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Abstract 

This thesis concerns an investigation of the role of debris in fretting contacts, which has been 

highlighted in fretting literature over several decades to be critical in affecting the development 

of wear in fretting contacts; retained debris plays a significant role in fretting contacts due to a 

significant proportion of the wearing interface remains covered throughout the displacement 

cycle, thus restricting the transport into the contact of active species involved in the formation 

of wear debris (e.g. oxygen) and the transport out of the contact of debris once it is formed. 

The processes involved in the formation, flow and expulsion of oxide debris in fretting contacts 

are examined via the effects of frequency and displacement amplitude on fretting wear of a high 

strength steel, two parameters which are widely reported to influence critical processes of debris 

formation and ejection, but to have significantly different impacts on these processes. Examining 

these two parameters together therefore enables insight to be gained into processes of debris 

formation, retention in the form of compacted beds and the ejection of material from the contact 

(i.e. wear). 

The fretting behaviour of a cylinder-on-flat configuration was examined over a range of fretting 

frequencies and displacement amplitudes, and the nature of wear debris generated in fretting 

tests investigated, both in the form of compacted beds retained in the contact and particles 

ejected during the wear process, as well as the conditions affecting the formation of debris beds. 

Extensive characterisation of the surface and subsurface regions of wear scars was conducted to 
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gain insight into the mechanisms by which oxide debris beds form and the impact of their 

formation (or otherwise) on the development of the tribologically transformed structure. 

At all conditions examined, debris ejected from the contact was found to consist predominantly 

of haematite, with a small (< 6%) fraction of metallic iron that exhibits a modest dependence 

on both frequency and displacement amplitude. Likewise, the overall range of particle sizes is 

largely independent of frequency and displacement amplitude, ranging from approximately 0.4 

µm to 50 µm under all conditions tested, although some large pieces of the order of 100 µm are 

observed, proposed to be pieces of compacted debris beds formed in the contact which become 

detached and are subsequently ejected. Examining the morphology of ejected debris particles 

showed particles to consist of sub-micron crystallites of iron oxide, of the order of 0.1 µm in 

diameter, which sinter together to form larger coherent structures. The size of these crystallites 

is observed to be largely independent of displacement amplitude, and as such it is proposed that 

the impact of the examined parameters on the size of debris particles expelled from the contact 

is due to their influence upon the sintering of debris particles within the contact and their 

subsequent ejection, as opposed to the mechanism of detachment of particles from first body 

surfaces.  

Two distinct wear regimes are identified, namely (i) at low frequencies and displacement 

amplitudes, an oxide debris bed covers most of the worn surface, preventing the development 

of subsurface damage and adhesive transfer but resulting in relatively high wear rates, and (ii) at 

high frequencies and displacement amplitudes oxide coverage of worn surfaces is relatively 

sparse, resulting in metal-to-metal contact and the development of significant subsurface damage 

and adhesive transfer. The significant change in the nature of debris retained within wear scars 

contrasts with the nature of debris ejected from the contact, which does not exhibit a strong 

dependence upon the examined parameters; as such it is proposed that wear occurs by the 
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formation and removal of oxide debris in all of the cases examined, with any metallic debris 

formed being retained within the contact.  

The effects of displacement amplitude and frequency in the mechanisms of fretting wear are 

found to exhibit a significant degree of interdependence, with the magnitude of either parameter 

having a significant impact upon the effect of the other on the wear rate and damage mechanism. 

It is proposed that the interacting effects of frequency and displacement amplitude arise from 

the impact of both parameters on three key processes, namely (i) ingress of oxygen to the 

contact; (ii) formation of oxide debris; (iii) expulsion of oxide debris from the contact. A model 

is outlined based on these processes to calculate wear rates and determine the operative wear 

mechanism under a given set of conditions; a key supposition of the model is that these three 

processes are in competition with one another, with the observed wear rate being governed by 

whichever of these rates is the smallest, accordingly termed the “rate-determining process”. 

Equations relating these key processes to fretting parameters are derived based on current 

understanding of the physics of fretting wear, enabling wear rates and mechanisms (i.e. the 

operative processes that control the overall wear rate) to be predicted.  

The model is implemented using a simple time-marching method, calibrated against 

experimental data for the set of frequencies and displacement amplitudes examined in the 

experimental investigation. The alignment of predicted wear rates and mechanisms with 

experimental data is assessed over a broad range of fretting parameters, including observations 

reported in the literature employing the same specimen configuration and material combination. 

