was able to lead a stable friction coefficient evolution. The bedding procedure was 

divided into three steps. Each step was a half an hour-long uninterrupted test. Hence, each test was 

conducted for 1.5 hours in this ‘bedding procedure’. The subsequent step was only started after the 

specimen returned ambient temperature. During the duration of the test, the specimen remained 

undisturbed. This testing procedure was able to obtain steady-state friction coefficient from the final 

step of the test and the pin wear was calculated as a summation of wear from all the three steps.  

 

Fig. 7. 1: Friction coefficient trends - at (a) 7 m/s, RT (b) 7 m/s, HT 

1.2. Friction and wear behavior  

     As explained previously, the three-step procedure was employed to obtain the steady-state COF and 

pin wear. Fig. 7.2 is a typical example of the testing method. These friction curves were seen at 0.5 MPa 

and 1.57 m/s for HT testing condition. A steady state in COF can be observed in the third step when 

compared to steps 1 and 2. Figs. 7.3 represent the average steady state COF and pin wear at RT and HT 

testing conditions. It can be seen that the COF as well as the pin wear RT condition decrease with 

increase in the sliding velocity. On the contrary, for HT testing conditions, though the pin wear reduces 

with increase in the sliding velocity, the COF is seen to increase with increase in velocity. Nevertheless, 

considering the magnitude of wear depicted, the pin wear can be classified as mild. 

(a) (b) 
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Fig. 7. 2: Three step testing procedure to obtain the steady state COF and pin wear 

             

Fig. 7. 3: (a) Steady state COF and (b) pin wear rate at RT and HT testing condition 

1.3. Analysis of worn pin surface 

      Fig. 7.4 (a) represents the worn top view of the pin surface, tested at 0.5 MPa and 1.57 m/s RT. Fig. 

7.4 (b) represents the corresponding EDXS maps. The EDXS maps aids to understand the distribution 

of alloying elements and the characteristics of the friction layer deposited on the pin surface. In Fig. 7.4 

(a), the presence of large grey areas having small whitish areas, and large, rounded dark areas can be 

clearly seen. The small white areas are made of metallic Cu. Alternatively, the dark greyish areas consist 

of Fe, O, Cu-W and Cr. It can be seen from the maps that the Cu and Fe particles are oxidized. From 

the previous studies conducted on SPEC 283, it was observed that the greyish friction layer was mainly 

made of compacted Fe oxides. Additionally, this friction layer consists of elements like Cr, which is a 

constituent of AISI420c steel disc. Therefore, from the Cu, O and Fe maps, it can be stated that the 

friction layer is mainly made of Cu and Fe oxides. The large and rounded dark areas were made of 

(a) 
(b) 
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graphite. As previously mentioned, the graphitic areas remained uncovered by the friction layer due to 

the well-known low adhesion between the graphite and Fe-oxides.  

 

 

(b)     

 

Fig. 7. 4: (a) SEM images of the worn top surface of pin tested at 1.57 m/s (RT), (b) Corresponding EDXS maps 

     

 Fig. 7.5 depicts the worn top view of the pin surface tested at 7 m/s HT testing condition. The readings 

are similar to that of RT tests (Figs. 7.4 (a) and 7.4 (b)). The presence of Cu and Fe oxides in the friction 

layer was easily seen, with a higher Fe oxide coverage compared to Figs. 7.4 (a) and 7.4 (b) (at 1.57 

m/s RT). The surface has higher friction layer coverage, with the corresponding reduction in graphitic 
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areas. However, there were regions (such as marked in red) which looked like collection of loose 

particles. When studied further, they were observed to be mostly present around graphitic particles. This 

means that increasing sliding velocity and testing temperature implied an enhancement in the friction 

layer coverage. However, due to the low adhesion between the friction layer and the graphitic particles, 

the friction layer at such regions were not well compacted like in the other regions (indicated by grey 

areas).  

 

Fig. 7. 5: Characterization of worn pin surface tested at 7 m/s, HT 

     From the full frame EDXS analysis conducted on the worn pin surfaces, the (Cu+Fe)/O ratio list was 

obtained, reported in Table 7.1. As explained in the case of SPEC 283 RT and HT analysis, as the ratio 

decreases, the amount of Fe oxides in the friction layer increases. Conversely, as the ratio increases, the 

metallic content of the system increases. Additionally, if the ratio is below 8, the friction layer is mainly 

composed of oxides. Since, in both RT and HT testing conditions, the ratio is below 5.2, this confirmed 

the presence of large magnitude of oxides. 

 Table 7. 1: (Cu+Fe)/O ratios from EDXS analyses of pin surfaces at various conditions 

Testing Condition (Cu+Fe)/O 

7387-64 

1.57 m/s RT 5.14 

7 m/s RT 3.66 

1.57 m/s HT 4.11 

7 m/s HT 3.19 

 

1.4. Analysis of worn disc surface 

     Fig. 7.6 (a) represents the worn disc surface after test at 1.57 m/s, RT testing condition. The direction 

of sliding is clearly seen in the image with the presence of Cu and Fe oxide on the worn surface of the 

steel counterface. A full frame EDXS procedure revealed an appreciable presence of Cr (13 wt. %), 

similar to the pin friction layer composition. Some Cu transfer was also seen on the disc surface (6.49 

Friction layer  
Uncompact agglomerates of particles 

500µm 



82 

 

wt.%). The oxygen content was 6.97 wt.% and the ratio of (Cu+Fe)/O was 11.2, showing a very low 

presence of tribo-oxidation. Fig. 7.6 (b) depicts the disc surface after testing at 7 m/s at HT. The situation 

is rather different as now the surface is majorly covered by a friction layer constituting of compacted 

Cu and Fe oxides, as revealed by the EDXS results. In this case, the (Cu+Fe)/O ratio was 4.9, inferring 

that wear was predominantly by tribo-oxidation. The role of tribo-oxidative wear was seen to increase 

in passing from 1.57 to 7 m/s at RT, and from RT to HT. 

      

Fig. 7. 6: SEM wear track images of the worn disc surfaces after tests – (a) 1.57 m/s RT, (b) 7 m/s HT                                                  

1.5. Result Interpretation 

1.5.1.  Coefficient of friction 

     For RT tests, the COF is observed to decrease with increase in the sliding velocity. This could be 

due to the insufficient time the contacting asperities may have to form hard junctions, which is usually 

observed in numerous wear systems [119]. When the HT testing conditions are considered, the COF 

increased with increase in the velocity. The enhancement in the COF may be due to the oxide formation 

in the system. While utilizing the (Cu+Fe)/O ratio on 7387-64 for analyzing the COF of the HT tests, it 

has been seen with SPEC 283 that as the COF increases, the ratio decreases. Furthermore, to simplify, 

as the ratio decreases, the Fe oxide content increases. From Table 7.1, the lowest ratio was observed for 

7 m/s HT. This is in direct relationship with the fact that for the same testing condition, the wear system 

produced the highest COF (0.49). This enforces the theory that due to the presence of high oxide 

content, the magnitude of the ratio dropped and consequently the COF increased. Hence, due to 

formation of high oxide quantity, in HT tests, the COF increased with increase velocity, and this effect 

supersedes the direct relationship of sliding velocity in reducing the COF.  

     Initially, with an hour-long continuous test, it was not easy to obtain a steady state COF. The Cu 

matrix of 7387-64 had lower plastic deformability compared to SPEC 283, due to the presence of W 

and NbC particles. This reduced the capacity of the Cu matrix to spread quickly into the friction layer, 

which is known to be pivotal to obtain compact and extended friction layers (secondary plateaus) [36] 

[125]. The increased matrix strength was followed by decreased plastic deformability, which made it 

tough for Cu spreading into the friction layer, which is essential to provide the required compactness to 

the friction layer. This gave rise to the need for utilizing a bedding procedure and comparatively higher 

pin wear rate as seen in Fig. 7.7, which shows that the pin wear of 7387-64 is higher than that of SPEC 

283. When compared to the 7387-64 performance with SPEC 283, the material due to its decreased 

Cu Oxide + Fe Oxide 
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plastic deformability, higher pin wear and additional requirement of bedding procedure was not 

pursued for further analysis. 

           

Fig. 7. 7: Comparison of pin wear of 7387-64 and SPEC 283 at RT and HT testing conditions. It can be seen 

that for all cases, 7387-64 has the higher pin wear 

1.5.2.  Pin wear 

     The ratio (Cu+Fe)/O (helps in recognizing tribo-oxidative wear) was utilized to understand the pin 

wear magnitude and trend obtained from various testing conditions. From studies on SPEC 283, it was 

verified that as the ratio decreases, the oxide fraction increases, which is helpful for the material wear 

resistance. It can be seen from Table 7.1 that the ratio is the lowest for 7 m/s HT. The pin wear rate for 

this testing condition was (0.91X10-14 N/m2), the least for all the testing condition. Correspondingly, 

the highest ratio, 5.14, was seen for 1.57 m/s RT. The pin wear rate was the highest at (3.81X10-14 

N/m2). Therefore, the variation of the (Cu+Fe/O) ratio is in direct proportional to the pin wear rates. A 

graphical comparison of specific wear coefficient of pin for all testing condition with the (Cu+Fe)/O 

ratio is shown in Fig. 7.8.  

 

Fig. 7. 8: Relationship between (Cu+Fe)/O ratio and specific wear coefficient of pin for 7387-64 

     It has been reported that during the HT tests, the Cu matrix softens, and Cu is able to spread easily 

into the friction layer, resulting in the formation of large oxide quantities that help in the formation of 

a protective friction layer. This behavior has also been reported by Selvakumar et al. [126]. The authors 

explained that, as the sliding distance increases, the frictional heat also increases with it. This heat 

softens the mating surfaces, resulting in easy deformation of asperities. Because of the applied load and 

RT Condition HT Condition 
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the sliding distance, wear debris are created. These wear debris shield the surface from further wear. 

Hence, as the sliding distance increases, the specific wear rate reduces with it. This agrees with the 

reduction in the pin wear rate at high sliding velocity for both the temperature conditions.  

     After observing the magnitude and formation of Cu and Fe oxides on mated surfaces, it can be 

inferred that the wear witnessed is tribo- oxidative in nature [119] [125]. The oxygen presence can be 

seen in the maps presented in this section. Also, it is reported that the sliding speed for all the testing 

conditions are above 1 m/s (a minimum for oxidative wear). This results frictional temperature high 

enough to observe rapid oxidation of the mated surfaces [127].  

1.6. Preliminary Observations 

▪ For RT conditions, the COF decreased with an increase in the velocity, due to the less 

time allotted to the asperities to form hard junctions, the characteristics of friction layer, 

and presence of high Cu concentration. 

▪ The COF increased with increase in sliding velocity for the HT testing condition, due 

to the presence of large oxide magnitudes on the surfaces of the mated materials. 

▪ Increasing velocity and temperature implied an enhancement in the friction layer 

coverage.  

▪ The pin wear reduced with an increase in sliding velocity for tests conducted at both 

temperatures. This was due to the presence of large oxide quantities on its mated 

surface, and the frictional heat. The frictional heat promoted the formation of debris. 

This debris, in turn, protected the surface from further damage and wear. 

▪ Due to the low plastic deformability of the Cu-W matrix, the presence of NbC, the need 

for additional bedding procedure, the higher pin wear, and the inability of the material 

to dispense Cu to easily spread in the friction layer, the 7387-64 material gave rise to 

tribological behavior which was poorer than SPEC 283. Hence, further evaluation of 

this material was discontinued.  
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Chapter 8 

Analysis of AS01 

 

      

      

     The AS01 pin was tested with AISI420c disc (Steel) at 0.5 MPa, 1.57 m/s and 7 m/s, at RT and a 

range of HT testing conditions from 100°C, 200°C, 250°C, 300°C to 400°C.  

8.1. Friction and wear behavior  

     Due to its inherent nature, the AS01 material was tested in the three steps ‘bedding procedure’, 

similar to 7387-64. Fig. 8.1 represents a typical friction curve evolution for RT test at 7 m/s. It can be 

seen that the COF curve has achieved a steady state in step 3 when compared to steps 1 and 2. Fig. 8.2 

(a) depicts the COF variation with respect to velocity and temperature. At 1.57 m/s, the COF increases 

drastically with the increase in temperature (above 100℃). A small dip in the COF is seen above 300℃. 

In contrast, at 7 m/s, COF increases at 100℃, beyond which the COF starts slowly decreasing with 

temperature increase. A slight COF increase is only seen at 400℃.  

     From Fig. 8.2 (b), for pin wear at 1.57 m/s, a steep wear increase was observed at 100℃ followed 

by wear reduction until 400℃, where the pin wear observed a slight increase. The wear at 7 m/s also 

saw a steady decrease, except at 400℃, where there was a slight increase in the magnitude. The wear at 

all the higher temperatures conditions RT for 1.57 m/s was considered to be ‘severe’ and ‘mild’ for 7 

m/s testing conditions. 

 

    

 

Fig. 8. 1: Three step testing procedure to obtain steady COF and pin wear for all testing conditions 
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Fig. 8. 2: (a) Steady state COF and (b) pin wear for all testing conditions 

8.2. Analysis of the worn top surfaces of the pin 

     Fig. 8.3 depicts the worn top view and its corresponding EDXS maps of testing conditions at 1.57 

m/s RT/300℃ and 7 m/s and 400℃, which display definitive distinctive characteristics. The focus has 

been given to the maps of Fe, Cr, O, C and Si. The top view of the pin tested at 1.57 m/s; RT is presented 

in Fig. 8.3 (a-f). The presence of powdery, uncompact transfer can be easily observed. The friction layer 

is mainly made of Fe as observed from the maps. The Cr map is presented as it can be seen that the 

areas covered by Cr also has Fe in it. This presence of Cr infers for the fact that Fe is mainly transferred 

from the disc counterface. Additionally, from the O maps, it can be observed that Fe is partially 

oxidized. Similar studies were observed for testing conditions at 1.57 m/s, 100 and 200℃. Table 8.1 

presents the Fe content on the mated pin surfaces, detected from a full frame EDXS analysis. The Table 

provides the preliminary indications on the extension of the friction layer. A noteworthy observation is 

the enhanced extension of the powdery transfer layer when passing from RT to 100°C. It is also worth 

mentioning to observe that some of the graphitic areas are covered by the powdery transfer layer.  

     Table 8. 1: Fe content (in wt. %) on the pin surfaces  

     at all the testing conditions 

Temperature (℃) 1.57 m/s 7 m/s 

RT 28 9 

100 40 10 

200 18 8 

250 13 18 

300 9 16 

400 11 24 

 

 

 

 

 

 

 

(a) 
(b) 
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Si    

Fig. 8. 3: Top view and corresponding EDXS maps of (a-f) 1.57 m/s RT, (g-l) 1.57 m/s 300℃ and (m-r) 7 m/s 

400℃ (All magnification – 50X)  

     Fig. 8.3 (g-l) depicts the worn top view and corresponding EDXS analysis at 1.57 m/s, 300℃. At 

initial observation, large areas of uncovered graphitic regions are noted. After testing at this condition, 

the Fe oxides islands (in the presence of Cr) are comparatively smoother and better compacted. The 

friction layer extension is clearly poorer than at lower temperatures as seen by the full frame Fe 

distribution on the friction surface. Similar observations were seen for tests performed at 1.57 m/s and 

temperatures 250, 300 and 400℃ and for 7 m/s at RT, 100 and 200℃.  

     The last testing condition represented in Fig. 8.3 (m-r) is at 7 m/s and 400℃. Here, large areas 

covered by smooth, and compacted transfer layer made by Fe oxides can be easily observed. The 

graphitic regions (irrespective of its dimensions) and its surrounding areas contain loose and uncompact 

particles. As mentioned in the previous studies with SPEC 283 and 7387-64, this is due to the low 

adhesion between the graphitic particles and the friction layer. The same characteristics were seen for 

all the tests at 7 m/s. However, as mentioned in Table 8.1, the friction layer extension increases at higher 

temperatures, i.e. above 250°C. Generally, the friction layer was almost always deposited on the AS01 

regions containing Fe, as shown in Fig. 8.4. 

8.3. Analysis of the worn top surfaces of the disc 

     Fig. 8.5 (a) presents the worn top view of disc surface at 1.57 m/s and 200℃. The surface is noted 

to be subjected to large plastic deformation with possibility of abrasion ploughing from SiC particles.  

Table 8.2 reports the (Fe/O) ratio procured for the worn disc surface for all testing condition using full 

frame EDX analysis. As previously observed, this ratio is a rough representation of the quantity of Fe-

oxides present on the mated surface. The (Fe/O) ratio at and until 200 ℃ for 1.57 m/s was beyond 40, 

which meant metallic wear. The testing conditions of 1.57 m/s at RT, 100℃ and 200℃ portrayed similar 

characteristics as that of this test (1.57 m/s and 200℃). 

 

(f) (l) (r) 

500µm 500µm 500µm 
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Fig. 8. 4: Cross section view of pin tested at 7 m/s RT 

     

Fig. 8. 5: Worn top view at disc surface at (a) 1.57 m/s and 200℃ and (b) 7 m/s and 400℃ 

    Table 8. 2: (Fe/O) ratio for the worn disc surfaces at all testing conditions 

Temperature (℃) 1.57 m/s 7 m/s 

RT 42 7 

100 50 6 

200 41 5 

250 9 4 

300 6 4 

400 6 3 

 

     Fig. 8.5 (b) depicts the worn top view of the disc surface at 7 m/s and 400℃. It is noted that the 

surface is very well covered with compact Fe oxides. This can be further supported by the Fe/O ratio 

from Table 8.2. The ratio for this high temperature, high velocity testing condition is the lowest, 

showing the highest Fe oxides content compared to other testing conditions. The (Fe/O) ratio less than 

10 for some testing conditions led to the understanding of oxide layer presence on the surface. The 

friction layer on the worn disc surface is recognized by its dark, dull grey colored regions. The 

constituents of this region are mainly Fe oxides and pin constituents like Sn and Si. However, only Si 

is seen in higher quantities. As the temperature and/or velocity increased, the extension of oxide layer 

on the disc surface also increased. This could be ascertained for by the instance that the (Fe/O) ratio 

dropped from 7 at RT to 3 at 400℃ for 7 m/s velocity.  

     The trials at different testing conditions helped collect considerable information on the 

characteristics of friction layer deposited on the pin and disc specimens, as presented in Table 8.3.  

Friction Layer 

Iron fiber 

(b) 

10 µm 

50 µm 50 µm 

(a) 
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Table 8. 3: Summary table of the characteristics of friction layers on pin and disc 

  RT 100°C 200°C 250°C 300°C 400°C 

 

1.57 m/s 

Pin Loose/Uncompact particles transferred from the 

counterface 

Partial coverage of graphitic areas by transfer 

Compact islands of particles from disc 

counterface 

Graphitic areas not covered and presence 

of loose/uncompact particles around 

graphitic area 

Disc Large plastic deformations (abrasive traces) Compacted Fe oxides 

 

7 m/s 

Pin Compact islands of particles from disc 

counterface 

Graphitic areas not covered 

Large spread of well compacted regions 

except for graphitic regions 

Disc Compacted Fe-oxides 

8.4. Result Interpretation 

8.4.1.  Coefficient of friction 

     When dealing with brittle materials like AS01, the run-in stage may be longer and reaching steady-

state conditions without vast fluctuations in the friction trace may be extremely tough [53-56]. As a 

matter of fact, initially, as the surface interaction begins, brittle materials like SiC detach due to shearing 

and compressive forces. These hard particles draw furrows on the surfaces of mated materials and 

remove particles through micro-cutting. Hence, during brittle interaction, the uniform friction layer 

formation becomes difficult, as seen in the case of 7387-64. Hence, employing the three-steps bedding 

procedure was required to dynamically form a stable transfer layer and was also in the case of AS01 for 

desirable results. 

     In Table 8.3, the important features of the friction layers deposited on both the mated surfaces are 

summarized, and they are used as a reference to explain the experimental findings. Let us first consider 

the COF trends for tests at 1.57 m/s. The COF reduces from RT to 100°C and then slightly increases 

when 200°C is reached. However, for all these cases the COF magnitude is low and in the range 0.4-

0.45. At these temperatures, the pin friction layer is primarily composed of loose, uncompact particles 

that rotate between contact regions during sliding. This movement leads to mild abrasive interaction on 

the disc [68]. This could explain the low magnitude of COF and also the decrease in COF from RT to 

100°C. This is in direct relationship to friction layer extension, which is dependent on the amount of 

loose and rotating particles. It could be argued that the rise in temperature would lead to thermal 

softening of the disc, with an enhancement in particle transfer onto the pin surface. However, the brittle 

nature of the pin restricts the formation of an extended friction layer, and the transferred particles are 

only partially oxidized, but not compacted together [69-73].  

     For disc temperatures above 200°C the situation observed is quite different. The contact temperature 

is now enough to help in oxidized particles compaction, leading to the formation of compacted islands 

of transferred materials. Simultaneously, the disc surface is covered by compact Fe oxides. The COF 

magnitude is enhanced as a contact between similar friction layers are observed (mainly made by the 

Fe oxides compaction). The COF in the range 0.7-0.8 is characteristic of the steel-steel interaction under 

tribo-oxidative mechanism, and it is in correlation to the adhesive interactions of the Fe oxides mating 

surfaces [71]. When moving from 300°C to 400°C, the COF reduces even though the nature of the 

friction layer does not alter. This trend can be explained in the frame of the adhesive theory of friction 

[48]. As the temperature is increased, the surface energy of the mating Fe oxides decreases. This leads 

to a decrease in the work of adhesion and as a result, decrease in the COF. Similar studies for the steel-

steel system were reported by Stott and Jordan [71]. 
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     As the system velocity is increased to 7 m/s, the friction layers on both the mating surfaces are 

predominantly made by compact and extended Fe oxides. This is produced by very high contact 

temperature that is obtained at the contact regions during testing. Flash temperature is known to be 

heavily influenced by the sliding velocity [47-48]. Hence, even at RT testing conditions, the presence 

of comparatively compact friction layers is obtained during sliding. When moving from RT to 100°C, 

the COF increases from 0.65 to 0.75 due to the increase in the friction layer extension. However, as the 

disc temperature increases beyond 400°C, the COF slowly decreases, from 0.75 to 0.45. This decrease 

is due to an increase in the contact temperature that helped in the formation of extremely compact and 

smooth friction layer, which is known “glaze”, a term coined by Stott [71]. Additionally, this also leads 

to a decrease in the work of adhesion and therefore in the COF magnitude.  

8.4.2.  Pin wear 

     Generally, for the magnitude of specific wear coefficient, Ka, below 2-4x10-14 m2/N, wear is 

considered to be mild. When the wear above this threshold, it is termed as severe, and it is typically 

unacceptable [48]. At high velocity testing conditions, the pin wear is in the mild region at all the tested 

temperature conditions and this can be related to the formation of a stable and extended friction layer. 

When higher temperature is attained, the proportion of oxidized wear debris increases, and an extremely 

compact friction layer is formed. These two effects counterbalance each other. At low velocity testing 

conditions, wear is at the threshold of mild and severe wear at RT and is severe for all higher 

temperatures above 100°C, even though it marginally decreases with temperature. The absence of a 

friction layer on the worn pin surface is responsible for extremely high wear. When moving from RT 

to 100°C, a large pin wear is observed, and this is due to the formation of a well distributed and 

uncompact transfer layer made of loose, rotating particles. The collisions with the brittle constituents 

of the pin during testing, increases fracture and ultimately leads to pin wear. As disc temperature 

increases, the wear slightly reduces due to the increase in the protective capacity of the friction layer. 

      To validate the explanations for the AS01 studies and to propose a viable solution to improve the 

material wear behavior at different testing conditions, a modification in the ‘bedding procedure’ was 

performed for the testing condition with comparatively the highest wear – 1.57 m/s at 100℃. In this 

modification, the three-step procedure had the first two steps performed at 7 m/s and 300℃ and the last 

step at the usual testing condition of 1.57 m/s and 100℃. Fig. 8.6 (a) depicts the top view images at 

increasing magnifications and the corresponding EDXS maps. The friction layer developed with this 

modification was seen to be comparatively compact and extended with less powdery additions. Due to 

the nature of the friction layer deposition, the pin wear decreased drastically. Fig. 8.6 (b) depicts the 

reduction in pin wear from ‘severe’ to almost ‘mild’ region. The magnitude of reduction in pin wear 

was seen from 7x10-13 to 3x10-14 m2/N. Fig. 8.6 (c) presents the corresponding enhancement in COF 

from 0.4 to 0.65. The (Fe/O) ratio seen for the disc surface from the modification was 5. This ratio was 

exceedingly better when compared to the previous non modified trial, which was 50. This verifies the 

Fe oxides presence on the disc counterface. Therefore, it can be inferred that with a pre - established 

friction layer, an elevated COF and lower pin wear with good deposition of Fe oxides (friction layer) 

on the disc surface can be seen, even for tests performed at low sliding speed. 
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Fig. 8. 6: (a) Worn top view of pin tested with the modified bedding procedure at various magnification and its 

corresponding EDXS maps (b) pin wear reduction (c) increase in the COF magnitude. 
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8.5. Preliminary Observation 

▪ For the trials performed at low velocity, the COF magnitude was low at RT up to 200°C. 

The COF then increased with temperature due to the tribo-oxidative wear of the steel 

counterface. Conversely, for high velocity testing condition, the COF decreased with 

increase in temperature, due to the increase in the flash contact temperature. This led to the 

formation of compact and extended friction layer and a decrease in the work of adhesion, 

which resulted in the decrease in COF.   

▪ The pin wear at low velocity was observed to be ‘severe’, particularly at 100℃, due to the 

poor quality of friction layer on the pin surface. As the temperature increased above 250℃, 

the observed friction layer islands were comparatively extended, smooth and compact with 

a slight dip in the wear.  

▪ The pin wear at high velocity was ‘mild’ in nature. The worn pin surface had better, 

extended and smoother friction layer coverage starting from RT which seemed to be 

enhanced with increase in temperature.  