Relatively good agreement is observed between the mechanisms predicted using this model and 

those observed in laboratory experiments, although the accuracy of wear rate predictions is seen 

to vary considerably. The alignment of the model with experimental data provides a promising 

indication of the capability of the proposed physical framework to model fretting based on the 

physical processes of wear, although significant errors in the predicted wear rates at some 
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conditions highlight the need for further investigation of the effects of parameters on debris 

behaviour, in order to improve the accuracy and applicability of the model going forward. 
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1 Introduction 

Chapter 1 

Introduction 

Fretting wear may occur between any loaded interface subject to vibration, often occurring at 

interfaces between components that are designed with the intention of being nominally static 

and hence not expected to experience significant degradation. The consequences of such 

unexpected wear can be severe, as build-up of debris can result in seizure of assemblies, 

components may no longer meet tolerances and fatigue life may be severely diminished. The 

prediction and mitigation of fretting wear are therefore necessary considerations in a wide range 

of engineering applications, including bearings, spline couplings, blade-disk interfaces, steel 

ropes, surgical implants, electrical contacts and components in nuclear reactors [1]. 

The oscillatory motion that causes fretting wear at a loaded interface is typically a result of system 

vibrations, which give rise to micro-displacements on the order of tens to hundreds of 

micrometres; the small amplitude of these oscillations is a key defining feature of fretting 

contacts, broadly defined as contacts in which a part of the interface remains hidden from the 

atmosphere for the whole duration of sliding. The closed nature of fretting contacts restricts the 

flow of active species into the contact, such as oxygen or lubricant, and the flow of wear debris 
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out of the contact. The mechanism of fretting is therefore dependent upon both mechanical and 

chemical processes, with complex interactions between processes in turn being dependent upon 

aspects of contact configuration such as geometry and specimen material, in addition to the 

sliding conditions. As such, the response of contacts to fretting wear (as with other forms of 

sliding wear) can vary significantly between different experimental investigations, and while 

numerous empirical models have been proposed to predict the development of wear in fretting, 

agreement between models has generally been observed to be poor [2]. 

In fretting research for aeroengine applications, there are further challenges relating to the 

difficulty associated with establishing true service conditions (compounded by variation in 

contact geometry and materials), and with recreating these conditions in a laboratory setting; 

due to large number of factors that must be controlled and the significant interdependence of 

these factors, it is not feasible to simulate service conditions in the laboratory and as such, the 

effects of parameters must be investigated individually. Accordingly, there is much that may be 

gained from further investigation into the physical processes of fretting wear on a fundamental 

level, notably the role of debris, which is proposed to be critical in developing improved 

predictive models based on physics as opposed to empirical models reliant on data fitting. 

This thesis seeks to improve understanding of the role of debris in fretting wear via an 

experimental investigation into the fretting response of steel pairs over a range of displacement 

amplitudes and fretting frequencies, two parameters which are widely reported to influence 

critical processes of debris formation and ejection, such as oxygen transport into the wearing 

interface and the flows of debris within and out of the contact. Frequency and displacement 

amplitude influence some of the same aspects of fretting contacts, for example sliding velocity, 

which directly influences the time over which processes take place and the temperature at which 

they occur, thereby affecting the rates of these processes. Examining the effects of these 

parameters, both together and individually, can therefore provide useful insight into the 
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processes of debris formation, flow and ejection, and hence the role of debris in fretting more 

broadly.  

The nature of fretting debris is examined, both in the form of particles expelled from the contact 

over the course of fretting tests as well as that retained in the contact in the form of coherent, 

compacted beds; together these are characterised to better understand the mechanisms of debris 

bed formation and how these depend upon fretting parameters. The impact of the formation 

(or otherwise) of debris beds on fretting response, such as the extent of wear and the 

development of subsurface damage are explored. Experimental observations are then used to 

outline a novel approach to modelling fretting wear via a comprehensive physical framework in 

which wear rate is controlled by competition between critical processes; a model is outlined 

based on the competition between physical processes controlling the overall wear rate (termed 

“rate-determining processes”), namely the transport of oxygen into the contact, the formation 

of oxide debris and the ejection of debris from the contact. This approach demonstrates the 

benefit of conducting extensive characterisation of debris and subsurface damage, namely for 

quantitative modelling of interacting effects of various parameters in fretting wear. Transport of 

oxygen into the contact is highlighted as a critical factor in the influence of parameters on the 

development of debris, and hence on the mechanisms and rates of fretting wear.
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2 Literature review 