▪ The role of the friction layer was further underlined with the conduction of ‘modified 

bedding procedure’. It was seen that when a preexisting friction layer was developed on 

the AS01 surface, high COF magnitude and low pin wear was seen even at low velocity, 

HT testing conditions. 
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Chapter 9 

Analysis of Coated Disc 

 

9.1. WC-CoCr Analysis with SPEC 283 and AS01 

     The WC-CoCr coating deposited on APX4 (Steel A) substrate was tested with SPEC 283 and AS01 

at 0.5 and 1 MPa, 1.57 m/s, and at RT testing conditions. The results from the WC-CoCr coating were 

compared with the tests of SPEC 283 and AS01 paired with AISI420c (Steel C) disc.  

9.1.1.  Friction and wear behavior 

     Fig. 9.1 (a) shows the friction trace of the final step of the ‘bedding procedure’ for AS01 at 0.5 MPa 

against the uncoated disc (AISI420c), and Fig. 9.1 (b) represents the friction trace of AS01 tested against 

WC-CoCr coated disc. As observed in the previous sections on AS01 tests with bedding procedure, the 

running in stage was short for the last step, and a steady state was obtained after less than 300 s of 

testing. Conversely, in case of sliding against the coated disc, a long running-in was always observed, 

lasting up to 4000-5000 s of sliding. However, the fluctuations in the friction trace were very extremely 

small in the case of tests with the coated disc.  

 

 

 

 

 

 

 

     Fig. 9.2 (a) compares the steady state COF of both coated and uncoated discs paired with SPEC 283 

and AS01. With respect to the coated discs, it is seen that as the contact pressure increases, the COF 

magnitude increases with it. As a matter of fact, the highest comparative COF value was shown by 

SPEC 283 when tested with the coated disc. With the uncoated discs, the situation was a bit diverse. 

The COF is seen to increase with increase in contact pressure for AS01, but for SPEC 283, the COF 

decreases with the increase in contact pressure. When the pin wear is compared in Fig. 9.2 (b), a trend 

similar to the COF values are observed. Except for SPEC 283 paired with the uncoated disc, a slight 

increase in the pin wear with the increase in contact pressure is observed for all other testing conditions. 

It is important to record that the trials conducted on the coated discs appear to have lower pin wear 

when compared to the tests with the uncoated discs. The lowest pin wear is observed for AS01 paired 

with the coated disc. Wear in the case of tests with coated disc was always very mild (in the range of 

10-15 m2/N or on the threshold of 10-15 – 10-14 m2/N), whereas for tests with the uncoated disc, wear was 

mild (in the range of 2-4 x10-14 m2/N). 

(a) (b) 

Fig. 9. 1: COF traces of AS01 at 0.5 MPa, against (a) uncoated disc (last bedding step), and (b) WC-CoCr coating 
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Fig. 9. 2: (a) Steady state friction coefficient and (b) pin wear rate for uncoated and coated disc 

 

                  

Fig. 9. 3: Disc wear with SPEC 283 for (a) 0.5 MPa uncoated disc (b) 1 MPa uncoated disc (c) 0.5 MPa coated 

disc (d) 1 MPa coated disc 

     Fig. 9.3 depicts typical disc wear profiles obtained from a profilometer showing the magnitude and 

trends of disc wear with the coated and uncoated disc at 0.5 and 1 MPa, with the SPEC 283 pin. The 

presence of significant area in the negative Y axis region can be easily seen in Figs. 9.3 (a) and (b). 

These curves trending downwards denote disc wear. In this case, with the SPEC 283 pin, the area in the 

negative Y axis region represents a magnitude close to 2.7 x10-14 and 3.61 x10-14 m2/N for uncoated 

disc at 0.5 MPa and 1 MPa respectively. Conversely, from Figs. 9.3 (c) and (d) it can be easily noted 

that the wear with the coated disc was negligible, when compared to the uncoated disc. Similar results 

were observed for the AS01 as well, and hence not reported here. 

 

(a) (b) 

(a) (b) 

(c) (d) 
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9.1.2.  Analysis of worn pin surfaces 

9.1.2.1. For SPEC 283 

     Fig. 9.4 (a) represents SEM image of the worn surface of SPEC 283 tested with the uncoated disc at 

0.5 MPa. Fig. 9.4 (b) presents the corresponding EDXS maps. In Fig. 9.4 (a), large portions of grey 

areas are present, with black graphitic regions, and white traces spread around made of metallic Cu. 

Other constituents like silica are also shown. From the EDXS maps, it can be seen that the large grey 

region, which is the friction layer, is mainly made of Cu and Fe oxides. Similar to the SPEC 283 analysis 

in the previous sections, Fe present in the friction layer is a transfer from the disc surface (overlapping 

of Fe and Cr maps). 
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Fig. 9. 4: (a) Top view of SPEC 283 after test against uncoated disc at 0.5 MPa (b) Corresponding EDXS maps 
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     Fig. 9.5 (a) represents SEM image of the worn surface of SPEC 283 with the coated disc at 0.5 MPa. 

Fig. 9.5 (b) shows the corresponding EDXS maps. Also, in this case we see a predominant presence of 

grey regions along with black graphitic regions. From the maps, it can be observed that the grey regions 

(friction layer) is mainly made of Cu and Fe oxides and a new addition, W. This W is a transfer from 

the coated disc surface. The pin surface appears to be smooth and the friction layer is highly extended.  
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Fig. 9. 5: (a) Top view of SPEC 283 after test against coated disc at 0.5 MPa (b) Corresponding EDXS maps 
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9.1.2.2. For AS01 

     Fig. 9.6 represent the worn top views and corresponding EDXS maps of AS01 pin at 1MPa for the 

uncoated disc. The worn top view and corresponding EDXS maps of AS01 with the coated disc at 1 

MPa is presented in Fig. 9.7. 

     With the uncoated discs, it was noted that the pin surface was covered with uncompact and loose 

powdered transfer. The powdery presence reduced with increase in contact pressure. From the maps, it 

can be verified that the friction layer is predominantly made up of Fe oxides. Also, in this case, the Fe 

in the friction layer was transferred from the disc counterface (Fe and Cr maps overlap). Conversely, 

the tests on AS01 with coated disc produced a compacted and smooth surface. In this case, the friction 

layer was made up of Fe oxides, and W transferred from the disc counterface.  
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Fig. 9. 7: (a) Worn top view of AS01 tested with coated disc at 1 MPa (b) Corresponding EDXS maps 
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9.1.3.  Analysis of worn disc surface 

9.1.3.1. Uncoated disc 

      Figs. 9.8 (a) and (b) depict the worn top surface of the disc tested with SPEC 283 and AS01 at 1 

MPa respectively. For Fig. 9.8 (a), the dark grey regions denote transferred materials/friction layer 

deposition, which contain Fe and Cu oxides. The wear was mainly adhesive in nature due to low O 

content on the surface, obtained from EDXS full frame analysis and with a contribution of abrasion. 

The worn top surface of the disc subjected to tests with AS01 (Fig. 9.8 (b)), observed pronounced 

surface plastic deformation due to abrasion, and no appreciable pin material transfer can be recognized. 

       

0 

 

 

 

 

 

9.1.3.2. Coated disc 

     Fig. 9.9 presents the worn top surface of the coated disc, paired with SPEC 283 at 0.5 and 1 MPa. 

At 0.5 MPa, wear debris filled pores/valleys on coating surface, produced by polishing treatment and 

porosity due to localized removal of surface splats during testing. The process is diagrammatically 

presented in Fig. 9.11. The composition of the debris present in the valleys/pores was checked by EDXS 

object analysis and it was seen that they were made by both pin and disc materials. At 1 MPa the 

situation is a bit different. As shown in Fig. 9.9 (b), a large material transfer onto the disc surface was 

seen, which was mainly made of W, Cu, Fe, Co, and O (obtained from full frame EDXS analysis). In 

this case, the O content was quite high, which confirmed the presence of compacted oxides in friction 

layer. Fig. 9.10 (a) shows the worn top surface of the disc after test with AS01 pin at 0.5 MPa. The 

characteristics of the friction surface/friction layer compositions were quite similar to tests with SPEC 

283.  When the contact pressure was increased, Fig. 9.10 (b), the material transfer increased, even 

though no enormous transfer was observed, as in the case of SPEC 283. 

(a) 

20 µm 20 µm 

(b) 

Fig. 9. 8: Worn top view analysis of uncoated disc surface (a) 1 MPa, SPEC 283 and (b) 1 MPa, AS01 



101 

 

 

Fig. 9. 9: Worn top view analysis of disc surface paired with SPEC 283 at (a) 0.5 MPa and (b) 1 MPa 

 

 

 

Fig. 9. 10:  Worn top view analysis of disc surface paired with AS01 at (a) 0.5 MPa and (b) 1 MPa 
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Fig. 9. 11: Schematic representation of material transfer into the valleys of the HVOF coating. 
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9.1.4.  Result Interpretation  

     The understanding of friction and wear characteristics observed in this chapter will be explained 

using the characteristics of the dynamically formed friction layer on the mated surfaces. For easy 

interpretation, Tables 9.1 and 9.2, which summarize the properties of the worn surfaces of both the pins, 

are utilized.  

     Let us first evaluate the SPEC 283 material and the corresponding COF. With respect to the tests 

conducted with the uncoated discs, the steady-state COF decreased with increase in contact pressure. 

Friction is primarily determined by adhesive interactions, as seen by the pin friction layer and 

transferred material on the disc surface. The abrasion contribution was also seen, as observed by the 

scratches/furrows on the worn disc surface. However, the abrasion contribution is tiny and independent 

of the applied load [48]. Hence, this trend is mainly due to adhesion and can be explained through the 

frame of the adhesion theory of friction [48]. From this assumption, COF  is explained by: 𝜇 =

(𝜏𝑚 ∙ 𝐴𝑟) 𝐹𝑁⁄  where 𝜏𝑚 is the average shear stress to separate the mated asperities, Ar is the contact 

area and FN is the load applied. In case of the SPEC 283 tests with the uncoated disc, 𝜏𝑚 and Ar do not 

alter with contact pressure. As a matter of fact, 𝜏𝑚 is correlated to the adhesion forces and therefore on 

the chemical properties of the mated friction layer, which does not vary with increase in pressure. But, 

Ar is dependent on the extension of friction layer, which also doesn’t alter dramatically with increase 

in pressure. Therefore,  decreases with increase in pressure due to increase in the contact force, FN. 

Table 9. 1:  Summary SPEC 283 friction layers and corresponding tested discs at various testing conditions 

 CMA Pin 

Pressure Pin with  

Uncoated disc 

Pin with  

Coated disc 

Uncoated  

disc 

Coated  

disc 

 

 

 

0.5 MPa 

 

 

 

 

 

Pin surface covered 

with continuous 

friction layer, mainly 

made with a mix of 

Fe- and Cu-oxides. 

 

 

 

Presence of smooth, 

compact friction layer, 

mainly made with a mix of 

Fe- and Cu oxides and also 

containing W. 

 

 

 

 

Adhesive wear with 

presence of scratches. 

Presence of streaks of 

transfer particles, 

predominantly 

containing Fe oxides. 

 

 

 

Valleys of the coating 

filled with wear debris. 

 

 

 

 

1 MPa 

 

As at 0.5 MPa but with 

increased degree of 

coverage. 

 

 

Extensive coverage by the 

friction layer in valleys as 

well as surrounding areas. 

 

 

 

 

 



103 

 

Table 9. 2:  Summary of AS01 friction layers and corresponding tested discs at various testing conditions 

 CMB Pin 

Pressure Pin with 

Uncoated disc 

Pin with 

Coated disc 

Uncoated 

disc 

Coated 

disc 

 

 

 

0.5 MPa 

 

Pin surface covered 

with uncompact, 

discontinuous 

powders (mainly Fe-

oxides) 

 

 

 

 

Pin surface covered with 

large amount of transfer 

material. Friction layer is 

spread around in the form of 

compact islands of oxides. 

 

 

Adhesive wear with 

presence of scratches. 

Valleys of the coating 

filled with friction layer 

predominantly 

containing disc 

constituents and Fe 

oxides. 

 

 

 

1 MPa 

Pin surface consists 

of transferred 

particles which are 

more compacted than 

at 0.5 MPa 

No appreciable 

friction layer 

coverage. 

 

Increase in the extent of 

valley filling. 

 

     When the tests with coated discs are considered, the circumstances change. At 0.5 MPa, the friction 

coefficient is slightly elevated when compared to tests with uncoated disc, and this is due to the 

enhancement in the extension and compaction of friction layer that increases with the contact area. As 

contact pressure increases to 1 MPa, the friction coefficient increases, and it reaches to the highest 

recorded value. At this applied pressure, a huge wear debris transfer from pin onto the disc surface is 

seen. This produced an increase in contact area and in 𝜏𝑚, due to the increase in the mated materials 

compatibility. 

     Consider now COF trends of AS01. When the contact pressure is increased from 0.5 to 1 MPa, the 

COF increases due to increase in the compactness and extension of the friction layer, and hence, in the 

real contact area, Ar. A contribution to the COF is also due to the abrasive interaction between the hard 

particles in AS01 and the uncoated disc, as seen by the large amount of scratches and plastic 

deformations on the worn disc surfaces. When tests with coated discs are considered, the COF increases 

with contact pressure, but the magnitude is lesser when compared to the results from the uncoated disc. 

The increase of friction with pressure is due to the increase in the friction layer extension, particularly 

on the worn disc surface. The lower magnitude of COF with uncoated disc is due to the absence in 

abrasion.  

     Let us first evaluate pin wear with uncoated disc. As long as the pin wear magnitude is below 2-4 

10-14 m2/N, wear is classified as mild [119]. For SPEC 283 and AS01 in this study, wear is at the 

threshold of mild and severe, when tested against the uncoated disc. The wear process is managed by 

the formation and destruction of the friction layer, and for both the pin materials, the friction layer is 

predominantly made by the compaction of wear debris, which includes Fe-oxides from the disc surface. 

The high uncoated disc wear is then due to the abrasive interaction with the hard particles present in 

SPEC 283 and AS01, whereas the high pin wear is due to the dynamic formation and destruction of the 

friction layer due to local adhesive shear stress. The destruction of the friction layer may lead to the 

removal of extra materials from the pin surface, which may either leave the wear system or participate 

in the formation of friction layer [30, 40]. 

     In case of tests with coated disc, the scenario changes dramatically. The disc wear is negligible due 

to high coating hardness, which restricted the removal of the highest asperities left by the polishing 

procedure [117]. Some worn fragments are transferred to the pin surface, as seen by the W presence, 

and some fill the pores/valley in coatings. Due to this, the pin friction layer is very thin, because of the 

limited fragments coming from the disc surface, and is well distributed on the pin surface. Wear is 
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particularly low in case of AS01 due to extremely limited friction layer extension, and hence limited 

areas from which wear debris can be quickly and easily formed.  

9.1.5.  Preliminary Observations 

     The COF increases appreciably in passing from the uncoated to the coated discs, and from low to 

high contact pressure (with only one exception, SPEC 283), and it also appreciably decreases in passing 

from SPEC 283 to AS01. With respect to wear, a pivotal role of the WC-CoCr coating in reducing the 

wear was observed, along with considerable interaction between the pin and disc characteristics, 

revealing that the combination of AS01 and coated disc is extremely viable, leading to a very mild wear. 

The results were deducted by evaluating the friction layers and worn surface characteristics. When 

tested against the uncoated disc, considerable disc abrasive wear led to an extensive friction layer which 

in turn gave rise to high pin wear. When tested with the coated disc, SPEC 283 produced higher friction 

and wear due to the formation of an extended pin friction layer, and an enormous transfer onto the worn 

disc surface at 1 MPa. 

9.2. WC-CoCr and WC-FeCrAlY Analysis with AS01 

     The AS01 material was tested with WC-CoCr and WC-FeCrAlY coatings deposited on APX4 

(Steel A) substrate at 0.5 MPa, 1.57 m/s and 7 m/s, and at RT and 300°C. 

9.2.1.  Friction and wear behavior  

     Figs. 9.12 (a-d) present the friction traces for tests with WC-CoCr coated discs at all testing 

conditions. Similar trends were observed for tests with WC-FeCrAlY coated discs and hence is not 

reported here. In Fig. 9.12 (a), for 1.57 m/s and RT condition, a long run-in was recorded, and steady 

state is reached obtained at the end of the trial. Also, extremely tiny scatter/fluctuations are seen. Fig. 

9.12 (b), depicts the friction traces at 7 m/s, RT. Here, a peak can be observed after 625s, i.e., 4200 m 

of sliding, followed by gradual reduction and stabilization of COF.  Steady state was reached after 2000 

s, i.e., after 14000 m of sliding. Here, the traces are characterized by large fluctuations. A similar trend 

was also seen in the traces for all HT tests. At 1.57 m/s HT, a peak was recorded after 1260 s, i.e., 1980 

m of sliding. The COF is the seen to reduce with no steady state. At 7 m/s HT, the peak was seen after 

125 s, i.e., 790 m of sliding. After the attainment of peak, the COF quickly decreased, and it reached 

steady state after 2000 s.  A comparison of the sliding distance to the COF peak is shown in Fig. 9.12 

(e). 

       

(a) 
(b) 
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Fig. 9. 12: COF curves with WC-CoCr coated disc (a) 1.57 m/s RT, (b) 7 m/s RT, (c) 1.57 m/s HT and (d) 7 m/s 

HT (e) Comparison of sliding distance when the highest COF was reached for each testing condition  

 

            

Fig. 9. 13: (a) Steady state friction coefficient and (b) pin wear rate for both the coated disc 

     Fig. 9.13 depicts the COF and pin wear magnitudes for all testing conditions with both coatings. Fig 

9.13 (a) presents the COF magnitude. For RT tests it can be seen that the COF increases with increase 

in velocity. Conversely, for HT tests, the COF decreases with increase in velocity. WC-FeCrAlY 

coating observed higher magnitude in COF for both RT and HT conditions when compared to WC-

CoCr coating. The same trend is observed for pin wear, as seen in Fig. 9.13 (b). The pin wear magnitude 

increases for RT and decreases for HT tests with increase in velocity. However, the pin wear remained 

between ‘mild’ (in the range 2-3x10-14 m2/N) to ‘very mild’ region (2- 3x10-15 m2/N). Also, in this case, 

a higher pin wear magnitude was seen for tests with WC-FeCrAlY at both testing temperatures.  

9.2.2.  Analysis of the top surfaces of the pin 

     Fig. 9.14 tabulates the worn top view and the respective EDXS maps of the worn pin surfaces paired 

with WC-CoCr coated disc. The first testing condition shown is 1.57 m/s RT in Figs. 9.14 (a-f). It can 

be seen that the pin surface is predominantly covered by large expanse of powdery particles which 

partially cover graphite flakes as well. From the EDXS maps, it can be seen that the particles are Fe 

(c) 

(d) 

(a) (b) 

(e) 
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oxides and Si from the pin, and W from the coating. Figs. 9.14 (g-l) show the pin surface tested at 7 m/s 

RT. In this case, the graphite particles remain uncovered. Also, the presence of small and compact island 

made predominantly of Fe, Si and W, possibly partially oxidized, can be noted. The last instance, Figs. 

9.14 (m-r) show the worn pin surface at 1.57 m/s HT. The EDXS maps show that the compact islands 

are made of Fe, W and Cr (most likely oxidized), with greater extension and spread throughout the pin 

surface (except on regions containing graphite). 
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Fig. 9. 14: Worn top view and corresponding EDXS maps of pins tested with WC-CoCr coated disc (a-f)       

1.57 m/s RT, (g-l) 7 m/s RT and (m-r) 1.57 m/s 300℃ 

     Figs. 9.15 demonstrate worn top view of pin surfaces paired with WC-FeCrAlY coating. The first 

set of trials shown are at 1.57 m/s RT in Figs. 9.15 (a-f).  A large portion of pin surface is covered by 

graphite flake. The rest of the regions are made of small, compact and loosely spread islands made of 

Fe, W and O. Similar studies were also seen for 7 m/s RT in Figs. 9.15 (g-l). In the last instance at 1.57 

m/s HT (Figs. 9.15 (m-r)), a large, compact and smooth friction layer expanse is observed, 

predominantly made of Fe and W, which appear to be partially due to the overlapping of O map, as in 

the previous trails. 
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Fig. 9. 15: Worn top view and corresponding EDXS maps of pins tested with WC-FeCrAlY coated disc (a-f) 

1.57 m/s RT, (g-l) 7 m/s RT and (m-r) 1.57 m/s 300℃/HT  
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9.2.3.  Analysis of the worn top surfaces of the disc 

     Figs. 9.16 demonstrate the worn disc surfaces of both the coatings at all testing conditions. The 

sliding directions can be seen prominently in few cases. As mentioned in the previous section, the coated 

surfaces contain pores/valleys due to polishing treatments.  

     In this study/section, the filling of valleys/pores was observed for all the testing conditions in Figs. 

9.16. The partial filling of these valleys/pores were seen at 1.57 m/s RT for both the coatings. A higher 

transfer only in the pores with no depositions in the vicinity was seen for both the coatings at 7 m/s RT. 

At HT conditions, for instance at 7 m/s HT for both the coatings showed filling of not only the valleys 

with debris, but also in the surrounding vicinity. The highest material/pin transfer was seen 1.57 m/s 

HT, especially for WC-FeCrAlY coating. In this case, the filling of pores and also appreciable amount 

of pin material throughout the worn disc surface was clearly observed. Additionally, abrasive wear can 

be seen from the images for 7 m/s RT, 1.57 m/s HT and 7 m/s HT trials. 
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Fig. 9. 16: Top view of the worn disc surfaces of both the coated discs at all testing condition 

9.2.4.  Result Interpretation 

     The friction layer formation during dry sliding conditions is heavily influenced by the contact 

temperature between the mated surfaces [128, 88]. Hence, it becomes essential to procure and study the 

contact temperature evolution of the system under evaluation [88, 129]. Two necessary and usually 

utilized procedures were proposed by Kennedy [130] and Ashby [131], to study the contact temperature 

obtained during pin on disc sliding tests. In this section, a modified version of the equation proposed 

and studied using FEM by Federici et al. [88] is adopted. The ‘modified’ equation to calculate the 

contact temperature (Ts) is given as follows: 

Ts (t) = 
𝑄(𝑡)

𝑘1
𝑙1

∙ 𝐴𝑝𝑖𝑛+ℎ∙𝐴𝑑𝑖𝑠𝑐
𝑡𝑜𝑡 +

𝑚𝑑𝑖𝑠𝑐∙ 𝐶𝑝,𝑑𝑖𝑠𝑐

𝑡

 + To     (Eq. 9.1) 

 

where, Q (t) is the frictional heat per unit area produced in the sliding contact. Q (t) is given by: 

 

Q (t) = µFNV          (Eq. 9.2) 

 

where, FN is the applied force and V is the sliding velocity. The other variables present in Eq. (9.1) are 

presented in Table 9.3. 

 

The heat convection coefficient of the rotating disc was adopted from Ref. 130 and is calculated using 

the formula: 

 

h = 2.25 √ω              (Eq. 9.3) 

 

where, ω is the angular velocity of the rotating disc.  
 

 

 

 

100 µm 100 µm 

100 µm 100 µm 
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Table 9. 3: Various quantities of Eq. 9.1 and their respective magnitudes 

Quantities/Parameters Respective Magnitude 

Thermal conductivity of pin, k1 1.25 W/ (m℃) 

Length of heat paths in pin, l1 0.0038 m 

Nominal contact area of pin, Apin 7.85 X 10-5 m2 

Heat convection coefficient of rotating disc, h For 1.57 m/s, h=43.5 W/ (m2℃); and for 7 m/s, 

h=87.14 W/ (m2℃) 

Total area of upper surface of disc, Atot disc 7.85 X 10-3 m2 

Mass of disc, mdisc 0.4235 kg 

Specific heat of disc, cpdisc 240 J/(kg ℃)  [88] 

Ambient temperature, To 25℃ 

 

   The evolution of contact temperature with respect to the obtained COF for both coatings at RT and 

both the sliding velocities are presented in Figs. 9.17 (a-d).  

 

 

 

Fig. 9. 17: Graphical representation of critical contact temperature with friction coefficient at (a) WC-CoCr at 

1.57 m/s RT (b) WC-CoCr at 7 m/s RT (c) WC-FeCrAlY at 1.57 m/s RT and (d) WC-FeCrAlY at 7 m/s RT 

     With respect to tests at 1.57 m/s RT, the COF continuously increases and reaches steady state only 

at the end of the test for both the coatings. The same trend is also seen for the average contact 

temperature. This is due to the presence of abrasive components in AS01, which are able to 

abrade/scratch the comparatively soft ferrous discs and then to produce compacted Fe rich wear debris 

(some of them oxidized) from the beginning, to quickly form a friction layer that helps in producing 

steady state in COF [129]. The hardness of both the coatings are high, and enough to avoid severe 

abrasive interaction. The formation of the islands of friction layer is an extremely slow process, with 

inefficient compaction of wear fragment as the contact temperature is quite low (below 100°C as shown 

in Fig. 9.17 (a) and (c)). WC-FeCrAlY coating shows a higher COF and wear as FeCrAlY matrix 

(a) (b) 

(c) (d) 
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consists of small oxide inclusions compared to CoCr matrix due to in-flight oxidation of Al. 

Additionally, Fe has higher affinity to O than Co. The inclusions degrade the matrix ductility and leads 

to local failure by ductile fracture and eventually leads to wear increase by abrasion. Hence, the wear 

of WC-FeCrAlY coating is higher, favoring the formation of a higher quality friction layer and a higher 

COF during testing.  

     The scenario is different when moving to 7 m/s RT. At the beginning of the test, the COF increases 

as seen in the case of 1.57 m/s RT. The higher sliding speed increases the average contact temperature 

and leads to better and earlier compaction of wear fragments to form the friction layer islands. After 

3500-4000 m of sliding, both the COF and the contact temperature reach a peak/maximum, and the 

COF trend observes a decrease. Generally, this trend/characteristic are maintained when a compact Fe 

oxide rich friction layer is produced, which demonstrates solid lubricant behavior [132-133]. The 

temperature evolution trend depicted in Fig. 9.17 shows that a temperature beyond 250°C is reached. 