Chapter 2 

Literature review 
 

1.1 Introduction 
Instances of degradation and wear at interfaces of nominally static contacting surfaces were first 

described in academic literature in 1911 by Eden et al. [3], who noted significant corrosion 

between test-pieces and specimen holders in fatigue experiments. While it was not described as 

such at the time, it has since been considered to be the first observation of the phenomenon 

initially called “fretting corrosion”; it was sixteen years after the observations of Eden et al. [3] 

that Tomlinson [4] would first use this term to describe such degradation associated with small-

scale relative movement at a loaded interface. Since these earliest reported observations of such 

phenomena, the term “fretting corrosion” has become less prevalent in favour of more specific 

terms based on the dominant damage mechanism, namely “fretting wear” and “fretting fatigue”; 

however, the early description as a form of corrosion highlights the significant role of chemical 

processes in fretting wear, namely between substrate material and the atmosphere, which set up 

complex interactions between mechanical and chemical processes.  

Differing definitions of fretting wear have been proposed since the phenomenon was first 

outlined, but is widely held to be distinct from reciprocating sliding wear due to the small 
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displacements that characterise fretting. As such there are two critical displacements that serve 

to define the phenomenon of fretting, namely: (i) that which distinguishes fretting wear from 

fretting fatigue (at smaller displacements); (ii) that between fretting wear and reciprocating 

sliding wear (at larger displacements). Reports of these critical displacement amplitudes vary 

significantly between authors, with Vingsbo and Söderberg [5] comparing reports in the 

literature and estimating the critical displacements to be (i) approximately 15 µm, and (ii) 

between 150 – 300 µm, respectively. However, it was also noted that these boundaries may vary 

significantly depending on aspects of the contact configuration such as geometry and material 

combination, and as such there is no universally applicable displacement range that defines 

fretting wear.  

The boundary between a partially stuck interface (typically associated with fretting fatigue) and 

one in which sliding occurs over the whole nominal area of contact (associated with fretting 

wear) can be readily calculated using the mechanical analysis first outlined by Mindlin [6] and 

separately by Cattaneo [7], which will be explored in further detail in Section 2.1. However, at 

larger displacement amplitudes, the boundary between fretting wear and reciprocating sliding 

wear is less clearly defined; Fouvry et al. [8] proposed that the critical feature distinguishing 

fretting wear from reciprocating sliding is that, in the former, part of the contact remains 

unexposed throughout the displacement cycle, while in the latter every part of the wear track 

is exposed at some stage of the cycle. Displacement amplitude is therefore critical in defining 

fretting wear, as is the applied normal load, which also directly influences the operative slip 

regime at the interface. 

In addition to slip regimes, sliding conditions in fretting contacts (e.g. displacement amplitude, 

normal load, fretting frequency) influence numerous physical processes of wear that have 

significant impact on the development of damage and wear (i.e. material removal from the 

contact), including the processes by which wear particles form, their behaviour within the 
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contact and their expulsion from the interface. As mentioned previously, the high sensitivity of 

fretting mechanisms to aspects of contact configuration that vary between experimental studies 

contributes to significant variation in reports in the literature regarding these mechanisms, 

compounded by the competing influences of sliding conditions on processes that are critical to 

the development of wear. For example, displacement amplitude has been noted by some 

observers as an important factor in the availability of oxygen at a fretting interface to form oxide 

debris [8–10], although the nature of this relationship is not well understood due to the 

competing influences of exposing a greater area of the contact to the atmosphere (acting to 

promote oxygen availability) and a faster rate of oxygen consumption (acting to restrict oxygen 

availability). Likewise, the impact of displacement amplitude on the flow of debris involves 

complex interacting processes, as larger displacement amplitudes are generally reported to 

promote the flow of debris within and out of the contact, while the faster rate of energy 

dissipation in the contact increases contact temperature, acting to promote cohesion and 

sintering of debris particles. The role of fretting frequency also involves competing processes, 

affecting the time over which processes can occur, while changes in the temperature affect the 

rate at which reactions take place, as well as diffusion-related processes such as debris sintering. 

Higher fretting frequencies are typically associated with more efficient oxygen exclusion from 

fretting contacts, with wear scars becoming more metallic (i.e. reduced coverage by oxide debris 

beds) and a smaller volume of material removed. Normal load is known from static contact 

mechanics to affect the real area of contact, which in the case of fretting wear plays a critical 

role in the number of asperity interactions and hence the rate of formation of wear particles. 

The impact of normal load on the flow of debris once formed, however, is less clearly 

understood, due to competing influences on processes related to debris bed formation such as 

oxygen availability, compaction and sintering of debris particles, and the rate at which debris 

beds are broken down. Moreover, several processes have competing influences upon them from 

changes in a single parameter, and as such the effect of a given parameter may in turn be 



Chapter 2. Literature review 

   Page 7 | 212 

dependent upon several other parameters, adding further complexity to the interpretation of 

observed effects of parameters in fretting literature. 

Displacement amplitude and frequency, along with the coefficient of friction and the normal 

load, control the rate at which energy is dissipated in the contact (i.e. power dissipation), and 

hence the increase in local temperature generated during sliding. The extent of temperature rise 

in fretting contacts has been the subject of much investigation, although the inherently “closed” 

nature of fretting contacts presents a barrier to obtaining accurate experimental measurements, 

and therefore to validation of predictive models; this adds another layer of complexity to 

comprehensive modelling of fretting mechanisms. Investigation of fretting behaviour at elevated 

environmental temperatures has indicated that under suitable conditions, wear debris retained 

in the contact can sinter to form stable, protective beds capable of accommodating relative 

displacements between wearing bodies, and hence result in a sharp drop-off in wear rate. These 

“glaze layers”, named for their smooth, glassy appearance highlight the importance role of 

retained debris in wear mechanisms in fretting, in particular the ability for debris particles to 

sinter to form protective beds.  

While numerous empirical models of fretting have been outlined, due to the wide range of 

testing configurations employed and the complex interdependence of fretting processes, the 

output of such models have been found to vary considerably [2], and accordingly there is much 

that may be gained from further investigation into the physical processes of fretting wear on a 

fundamental level, which in turn may guide efforts towards improved predictive modelling.  

This review seeks to clarify the state of knowledge of the physical processes that constitute 

fretting wear, with emphasis on how the rates of formation and retention of wear debris affect 

wear mechanisms; both the amplitude and frequency of fretting displacements are reviewed in 

detail due to their influence on the exposure of wearing contacts to the atmosphere and the 
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entrapment of debris, which are shown to be important considerations in predictive models of 

fretting wear. 

 

2.1 Analysis of fretting contacts 
The response of a fretting contact to a given loading can have significant implications for the 

degree of slip at the interface, and hence the operative modes of damage, namely fretting wear 

or fretting fatigue. Analytical solutions have been developed to describe the mechanics of contact 

for geometries that may be considered representative of laboratory conditions, and therefore 

enable critical aspects of fretting contacts to be evaluated based on available inputs such as 

material properties and sliding conditions; in addition to the degree of slip at the interface, these 

include the coefficient of friction, the energy dissipated in a fretting cycle and stress distributions 

in both specimens of a pair. In this section, the principles of contact mechanics most relevant to 

the analysis of fretting contacts in laboratory conditions are discussed, in order to highlight the 

tools available to researchers investigating the processes of fretting wear, including the strengths 

and weaknesses of these particular tools. 

 Hertzian contact mechanics 
Laboratory experiments of fretting wear typically employ simplified specimen geometries such 

as cylinder-on-flat and ball-on-flat contacts, for which analytical solutions can be readily derived 

to obtain relevant information such as stresses within the bodies and the nominal area of contact. 

The cylinder-on-flat configuration used in this thesis can be analysed using Hertz theory of 

elastic line contact between two cylinders, a diagram of which is shown in Figure 2.1; a flat 

body is simulated by taking the radius of a cylindrical body to be infinite. The method, as 

detailed by Johnson [11], is outlined below:  
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Figure 2.1. Schematic diagram of two elastic cylinders in contact [11] 

The half-width, a, of the line contact generated when two parallel cylinders of radius 𝑅1 and 

𝑅2, Youngs modulus 𝐸1 and 𝐸2 and Poisson’s ratio 𝜈1 and 𝜈2 are brought into contact with an 

applied force, 𝑃, is calculated as: 

𝑎 = (
4𝑃𝑅∗

𝜋𝐸∗
)

1
2
 Equation 2.1 

Where the radius of curvature, 1/𝑅∗, and composite modulus, 𝐸∗, are calculated by Equation 