The temperature is enough to lead to softening of the metallic matrix of the coatings [69, 117], thus 

producing highly oxidized, compacted wear fragments [12, 71]. However, the contact conditions are 

unstable as seen with the COF fluctuations (between 0.64 and 0.8). This behavior is due to the interplay 

between contact temperature and the work of adhesion of the main phases present in the friction layer 

that governs the COF [48, 121]. When the temperature attains the peak value, the surface energy of the 

compounds present in the friction layer reduces, leading to a reduction in the work of adhesion with a 

simultaneous reduction in COF [48, 129]. However, the decrease in the COF also leads to the reduction 

in contact temperature and subsequently an increase in the work of adhesion. This again results in an 

increase in the COF. This interplay explains the COF fluctuations. The mated material softening with 

the temperature rise in the contact points and the dynamic formation and destruction of friction layers 

also led to an increase in the wear rate of the system. 

     With respect to HT tests, the disc temperature was constantly maintained throughout the duration of 

all test. Due to the concept of friction heating, it can be assumed that the flash temperature at the 

contacting asperities was only a bit higher than 300°C, as shown by Federici et al. [88], and Sullivan et 

al. [113], for HT dry sliding of steels. Hence, at 1.57 m/s the contact temperature was quite high from 

the beginning of the tests, leading to similarities in the COF evolution to 7 m/s RT. The COF peak is 

reached earlier, as higher contact temperature (300°C or more) speeds up the kinetic of formation of the 

friction layer. As already mentioned, high contact temperature helps in the abrasive wear of the disc, 

forming fragments that leads to quick formation of the friction layer. Additionally, the work of adhesion 

of the oxide compounds in the friction layer is decreased, and thus leading to a dip in the COF 

magnitude. However, the decrease is more pronounced with no attainment of steady state at 1.57 m/s, 

as high contact temperature is maintained during the test. Simultaneously, the COF evolution is 

smoother, as there is an absence of interplay between temperature and friction in HT tests, as explained 

before. At 1.57 m/s, higher COF and wear are observed than at 7 m/s, as steady-state conditions are not 

obtained, and the COF is still decreasing even at the end of the test. Conversely, at 7 m/s, steady-state 

conditions were easily achieved after approximately 2000s (14000 m of sliding).  

9.2.5. Preliminary Observation 

     At 1.57 m/s RT, low contact temperature was recorded, with generation of fewer fragments from 

disc surface and sparsely developed friction layer. Low COF and pin wear were also observed. At 7 m/s 

RT, an increase in contact temperature was observed, with increase in the abrasive wear of the 

counterface, leading to easier friction layer formation. However, the temperature induced a peak in the 

COF, followed by unstable COF evolution due to the interplay between COF and temperature. For HT 

tests, the observation was similar to 7 m/s RT, with no instability. The high contact temperature led to 

compact islands of friction layer and reduced work of adhesion, leading to dip in COF and wear. At 



113 

 

1.57 m/s HT, the COF and wear were high as steady-state conditions were not reached. In general, the 

WC-FeCrAlY coating displayed higher COF and wear due to lower ductility.  

9.3. WC-CoCr and AISI420c Emission Analysis 

     A preliminary emission comparison analysis was conducted on WC-CoCr coating and AISI420c 

(Steel C) disc, at 0.5 MPa and 7 m/s, RT conditions. The AS01 material was paired with both the 

counterface to observe the emission trends. The tests were also conducted at 1.57 m/s RT. However, 

significant emissions were not collected for any sort of comparison. 

     Fig. 9.18 represents a typical collection of particulate matters on the Impactor filter from different 

stages. Stage PM10 is not shown as no particles were collected in that size range.  

        

 

Fig. 9. 18: Collection of particles in the size range: (a) PM1 (b) PM2.5 (c) filter 

9.3.1.  Uncoated disc – AISI420c 

9.3.1.1. With optical particle sizer spectrometer (OPS) 

        

Fig. 9. 19: Data collected from OPS (a) Comparison of friction coefficient traces and average particle 

concentration trend (b) Trend comparison of total number of particles with respect to the particle size diameters 

(a) 

(c) 

(b) 

(a) (b) 
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     Fig. 9.19 represents the data collected from OPS for uncoated disc. In Fig. 9.19 (a) a clear 

relationship between the friction coefficient and average particle concentration can be observed. It can 

be seen that as and when the friction coefficient reaches a sort of steady state, so did the average particle 

concentration trend. It has to be noted that the emission analysis was conducted only for the last step of 

the three-step bedding procedure and the COF trend is also from the last step of the procedure. Here, 

we can also see that the average particle concentration is around 900 #/mm3.  

     Fig. 9.19 (b) compares the total particle numbers with respect to the particle size diameters. It can 

be seen that the highest particles numbers are recorded for the lowest diameter range. There are little to 

no particles recorded for the highest diameter range.  

9.3.1.2. With the Impactor 

     Table 9.4 presents the quantity comparison of different particles collected depending on the filters. 

The collected mass was obtained by weighing the filter before and after the testing procedure. It can be 

seen that the highest mass collected was with respect to PM2.5 and with no mass collected on the PM10 

filter. The total mass collected was 1 mg for the test with the uncoated disc.  

        Table 9. 4: Mass collected on different Impactor filters 

Stage 
Collected Mass (dm) 

[mg] 

PM 10 0 

PM 2.5 0.5 

PM 1 0.3 

Filter 0.2 

Total Mass Collected 1 mg 

Mass Concentration 6.462 mg/Nm³ 

 

         

Fig. 9. 20: SEM images of the PM2.5 particles collected from the uncoated disc at different magnifications. 

     Fig. 9.20 represents the SEM images of the PM2.5 obtained from the tests with the uncoated disc. A 

full frame EDXS analysis at 500X yielded element results tabulated in Table 9.5. It can be seen that the 

largest particle concentration was on Fe which could be released from both pin and disc surfaces. Other 

particles include pin constituents like Si, Ca, Sn and disc constituents like Cr. 

 

50 μm 10 μm 
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      Table 9. 5: Full frame EDXS analysis on the PM2.5 

       particles conducted at 500X. 

Element Mass Percentage 

Carbon 12.69 

Iron 66.62 

Oxygen 5.63 

Silicon 3.93 

Calcium 0.67 

Tin 0.79 

Chromium 9.52 

Aluminum 0.15 

 

9.3.2.  Coated disc – WC-CoCr 

9.3.2.1. With optical particle sizer spectrometer (OPS) 

       

Fig. 9. 21: Data collected from OPS (a) Comparison of friction coefficient traces and average particle 

concentration trend (b) Trend comparison of total number of particles with respect to the particle size diameter

  

     Fig. 9.21 represents the data collected from OPS for the coated disc. In Fig. 9.21 (a), again a 

relationship between friction coefficient and average particle concentration can be clearly seen (as 

observed in Fig. 9.19 (a)). Here, the average particle concentration is less than 100 #/mm3. This is a 

huge difference when compared to the average particle concentration of uncoated disc, which was 

approximately 900 #/mm3. Also, it should be noted that the emission analysis on the coated disc was 

conducted for a continuous 1.5 hours, 1 hour more than that of the test with the uncoated disc. 

     Fig. 9.21 (b) compares the total particle numbers with respect to the particle size diameters. Again, 

it can be noted that the highest particles numbers are recorded for the lowest diameter range. However, 

a huge difference between number of particles recorded for uncoated and coated disc can be easily seen 

with the help of Fig. 9.22. The uncoated disc recorded a much higher particle number when compared 

to the coated disc.  

(a) (b) 
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Fig. 9. 22: Comparison of number of particles for coated and uncoated disc 

9.3.2.2. With the Impactor 

     Table 9.6 depicts the quantity comparison of different particles collected depending on the filters. It 

can be seen that the highest mass collected again was with PM2.5 and with no mass collected on the 

PM10 and filter. The total mass collected was 0.2 mg for the test with the uncoated disc. This is much 

lower compared to the 1 mg of particles collected with the uncoated disc.    

          Table 9. 6: Mass collected on different Impactor filters 

Stage Collected Mass (dm) 
[mg] 

PM 10 0 

PM 2.5 0.1 

PM 1 0.1 

Filter 0 

Total Mass Collected 0.2 mg 

Mass Concentration 0.465 mg/Nm³ 

 

         

Fig. 9. 23: SEM images of the PM2.5 particles collected from the uncoated disc at different magnifications. 
50 μm 10 μm 
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     Fig. 9.23 represents the SEM images of the PM2.5 obtained from the tests with the coated disc. A 

full frame EDXS analysis at 500X produced element results tabulated in Table 9.7. In this case, not 

only a substantial presence of Fe is seen, but the highest element presence is of W, an obvious coating 

constituent. Other particles include pin constituents like Si and Ca and disc constituents like Cr, Co. 

       Table 9. 7: Full frame EDXS analysis on the PM2.5  

        particles conducted at 500X. 

Element Mass Percentage 

Carbon 26.68 

Iron 17.16 

Oxygen 11.11 

Silicon 5.38 

Calcium 2.30 

Cobalt 3.40 

Chromium 1.45 

Tungsten 32.52 

 

 

Fig. 9. 24: Diagrammatical representation of material transfer into the valleys/pores on the coated disc surface  

     As mentioned in the previous studies [134-136] and sections, and as shown in Fig. 9.24, the coating 

surfaces constitutes of valley/pores, which trap debris/particulates in them ensuring no expelling of any 

debris to the surroundings. Additionally, entrapment of lubricant in these valleys allows for easy 

movements of mated surfaces, avoiding any abrasions, and further production of debris. Due to this 

possible explanation, the emission analysis of the coated disc fared better with lower particulate number 

compared to the uncoated disc.  

9.3.3.  Preliminary Observation 

▪ A co-relationship was observed in the case of COF and average particle concentration trend. 

As the COF traces reached a steady state condition, so did the average particle 

concentration trend.  

▪ The average particle concentration as well as number of particles data obtained from OPS 

equipment showed that the coated disc had lower magnitude compared to the uncoated disc. 
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This may be attributed to the entrapment of wear debris/particles in the pores/valleys, which 

led to subsequent absence of large magnitude of wear particles release from the coated disc 

system.  

▪ The full frame EDXS analysis on the particles obtained from uncoated disc showed a 

dominant presence of Fe, majorly released from the disc surface, with small quantities of 

pin materials. On the other hand, in the case of coated disc, the major elements were W and 

Fe, released from disc surface, followed by some more particles from both pin and disc 

surfaces.  
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Chapter 10 

Analysis of Cu & Fe Based Composite Materials 

 

     From the previous sections, it can be seen that the friction layer is predominantly made of Fe oxides 

transferred from the disc counterface. This was observed in the case of SPEC 283, 7387-64, AS01 and 

also with the coated discs. Hence, it becomes important to explore further the role of Fe in the friction 

layer formation and maintenance, especially with considerable Fe quantities also present in friction 

materials. With respect to this, two classes of composite materials with varying Cu and Fe contents 

were obtained and tested to observe their effects on the tribological system and friction layer 

characteristics. The first step in producing these two classes of composite materials were to obtain the 

best starting composition and production route, which is as shown in the following section.  

10.1.  Selection of best production route and starting composition 

      Three different composition of composite materials were selected as shown in Table 10.1. The first 

composition selected was that of SPEC 283, denoted by OC (original composition). This composition 

was selected for its superior friction and wear characteristics. However, the exact composition of SPEC 

283 was not given. Hence, a second composition was selected. The second composition was adopted 

after conducting extensive literature review [21-33, 38, 44-45], denoted by LSC (low silica content). It 

can be seen that one of the major differences between the OC and LSC compositions is the silica content. 

Hence, a third composition, WSC (without silica content) was also produced, which had silica 

composition fully eliminated. These changes in compositions also gave us an opportunity to deeply 

explore the influence of the role of silica in the friction layer/tribological characteristics. All these 

compositions were produced through spark plasma sintering (SPS) and conventional compaction and 

sintering technique. The main aim was to select one of the two production routes and one of the three 

compositions for further production of Cu/Fe composite materials with varying compositions.   

              Table 10. 1: Constituent and composition of different specimens tested (in wt. %) 

Specimen Cu-Sn Graphite Fe Al2O3 SiO2 ZrO2 CaF2 SnSO4 

OC 40 4 9 9 21 6 8 3 

LSC 54 4 9 9 7 6 8 3 

WSC 58 4 10 10 0 6 9 3 

         

 

10.1.1. Materials characteristics 

     Table 10.2 represents the densities of different specimens obtained through SPS and conventional 

sintering process. It is easily seen that the SPS specimens have higher density compared to 

conventionally sintered specimens. The highest density of the system was recorded for SPS WSC 

specimen, whereas the lowest was for conventionally produced OC specimen. In all cases, SPS 

produced specimens have the higher density and with huge difference in magnitude compared to the 

conventionally sintered specimens.  
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              Table 10. 2: Densities of the produced 

               specimens (in g/cm3) 

Specimen SPS Conventional 

Compaction 

&  

Sintering 

OC 3.86±0.01 2.86±0.09 

LSC 4.72±0.01 3.51±0.07 

WSC 4.85±0.01 3.58±0.06 

 

        

 

 

 

 

 

 

 

 

 

 

 

      

     To compare the constituent distribution, the cross sections of SPS and conventionally sintered OC 

specimens are shown in Figs. 10.1 and 10.2, with corresponding EDXS maps. Fig. 10.1 represents the 

cross section of the OC pin obtained through conventionally sintered route. It can be seen that the Cu 

distribution is non uniform. With a feeble spread, the Cu particles have also not formed the expected 

network. The same was also seen for conventionally sintered LSC and WSC specimens. 