2.2 and Equation 2.3, respectively: 

1

𝑅∗
=  

1

𝑅1
+

1

𝑅2
 Equation 2.2 

 

1

𝐸∗
=

1 − 𝜈1
2

𝐸1
+

1 − 𝜈2
2

𝐸2
 Equation 2.3 

The normal pressure distribution, 𝑝(𝑥), is then calculated as: 

𝑝(𝑥) = 𝑃0
√1 −

𝑥2

𝑎2
 Equation 2.4 

The maximum contact pressure, 𝑝0, given by Equation 2.5 occurs at the centre of the contact 

(𝑥 = 0), and the contact pressure falls to zero at the contact edges (𝑥 = 𝑎): 
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𝑝0 =  (
𝑃′𝐸∗

𝜋𝑅
)

1
2

 Equation 2.5 

The stresses within the two solids can then be calculated using equations for loading of an elastic 

half-space: 

𝜎𝑥 = −
𝑝0

𝑎
{(𝑎2 + 2𝑧2)(𝑎2 + 𝑧2)−

1
2 − 2𝑧} 

Equation 2.6 

𝜎𝑧 = −
𝑝0

𝑎
(𝑎2 + 𝑧2)−

1
2 

Equation 2.7 

𝜏1 = −
𝑝0

𝑎
{𝑧 − 𝑧2(𝑎2 + 𝑧2)−

1
2} 

Equation 2.8 

Where 𝜎𝑥 and 𝜎𝑧 are the principal stresses in the 𝑥 and 𝑧 axes respectively, and 𝜏1 is the principal 

shear stress. From Equation 2.6 and Equation 2.8 it is found that (𝜏1)𝑚𝑎𝑥 = 0.30𝑝0 at 𝑧 =

0.78𝑎.  The distribution of subsurface stresses is shown in Figure 2.2. 

 

Figure 2.2. Variations of principal stresses resulting from line contact between two parallel elastic cylinders (a) 

subsurface stresses along the axis of symmetry; (b) contours of principal shear stress 𝜏1. 

The above analysis demonstrates the value of simplified analysis of static elastic contacts in 

evaluating quantities relevant to fretting analysis, namely the initial nominal area of contact 

under an applied normal load, the pressure distribution at the interface and the subsurface stress 
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distributions developed in the specimen. These may all be calculated based on readily available 

inputs, namely the geometry and material properties of the bodies in contact, and the applied 

loading conditions. It should be noted that for non-conforming configurations (e.g. cylinder-

on-flat) the nominal area of contact increases significantly as wear progresses, resulting in a more-

conforming interface, which will in turn have significant implications for the pressure and stress 

distributions [12], although the initial values derived analytically still provide an important basis 

for comparing the impact of different fretting loadings on initial parameters. Furthermore, the 

analysis may be implemented in numerical models to evaluate how pressure and stress 

distributions evolve as wear progresses over the duration of a fretting test, such as in the time-

marching finite-element approach outlined by McColl et al. [12]. 

 Slip regimes 
The Hertz theory above describes the case of static contact, but can be expanded to include an 

applied tangential force; when tangential force (𝑄) is less than the static friction limit (𝜇𝑃), the 

distribution of tangential traction, 𝑞(𝑥), is given by Equation 2.9: 

𝑞(𝑥) =
𝑄

𝜋(𝑎2 − 𝑥2)
1
2

 Equation 2.9 

It can be seen from Equation 2.9 that from this solution, tractional force tends towards infinity 

at the contact edges (𝑥 = 𝑎); as infinite tractional force cannot occur in reality, there must be 

some limiting condition past which the force is relieved. Mindlin [6] proposed that tractional 

force must be limited by friction (𝑞(𝑥) < 𝜇 𝑝(𝑥)), above which slip occurs at the interface; slip 

begins at the edges of the contact, where tractional force would otherwise tend to infinity, and 

grows inwards towards the centre of the contact until 𝑥 = ±𝑐. The definition of 𝑐 is given by 

Equation 2.10: 

𝑐

𝑎
= (1 −

𝑄

𝜇𝑃
)

1
2
 Equation 2.10 
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The surface tractions within the central stuck region (−𝑐 ≤ 𝑥 ≤ 𝑐) and surrounding slip regions 

(𝑐 ≤ |𝑥| ≤ 𝑎) are calculated by: 

𝑞(𝑥) = 𝜇𝑝0 (1 −
𝑥2

𝑎2
)