500µm 
500 µm 

500µm 500µm 500µm 

500µm 500µm 500µm 

Cu 

C Fe O 

Si Ca Sn 

Fig. 10. 1: Cross section of the conventionally sintered OC pin 
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Fig. 10. 2: Cross section of the SPS produced OC pin 

      Conversely, Fig. 10.2 denotes the SPS produced OC pin, with corresponding EDXS maps. In this 

case, a continuous, uniform spread and networked Cu distribution can be seen throughout the cross 

section, and also evidenced in the maps of Cu as well as other elements. In some cases, bigger Cu 

particles were formed due to coalescence of smaller Cu particles. Similar observations were also seen 

for the SPS produced LSC and WSC specimens. Hence, it can be inferred that, even at low Cu 

quantities, like for OC pins, the SPS technique produced a specimen containing uniform distribution of 

constituents. This phenomenon was not observed for any conventionally sintered specimens, 

irrespective of their constituents. 

     For the better understanding of the mechanism involved in SPS sintering process, Fig. 10.3 

represents the various sintering curves obtained from the data collected while producing the OC pins. 

Similar data was recorded and processed for SPS produced LSC and WSC pins. Fig. 10.3 (a) shows the 

current-voltage graphical representation. This graph sheds light on the oxide breakdown due to spark 

discharge, which is typical in an SPS process. In this case, the oxide layer surrounding the Cu particles 

were broken and eliminated at 1.95 V and 151 A, resulting in easy current conduction between particles. 

Fig. 10.3 (b) shows the chamber pressure variation, due to gas evolution, with respect to the temperature. 

In this case, two small peaks were recorded. The first peak at 100℃ and the second peak 550℃. The 

first peak was produced due to the release of humidity absorbed by the powders. The second peak was 

recorded due to the decomposition of CuO to Cu2O which happens with the evolution of oxygen [137-

500 µm 
500µm 

500µm 500µm 500µm 

500µm 500µm 500µm 

Cu 

C Fe O 

Si Ca Sn 
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139]. Fig. 10.3 (b) also included the displacement curve with respect to temperature. From the 

representation, it can be seen that the displacement curve raises exponentially after the axial pressure 

application at approx. 400℃. An increase in slope is seen between 650 – 850 ℃, as a result of high 

sintering rate, which leads to the formation of necks in the Cu particles. The maximum displacement 

rate is seen close to 700°C, as shown in Fig. 10.3 (d). After this peak, the slope of the curve slowly 

reduces due to the decrease in the presence of free surfaces for sintering. The process of neck formation 

consists of three steps – breakdown of dielectric film, sharp resistance increase, and formation of melted 

constituents, leading to contact border stabilization, and neck enlargement through Joule heating. The 

final step is a drop in resistance as shown in Fig. 10.3 (c). Additionally, a displacement rate with respect 

to temperature graph is presented in Fig. 10.3 (d). As shown before, a prominent peak is seen at around 

700℃, demonstrating the maximum sintering rate.  

     The conventionally sintered specimens, unlike SPS didn’t undergo oxide layer breakage, leaving the 

particle surfaces covered by oxides. Furthermore, there was no neck creation as seen in SPS process. 

Due to the absence of these processes, the sintering in the case of conventionally sintered specimens 

were partially or completely blocked, resulting in less consolidated samples with extremely low density 

compared to SPS samples, as seen in Table 10.2.  

  

 

Fig. 10. 3: Sintering curves (a) current voltage graph (b) displacement and chamber pressure graph w.r.t 

temperature (c) temperature power graph (d) displacement rate graph 

 

 

(a) (b) 

(c) 

Oxide 

breakdown 

(d) 
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10.1.2. Friction and wear behavior  

     Fig. 10.4 shows the friction traces recorded for OC specimens, produced by both production routes 

at both the velocities. All the specimens were tested at 0.5 MPa, 1.57 and 7 m/s, RT, with AISI420c 

disc (Steel C), for one continuous hour. In Fig. 10.4 (a), for SPS OC pin, it is seen that a steady state is 

reached after a run-in close to 1000s. However, considerable fluctuations in the friction behavior were 

seen for both velocities. The COF magnitude for high velocity tests were greater than low velocity tests. 

A different observation was seen for specimens produced through conventionally sintered route, as 

shown in Fig. 10.4 (b). Though the COF magnitude at high velocity is lower than low velocity, similar 

to Fig. 10.4 (a), the tests at 1.57 m/s never reached a steady state. The test at 7 m/s observed high 

fluctuations in friction traces. 

 

Fig. 10. 4: Friction coefficient traces of OC pins (a) With SPS (b) With conventional sintering technique 

  

Fig. 10. 5: Comparison graphs of various specimen (a) COF (b) pin wear  

     Fig. 10.5 (a) demonstrates the steady state COF at all testing conditions for all specimens. The COF 

magnitude for the OC and LSC specimens, for both the production route, is in similar range. A 

substantial decrease in COF is seen for the SPS produced WSC sample. In contrast, a COF magnitude 

increase is observed for WSC samples produced through conventional sintering technique. 

Nevertheless, excluding the WSC pins, the COF magnitude ranged between 0.4-0.5.  

     Fig. 10.5 (b) shows the pin wear for all specimens as a function of density. The graph is virtually 

divided into two regions. The left region, consisting of conventionally sintered specimens, displayed 

low density, which led to high wear. In contrast, the right group, made of SPS specimens, displayed 

high density and low pin wear. Fig. 10.5 (b) represents the relationship between specimen density and 

specimen wear. The specimens with low density displayed higher pin wear and vice versa. 

Conventionally sintered OC pins had the lowest density (Table 10.2), showed the highest wear, which 

(a) (b) 

(a) (b) 

OC CS 

LSC CS 

WSC   

CS 

OC SPS 

LSC SPS 

WSC SPS 
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were in the ‘mild to severe’ region (magnitude close to 10-13 m2/N range). The lowest wear was seen for 

SPS WSC pin, which had the highest density (Table 10.2). The pin wear was in the ‘very mild’ (close 

to the threshold or in the 10-15 m2/N range) region. All the other pins recorded ‘mild to very mild’ range 

(10-14-10-15 m2/N) wear. SPS LSC specimen showed a desirable combination of adequate COF and pin 

wear resistance, making it the ideal composition for dry sliding tests. 

10.1.3.  Analysis of the worn surfaces  

     Fig. 10.6 represents the worn top view of the SPS OC pin surfaces after tests at 1.57 m/s and 7 m/s. 

The corresponding EDXS maps are also added for both the velocities. Similar to the friction layer 

extension and composition observed with SPEC 283 and 7387-64, the OC pins also observed a friction 

layer composition made of Fe and Cu oxides (grey regions in Fig. 10.6). Additionally, the presence of 

metallic Cu and uncovered graphitic regions can also be seen. The Fe present in friction layer is a 

transfer from disc counterface (as seen from the overlapping of Fe and Cr maps). The friction layer 

composition between 1.57 m/s and 7 m/s remains the same, only the extension increased with increase 

in sliding velocity. 

Elements 1.57 m/s 7 m/s 
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Fig. 10. 6: Worn top view and corresponding maps of SPS OC pins at 1.57 m/s and 7 m/s 

 

 

       

500µm 500µm 

500µm 500µm 

500µm 500µm 

500µm 500µm 



126 
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Fig. 10. 7: Worn top view and the corresponding maps of SPS WSC pin surfaces at 1.57 m/s and 7 m/s 

      Fig. 10.7 represents the worn top view of SPS WSC pins tested at both velocities. The friction layer 

composition is similar to SPS OC pins. However, the nature and extension of the friction layer is 

contrastingly different from Fig. 10.6. The worn SPS WSC surface at all the testing velocities recorded 

uncharacteristic graphitic (carbon) rich areas/extensions, when compared to the SPS OC surface. The 

friction layer at 1.57 m/s is made of Cu and Fe oxides islands. At 7 m/s, though the friction layer 

extension has increased, the range of extension is not as smooth as SPSed samples of Figs. 10.6. The 

friction layer is comprised of both compact as well as powdery layers.  

      Fig. 10.8 shows the worn top view of the conventionally produced OC, LSC and WSC pin surfaces 

at 1.57 m/s, with corresponding EDXS maps. With the OC pin’s comparison to its SPS counterpart in 

Fig. 10.6 is conducted, it can be seen that there is an appreciable difference between the extension and 

spread of their friction layer. In Fig. 10.6, the friction layer is continuous, smooth and compact. In Fig. 

10.8, for the OC pin, the friction layer is in the form of small islands developed on one pin surface 

region. For the LSC pin, the extension and smoothness of the friction layer is larger than OC pin in the 

same Figure. However, the LSC pin’s friction layer extension and smoothness does not match the 

quality of the SPS samples’ friction layer. Lastly, with the WSC pin, a smooth, compacted, and extended 

friction layer is observed. Similar results were also seen for specimens tested at 7 m/s. 
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Fig. 10. 8: Top view and corresponding maps of worn pin produced using conventional sintering at 1.57 m/s 
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10.1.4. Results Interpretation 

     As already seen from the sintering curves, the SPS process is a better production route compared to 

conventional sintering process due to the process involving oxide layer breakdown, and neck formation 

between Cu particles. Though the conventionally produced WSC specimen had good distribution of 

constituents and friction layer formation, the SPS route managed to produce specimens with low Cu 

quantity having superior constituent distribution and friction layer formation (OC pin). 

     The SPS produced OC and LSC pins provided for higher COF and pin wear compared to SPS 

produced WSC specimens. This could be attributed to the presence of silica in composition, which is 

known to elevate the magnitude of friction coefficient. The presence of crushed silica particles on the 

mated surfaces leads to abrasion and elevation in the system wear compared to SPS WSC specimens. 

Nevertheless, the pin wear for SPS OC and LSC was in the “mild to very mild” region. [21-22, 24-25, 

28, 31, 139-142]. 

     Mackie et al. [143] have conducted a detailed analysis on the carbon uptake mechanisms in SPS 

specimens. It was seen that for Cu and Fe materials, carbon contaminated the surface up to a measured 

depth of 10 µm. The presence of this carbon film was seen only in the case of SPS specimens. However, 

due to the presence of silica, the carbon films were easily removed from the surfaces of OC and LSC 

specimens. The carbon layer removal along with elevated surface temperature led to a good friction 

layer formation in SPS OC and LSC specimen, which enhanced the tribological properties. But due to 

the absence of silica in SPS WSC, especially at low velocity testing conditions, the carbon layer 

persisted, altering the tribological properties. The presence of large extension of graphite/carbon on SPS 

WSC pins led to the lowest COF and pin wear. Hence, by considering COF, pin wear magnitude and 

friction layer formation, SPS OC and LSC pins were better than SPS WSC pins [21, 24, 139-142]. 

     However, it has been seen that the maximum permissible addition of silica in the total mix is about 

6-7 wt. % [21-22, 24-25]. Below this limit sees decreased pin wear and very low COF (WSC). Addition 

of silica beyond 7 wt. % sees wear resistance and mechanical properties degradation as silica doesn’t 

react with Cu based matrix and forms weak bonds due to low wettability (OC). Also, high silica amounts 

produce friction traces with large fluctuations (OC specimens). [21]. Hence, the best composition would 

be LSC due to the optimal silica content, COF magnitude, and pin wear in ‘mild’ to very ‘mild’ range.   

10.1.5. Preliminary Observation 

    Copper based composite materials with different silica compositions were produced through two 

production routes: SPS and conventional sintering process. Through mechanism like oxide layer 

degradation, axial load application, spark discharge, and neck formation, SPS samples were highly 

consolidated, robust, with high density and low porosity, compared to conventionally sintered 

specimens. The pins containing silica and especially SPS LSC specimen provided optimal COF and pin 

wear characteristics. Worn pin surface characterization of conventionally produced specimens showed 

islands of friction layer. SPS specimens portrayed smooth, compact, and continuous friction layer. SPS 

WSC pin had an unextended friction layer and was not as compact as the SPS pins containing silica. 

Therefore, from this comparative study, it was inferred that for a Cu based composite material, the ideal 

production route was SPS and the best composition LSC, which constituted of moderate quantity of 

silica. 
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10.2.  Study of Cu/Fe Based Composite Materials  

     With LSC as starting composition and SPS as the ideal production path, various Cu/Fe based 

composite materials were produced and tested at RT testing conditions. The LSC composition are as 

follows: Cu-Sn matrix: 54 wt.%, graphite: 4 wt.%, Fe: 9 wt.%, alumina: 9 wt.%, silica: 7 wt.%, zirconia: 

6 wt.%, CaF2: 8 wt. %, and SnSO4: 3 wt. %. Table 10.3 depicts the two classes/category of composite 

materials obtained with composition variation. The first class constituted of decreasing Cu content and 

increasing Fe content. The second class of composite materials had Cu fully eliminated with lowering 

Fe content. The last sample of the second class of composite materials constituted of only abrasives and 

lubricants (Cu and Fe fully eliminated). 

  Table 10. 3: Composition of two different classes of composite materials produced and tested 

Class/Category Sample No. Fe Content (%) Cu Content (%) Balance (%) 

 

 

 

1. 

1. 9 54 37 

2. 18 45 37 

3. 27 36 37 

4. 45 18 37 

5. 54 9 37 

6. 63 0 37 

 

 

2. 

1. 63 0 37 

2. 45 0 55 

3. 30 0 70 

4. 15 0 85 

5. 0 0 100 

 

10.2.1.  Friction and wear behavior 

    All the composite materials were paired with AISI420c at 0.5 MPa, and sliding velocities of 1.57 m/s 

and 7 m/s RT. The pairings were subjected to two hours of uninterrupted tests. Figs. 10.9 represent the 

friction coefficient traces obtained at different testing conditions for the different classes of composite 

materials. Figs. 10.9 (a) and (b) show the friction traces for the third sample of the first class of 

composite materials. Here, we can see that the samples have more or less reached a steady state in 

friction coefficient during dry sliding tests for both the velocities. Similar observations were also 

recorded for other samples and different testing conditions. Figs. 10.9 (c) and (d) show the friction 

traces for the fourth sample of the second class of composite materials. Also, in this case, and for other 

samples of this class of composite material, an attainment of steady state in friction coefficient was 

seen.  

        

(a) (b) 
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Fig. 10. 9:  Friction traces of different classes of composite materials at different testing conditions (a) and (b) 

third sample constituent of first class of composite material at 1.57 and 7 m/s respectively (c) and (d) fourth 

sample constituent of second class 

     Figs. 10.10 represent the comparison of steady state friction coefficient magnitude and pin wear for 

both the classes of composite materials. For better comparison, SPEC 283 tests with AISI420c (RT) is 

taken as reference, as shown by the last bar in all the graphs. Figs. 10.10 (a) and (b) compare the COF 

and pin wear for the first class of specimens. In this case, in Fig. 10.10 (a), we can see that none of the 

specimens were able to attain a steady state COF magnitude close to SPEC 283 for all the testing 

conditions. Furthermore, none of the samples were also able to attain the threshold COF magnitude – 

0.4, which is usually observed for materials used in aerospace and other high intensity applications [21, 

48, 71, 113, 120]. In the case of Fig. 10.10 (b), for pin wear, all the samples, for all testing conditions 

produced pin wear magnitude in the ‘mild to very mild’ wear regions.  

     Fig. 10.10 (c) and (d) represent the steady state friction coefficient magnitude and pin wear for the 

second class of composite material respectively. Here, in this case for COF, we can see that though 

none of the COF magnitude has reached or crossed the COF magnitude demonstrated by SPEC 283, 

almost all the samples have either reached or crossed the COF threshold mark (0.4). In the case of pin 

wear, similar to the first class of composite materials, for almost all the testing conditions, the pin wear 

magnitude was in ‘mild to very mild’ wear regions.  

 

(c) (d) 

(a) (b) 
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Fig. 10. 10: (a) and (b) COF and pin wear comparison of first class of composite materials respectively (c) and 

(d) COF and pin wear comparison of second class of composite materials respectively 

10.2.2. Analysis of worn pin surfaces 

     Figs. 10.11 represents the worn top surfaces of various samples of the first class of composite 

materials at different testing conditions, with the corresponding EDXS maps. Only three worn surfaces 

are shown here as other samples and the corresponding testing conditions follow similar trends and 

observations. In the first case, Fig. 10.11 (a-f) shows the worn top view of Sample 1 at 1.57 m/s. In this 

case, we can see that the surface is predominantly covered by graphitic/carbon layer, similar to the SPS 

WSC worn surfaces at 1.57 m/s in the previous section. The smaller expanse of grey region, which is 

the friction layer, is again made of Fe and Cu oxides, as seen from the maps. The Fe present in the 

friction layer is transferred from the disc counterface (as evidenced by the Fe and Cr map overlap). In 

Fig. 10.11 (g-l), the worn surface of sample 5 at 1.57 m/s is presented with corresponding EDXS maps. 

Here, we can see that the extension of carbon/graphitic layer has reduced significantly when compared 

to Fig. 10.11 (a-f). The surface is predominantly covered with grey layer made predominantly of Fe 

oxides. The friction layer is also made of Cu oxide (as seen from maps). However, due to the reduction 

of Cu quantity in the mix, we see only very scant addition of Cu. The grey layer can be divided into two 

regions, the light grey and the dark grey regions. The deep dark grey regions are made of Fe oxides 

transferred from the disc counterface (overlapping of Fe and Cr maps). On the other hand, the luminous 

light grey areas are made of Fe regions which are not transferred from the disc surface but from the Fe 

already present in the pin composition. The regions can be easily differentiated from the Cr maps. At 

low velocity, as the Cu content decreases and Fe content increases, the worn surfaces have higher 

extension of Fe dominated regions, and reduction in carbon/graphite majority regions. Fig. 10.11 (m-r) 

represents the worn top view of sample 3 at 7 m/s. In this case, we see a smooth, compact, and 

continuous grey friction layer made of Cu and Fe oxides (from map). The carbon/graphitic regions are 

very small and uncovered by the friction layer. A good and uniform spread of Cr from the maps denote 

a significant contribution of Fe in the friction layer, which is transferred from the disc counterface. 

Similar observations were recorded for all samples at 7 m/s RT. 
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Fig. 10. 11: Worn top view and corresponding EDXS maps of samples from first class of composite materials 

(a-f) Sample 1 1.57 m/s, (g-l) Sample 5 1.57 m/s, (m-r) Sample 3 7 m/s 

     Figs. 10.12 represent the worn top surfaces of various samples of the second class of composite 

materials at different testing conditions, with the corresponding EDXS maps. Fig. 10.12 (a-f) represents 

the surface of Sample 3 at 1.57 m/s. Similar to Fig. 10.11 (a-f), the presence of two dominant layers can 

be observed. The black region is the graphitic/carbon region and the grey region is the friction layer. In 

the case of the second class of composite materials, as we pass from sample 1 to 5, the presence of less 

extension of graphitic layer is observed. This is due to the increase in abrasive content from sample 1 

to 5, which assists in quick and clean removal of this layer. In the case of Fig. 10.12 (a-f), the friction 

layer is mainly made of Fe oxides (transferred from disc surface), with the addition of Si and Al. The 

graphitic/carbon regions are not covered with friction layer. Similar nature and composition of friction 

layer is observed for all other samples at 1.57 m/s. Figs. 10.12 (g-l) and 10.12 (m-r) represents the worn 

top view of sample 2 and 5 respectively at 7 m/s. These two instances are shown here as they accurately 

depict the two types of friction layer obtained at 7 m/s for this class of composite material. For sample 

2 in Fig. 10.12 (g-l), it can be seen that the surface is covered with a smooth, continuous and highly 

compacted friction layer, which is predominantly made of Fe oxides, additionally accompanied by 

traces of Al and Ca. The extension of graphitic/carbon layer is appreciably less when compared to Fig. 

10.12 (a-f). The surface is smooth without any pits or scratches/abrasions. Another type of surface 

deposition/characteristic were observed for Sample 5 at 7 m/s, as shown in Fig. 10.12 (m-r). In this 

case, the friction layer was predominantly made of Fe oxides, all transferred from the disc counterface, 

as no Fe was present in the pin. The surface was not observed to be as smooth as Fig. 10.12 (g-l) but 

had considerable pits and abrasions. This could be attributed to the extensive amounts of abrasives 

present in the pin (alumina, silica, and zirconia), which could have detached from the pin surface, moved 

between the interfaces and damaged the pin surface. The pits were filled with Al and surrounded by Si. 

This type of surface was observed in samples 3, 4, and 5, at 7 m/s, with increase in pits and abrasions, 

with decrease in Fe content. Sample 1 observed smooth surface at 7 m/s, similar to Sample 2 shown in 

Fig. 10.12 (g-l). 

     To further understand the evolution of COF in the two classes of composite materials, Fig. 10.13 

represents a typical COF trace for Sample 2, second class of composite materials, at 7 m/s. It can be 

seen that the run-in stage is quite long, close to 65 mins/3900 seconds. Hence, to understand the nature 

and characteristics of the pin surface during the run-in period, which eventually led to the steady state 

in COF, further tests with Sample 2, second class composite materials, at 7 m/s was conducted. 

However, in this case, the tests for the first 65 mins were divided into 4 parts of 17 minutes each. That 

is, the tests were broken down into 0, 17, 34, 51, and 68 mins. After the 68th min, the test was 

continuously run until 120 mins. The tests were divided so as to observe the pin surface after each 

interval. Hence, the pin surface was observed just before the beginning of the test, and after 17, 34, 51 

and 68 mins of the tests. The pin surface was finally observed after the completion of 120 mins of tests. 

Fig. 10.14 represents the pin surface evaluation after testing them at different mentioned intervals.  
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Fig. 10. 12: Worn top view and corresponding EDXS maps of samples from second class of composite materials 

(a-f) Sample 3 1.57 m/s, (g-l) Sample 2 7 m/s, (m-r) Sample 5 7 m/s 

 

Fig. 10. 13:  Demarcation of run-in and steady state regions in COF graph produced with Sample 2 (second class 

of composite materials) at 7 m/s 

10.2.3. Result Interpretation 

     Fig. 10.14 is an assimilation of images taken after different intervals for Sample 2, second class of 

composite materials at 7 m/s. Fig. 10.14 (a) presents the pin surface, before dry sliding tests. The surface 

is fully covered with graphitic/carbon layer, with only very small regions actually showing the pin 

surface. Fig. 10.14 (b) shows the pin surface after 17 mins of testing. Here, again we can see that the 

surface is largely covered with the carbonaceous/graphitic layers. However, small portions of gleaming 

grey surfaces can be seen that are devoid of any graphitic deposition. This layer is mainly made of pin 

constituents and Fe transferred from this disc surface. As the testing time/period increases from 17 mins 

to 34 and 51 mins, as seen in Figs. 10.14 (c) and (d), the surfaces increasingly are observed to contain 

increasing expanse of the grey regions, and reduction in graphitic region. At this point, from Fig. 10.13, 

a steady increase in COF can be easily observed. At the end of 68 mins, beyond which a steady state is 

observed, an expanse of grey region with only very small portions of graphitic regions is observed, as 

seen in Fig. 10.14 (e). At this point and beyond steady state is achieved and maintained and a sturdy, 

continuous, smooth, and compact friction layer is observed by the end of the 2 hours test (Fig. 10.14 

(f)). Hence, it becomes essential for all the specimens to shed this carbon/graphitic cover to obtain a 

steady state in COF and achieve a good quality friction layer, so as to display superior tribological 

properties. 

     In case of first class of composite materials, from Fig. 10.10 (a) and (b), we can see that the COF 

and pin wear are considerably lower compared to the COF and pin wear for the second class of 

composite materials as shown in Fig. 10.10 (c) and (d). This could be attributed to the presence of the 

carbon/graphite layer on the pin surface. The presence of this layer acts as a lubricating medium, and 
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in the presence of Cu, leads to smooth movement between mating surfaces, thereby reducing COF and 

pin wear. However, for the second class of composite materials, with Cu fully eliminated, as and when, 

the Fe content decreased, the abrasive content increased to balance it. As testing time progressed, these 

abrasives detached from the pin surface and were introduced between mated surfaces. The abrasives 

could easily remove the carbon/graphite layer leading to actual pin surface interaction with disc, 

resulting in elevated COF, pin wear, and friction layer formation. As the quantity of Fe decreased with 

the sample number for the second class of specimens, the abrasive content increased, leading to quicker 

and full removal of this carbon layer.  

        

               

        

Fig. 10. 14: Pin surface (a) Before test (b) after 17 mins (c) after 34 mins (d) after 51 mins (e) after 68 mins (f) 

after 120 mins  

     However, as mentioned by Xiao et al [21], as the silica content increases beyond 7 wt. % in a mix, 

it leads to degradation of mechanical properties as silica forms weak bonds due to low wettability with 

the matrix. Due to this, samples 4 and 5 of the second class of composite materials were especially 

extremely brittle in nature. Hence, it becomes essential to have an optimum quantity of silica. Moreover, 

tests with second class of composite materials reached a system temperature close to 120 °C by the end 

of two hours tests. This increase in the system temperature can be easily related to the absence of Cu in 

the mix, which is known to be a good thermal conductor and dissipator [21-29, 32-33, 38, 44-45]. 

Therefore, a preliminary study into these two classes of composite materials revealed that though Fe 

content in pin composition is extremely beneficial for friction layer formation and COF/pin wear 

regulation, the presence of Cu and modified quantities of silica is also equally important to obtain an 

ideal wear system with superior tribological characteristics.  
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10.2.4. Preliminary Observations 

• Two classes of composite materials were tested to evaluate the formation and characteristics 

of friction layer and tribological properties of the wear system by varying Fe and Cu contents. 

The first class of composite materials had COF lower than the threshold normally observed 

(0.4) and SPEC 283 with AISI420c. However, the wear for all the specimens were in the mild 

to very mild range. The second class of composite materials had almost all samples displaying 

COF above the threshold, but below the COF presented by SPEC 283. Also, in this case, the 

pin wear was in mild to very mild range.  

• The pin friction layer of the first class of composite materials was made of Fe and Cu oxides 

where, Fe was transferred from the disc surface (overlap with the Cr map). However, as the Fe 

content in the pin increased, two Fe dominated regions were observed. The deep gray region 

constituted of Fe transferred from the counterface and the light grey region was made of Fe 

present in the pin itself. The pin friction layer of the second class of composite materials was 

predominantly made of Fe oxides with additions of pin constituents in low minority. However, 

two different nature of pin surfaces were observed at 7 m/s. One was observed from Samples 

1 to 2, wherein the surface was covered by smooth, continuous and compact friction layer. 

From Samples 3 to 5, the pin surfaces were covered with pits and abrasion. These pits and 

abrasions were present due to the excessive abrasive contents in the pin that could detach and 

effect the pin surfaces.  

• Through intermittent testing and analysis, it was seen that the SPS produced samples were 

initially covered with a film of carbon/graphite layer, which if not removed could lead to low 

COF and pin wear. With the presence of more abrasives in second class of composite materials, 

the carbon film was removed which led to elevation in COF, pin wear and formation of a good 

friction layer.  

• However, few of the samples in the second class of composite materials were extremely brittle 

due to high silica content, that degrades the mechanical properties of a composite material. 

Moreover, the system temperature quickly rose in the case of tests with this batch of composite 

materials due to absence of Cu. Hence, from the preliminary analysis, it was seen that not only 

Fe in the composite/friction material is highly advantageous for good friction layer formation, 

but considerable quantity of Cu and permissible quantity of silica is also required to achieve 

good tribological characteristics in a wear system.  
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Conclusion and Future Perspectives 

 

     In this doctoral study, different types of friction materials were paired with various kinds of 

counterface for possible intended usage in aerospace braking applications. The pairings were tested on 

a pin on disc equipment to obtain the trends and magnitude of friction coefficient, pin and disc wear. 

Furthermore, the mated surfaces were subjected to SEM/EDXS/XRD analyses to understand the nature 

and the characteristics of the friction layer deposited on the mated surfaces.  

     In this section, the major observations from the different pairings are briefly classified and presented.  

SPEC 283 

For RT tests (0.5 and 1 MPa, 1.57 and 7 m/s) 

▪ From the tests conducted with APX4 (Steel A), a very high pin and disc wear magnitude 

was observed at 1.57 m/s sliding velocity and 0.5 MPa contact pressure. The APX4 

counterface had a high Cr, low C constituent, which promoted adhesion/delamination wear 

mechanism at 0.5 MPa, 1.57 m/s. Due to this high pin and disc wear behavior, further tests 

with APX4 were discontinued. However, for other testing conditions and counterface, i.e., 

APX4 (Steel A) at 1.57 m/s and at 1 MPa, and AISI4140 (Steel B) and AISI420c (Steel C) 

at 0.5 and 1 MPa, moderate tribo-oxidative wear for both pin and discs were observed. The 

surfaces were characterized by islands of Cu oxides from pin and Fe-oxides rich friction 

layer, transferred from the disc. Additionally, the subsurface hardening in Steel B and C 

helped in forming and sustaining the oxide-rich friction layer. 

▪ The SPEC 283 pin and all the three steel counterface reported very mild tribo-oxidative 

wear at 7 m/s sliding velocity and both contact pressures. This was due to the high contact 

flash temperatures obtained during sliding. These temperatures prompted an easy oxidation 

of the mating asperities, which were independent of the Steel composition. 

▪ Another interesting relationship observed was the decrease in the steady state COF with the 

increase in (Fe + Cu)/O ratio, (which was obtained through the EDXS analysis on the pin 

surface) and increase in the sliding velocity. This was explained through the adhesive 

theory of friction. 

▪ When compared to all the three counterface, AISI420c (Steel C) provided for the most 

desirable combination of elevated COF and low pin and disc wear, accompanied by the 

unique behavior of forming and sustaining a high-quality friction layer. Hence, AISI420c 

was considered to be the best counterface of the lot and was extensively employed during 

further studies.  

For HT tests (400°C, 0.5 and 1 MPa, 1.57 and 7 m/s) 

▪ The friction coefficient magnitude for the HT tests with AISI4140 was found to be 

independent of sliding speed and to decrease slightly with increase in contact pressure. 

▪ Wear was found to be mild for all testing conditions and independent of the contact pressure 

and dependent on the sliding speed. As the velocity increased, the specific wear coefficient 

decreased. This decrease in pin wear with the increase in sliding velocity was due to the 

increase in the contact temperature that helped in the formation of well compacted and 

expansive friction layers.  
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▪ From SEM/XRD analyses, it was shown that the friction layer on the pin surfaces was made 

of compacted CuO/Cu2O, with CuO increasing with increase in velocity, and by Fe-oxides 

(mainly Fe3O4) transferred from the disc counterface. On the other hand, the friction layer 

on the worn disc surface was made by CuO, where CuO was transferred from SPEC 283, 

and Fe3O4-rich regions, formed by direct oxidation of disc asperities, due to the high flash 

temperature during sliding. 

7387-64 (with AISI420c, 0.5 MPa, 1.57, 4.5, 7 m/s, 0.5 MPa, RT and 400°C) 

▪ At RT testing conditions, the COF decreased with increase in the sliding velocity, due 

to the less time allotted to the asperities to form hard junctions and the friction layer 

characteristics. The COF increased with increase in sliding velocity for the HT testing 

condition, due to the presence of large oxide magnitudes on the surfaces of the mated 

materials. 

▪ The pin wear reduced with an increase in sliding velocity for tests conducted at both 

RT and HT. This was due to the presence of large oxide quantities and the frictional 

heat. The frictional heat promoted the formation of debris. This debris, in turn, 

protected the surface from further damage and wear. 

▪ Due to the low plastic deformability of the Cu-W matrix, the presence of NbC, the need 

for additional bedding procedure, the comparatively higher pin wear, and the inability 

of the material to dispense Cu to easily spread in the friction layer, the 7387-64 material 

gave rise to tribological behavior which was poorer than SPEC 283. Hence, further 

evaluation of this material was discontinued.  

AS01 (with AISI420c, 0.5 MPa, 1.57 and 7 m/s, RT, 100, 200, 250, 300 and 400°C) 

▪ For tests at 1.57 m/s, the COF magnitude was low from RT up to 200°C. The COF then 

increased with temperature due to the tribo-oxidative wear of the steel counterface. 

Conversely, at 7 m/s, the COF decreased with increase in temperature, due to the increase 

in the flash contact temperature. This led to the formation of compact and extended friction 

layer and a decrease in the work of adhesion, which resulted in the decrease in COF.   

▪ The pin wear at l.57 m/s was in the ‘severe’ range, especially at 100℃, due to the poor 

quality of friction layer on the pin surface. As the temperature increased above 250℃, the 

observed friction layer islands were comparatively extended, smooth and compact with a 

slight dip in the wear. The pin wear at 7 m/s was ‘mild’ in nature. The worn pin surface had 

better, extended and smoother friction layer coverage starting from RT which seemed to be 

enhanced with increase in temperature.  

▪ The importance of the friction layer in AS01 was highlighted with the ‘modified bedding 

procedure’. It was seen that when a preexisting friction layer was developed on the AS01 

surface, high COF magnitude and low pin wear was seen even at low velocity testing 

conditions. 
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Cermet coated discs (WC-CoCr and WC-FeCrAlY coating) 

For RT tests (WC-CoCr coating at 1.57 m/s, 0.5 and 1 MPa and with SPEC 283 and AS01) 

▪ The COF increased in passing from the uncoated to the coated discs, and from low to high 

contact pressure. The COF also decreased from SPEC 283 to AS01. With respect to wear 

magnitude, the role of WC-CoCr coating in reducing wear was seen. 

For HT tests (WC-CoCr and WC-FeCrAlY coatings at 1.57 and 7 m/s, 0.5 MPa and with AS01 at 300°C) 

▪ The major observation recorded with the coated discs and AS01 pairing is the superior 

tribological characteristics when compared to AISI420c. The AS01 pin observed drastically 

low pin wear at 1.57 m/s HT conditions. At the same conditions, with the uncoated disc, 

AS01 had demonstrated a severe wear. Additionally, the AS01 pin observed the formation 

of an extremely compact, extended and smooth friction layer with the coated discs when 

compared to the uncoated disc. Lastly, the AS01 pin was able to produce a long and 

sustained steady state in friction coefficient without a bedding procedure, when compared 

to the uncoated discs. Through this, it can be easily deduced that the AS01 observes 

superior compatibility with both the coated discs.  

Emission analysis (WC-CoCr and AISI420c at 0.5 MPa, 7 m/s, RT with AS01) 

▪ The average particle concentration as well as number of particles data obtained from OPS 

equipment showed that the coated disc had lower magnitude compared to the uncoated disc. 

This may be attributed to the entrapment of wear debris/particles in the pores/valleys, which 

led to subsequent absence of large magnitude of wear particles release from the coated disc 

system.  

▪ The full frame EDXS analysis on the particles obtained from uncoated disc showed a 

dominant presence of Fe, majorly released from the disc surface, with small quantities of 

pin materials. On the other hand, in the case of coated disc, the major elements were W and 

Fe, released from disc surface, followed by some more particles from both pin and disc 

surfaces. 

Cu/Fe based composite materials (with AISI420c, 0.5 MPa, 1.57 and 7 m/s, RT) 

▪ Copper based composite materials with different silica compositions were produced 

through two production routes: SPS and conventional sintering process. The SPS samples 

were highly dense with low porosity, compared to conventionally sintered specimens. The 

pins containing silica and especially SPS LSC specimen provided optimal COF and pin 

wear characteristics. Hence, through the comparative study SPS technique with LSC 

composition was considered to be the ideal production route and starting composition to 

produce various Cu and Fe based composite materials.  

▪ From the starting composition and production route, two classes of composite materials 

were tested to evaluate the formation and characteristics of friction layer and tribological 

properties of the wear system by varying Fe and Cu contents. For all the classes, the pin 

wear was in the mild region. Through intermittent testing and analysis, it was seen that the 

SPS produced samples were initially covered with a film of carbon/graphite layer, which 
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produced undesirable COF and pin wear magnitude. With the presence of abrasives, the 

films were removed giving rise to optimal COF and friction layer characteristics. 

▪ However, few of the samples in the second class of composite materials were extremely 

brittle due to high silica content, that degrades the mechanical properties of a composite 

material. Moreover, the system temperature quickly rose in the case of tests with this batch 

of composite materials due to absence of Cu. Hence, from the preliminary analysis, it was 

seen that the presence of Fe in the friction material was highly advantageous, in terms of 

wear characteristics, along with optimal quantities of Cu and silica. 

Future Perspective 

      Through the studies conducted, it was seen that the AS01 was extremely compatible with both the 

coated discs at different testing conditions. However, from the emission analysis of WC-CoCr coating, 

it was seen that the coated disc emissions also constituted of Co, which is hazardous to the environment 

[134-135]. Hence, it becomes essential to explore more alternatives which are environmentally friendly. 

This includes further tests and analysis of AS01 with WC-FeCrAlY coatings, including emission 

analysis. Another important consideration must be provided to the Fe based composite materials which 

could be further developed through critical constituent variation and balance. This includes high 

temperature analysis, XRD evaluation of mated surfaces, and of course emission analysis. A search for 

a better abrasive to replace silica should also be mentioned here. In this study, silica was a remarkable 

addition as abrasive to remove the carbon film of the SPS samples. However, silica is a known 

carcinogenic and hence, it is extremely important to find a viable alternative to it.  
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Conference, Workshop, and Schools  

Attended and Presented 

 

 Aerospace Europe Conference 2020, February 2020, Bordeaux, France – Presented a paper on, 

“Dry sliding behavior and particulate emissions of a SiC-Graphite composite material for 

Braking Systems” 

 EuroBrake 2019, May 2019, Dresden, Germany – Attended 

 37th National AIM Conference, September 2018, Bologna, Italy – Presented a summary of PhD 

work 

 EuroBrake 2020 – Paper selected for technical presentation (conference canceled). “Dry sliding 

behavior and particulate emissions of a SiC-Graphite composite material with WC-CoCr coated 

Counterface for braking systems”.  

 Young Engineers Day webinar program, EPMA, 4th September 2020. 

 TOPSTARS Summer School 2019 from 08-17 July 2019, Trento, Italy. 

 ECOPADS Workshop on 05th July 2019, Riva del Garda, Italy. 

 MAUD Winter School from 26-30 November 2018, Trento, Italy. 
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“And Now, Let Us Step into the Night and Pursue the Flighty Temptress, 

Adventure!” 

 

- Professor Albus Dumbledore,  

                                     Harry Potter and the Half-Blood Prince 

 

 

 

 