1
2

 for c ≤ |x| ≤ a Equation 2.11 

𝑞(𝑥) = 𝜇𝑝0 (1 −
𝑥2

𝑎2
)

1
2

−
𝑐

𝑎
(1 −

𝑥2

𝑐2
)

1
2

 for -c ≤ x ≤ c Equation 2.12 

The width of the central stuck region decreases with increasing tangential force until eventually 

slip occurs over the whole interface. This relationship between normal and frictional forces at 

sliding interfaces is a vital foundation for the study of fretting contacts, where displacements are 

sufficiently small that a region of a contact may remain stuck; the dominant slip regime in a 

fretting contact can have significant implications for the dominant mode of damage which can 

be summarised as follows: 

• When displacement amplitude is sufficiently low, and normal load is sufficiently high, a 

central region of the contact remains stuck and fretting occurs in the partial slip regime. This 

gives rise to crack growth at the slip-stick-boundary, and as such the dominant mode of 

damage is fretting fatigue. 

• As displacement amplitude is increased (or normal load is decreased), the slip annulus grows 

until eventually slip occurs over the whole contact area, termed the gross slip regime. In this 

regime, material is removed from the surface at a rate sufficient that significant crack growth 

is limited, and the dominant mode of damage is fretting wear. 

As displacement amplitude is increased further, another transition occurs from fretting wear to 

reciprocating sliding, with estimates of this threshold displacement amplitude varying 

significantly in the literature; Vingsbo and Söderberg [5] reported this threshold displacement 

amplitude to lie between 150 – 300 µm, based on an analysis of reports in literature, noting that 

the transition is likely to be highly dependent on aspects of contact configuration that vary 
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between experimental configurations such as geometry, material combination, ambient 

temperature etc. 

 Fretting loops 
Hysteresis loops of fretting contacts (i.e. fretting loops) are generated by plotting tangential force 

(𝑄) against displacement (∆), and enable important physical quantities of the system to be 

derived, such as the energy dissipated per cycle (𝐸𝑑), the stiffness of the contact and test rig (𝑆), 

and to differentiate the slip displacement at the interface (2𝛿∗) from the overall applied 

displacement (2∆∗) in a fretting cycle. In their work on fretting contacts, Mindlin and 

Deresiewicz [13] observed symmetrical hysteresis loops, which would go on to become an 

important tool in the study of fretting wear. A schematic diagram of an ideal fretting loop in the 

gross slip regime is shown in Figure 2.3. 

 

Figure 2.3. Example of a fretting loop exhibiting an idealised shape [14]. 

When a tangential force (𝑄) is applied to the interface, the specimen material and testing rig will 

deform elastically, and so there is a linear increase in displacement with applied tangential load; 

the slope of these regions is equal to the contact stiffness (𝑆). When the applied tangential load 

is increased sufficiently that it can no longer be accommodated by elastic deformation, sliding 

occurs across the interface without any increase in load. The distance between the two points 

of intersection with the displacement axis (i.e. when tangential force is equal to zero) is equal to 
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the distance slid over the course of the fretting cycle (2𝛿) taking into account the stiffness of the 

system, as opposed to the applied displacement amplitude (2∆∗). 

The sliding regime can be readily identified from the shape of a fretting loop, for example the 

parallelogram shape of the fretting loop in Figure 2.3 indicates fretting in the gross slip regime, 

while an elliptical fretting loop (as shown in Figure 2.4) indicates fretting in the partial slip 

regime, as displacement remains dependent upon tangential load throughout the fretting cycle. 

A closed loop indicates that the contact is fully stuck, although the mechanics of interfacial slip 

(detailed in Section 2.1.2) indicate that such a regime cannot exist in practice when a tangential 

load is applied. 

 

Figure 2.4. Example of an elliptical fretting loop, indicating that full sliding does not occur over the entire interface 

[11] 

Fretting loops provide a useful visual representation of changes in tangential force throughout 

the displacement cycle, which can be used to interpret contact behaviour. Two types of 

behaviour commonly observed in fretting literature are (i) large force peaks at the ends of the 

fretting cycle; (ii) steadily increasing force throughout the cycle, resulting in an elongated, 
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“hook-shaped” fretting loop. Examples of both types of fretting loop are illustrated in Figure 

2.5.  

 

Figure 2.5. Examples of fretting loops exhibiting (a) tangential force peaks at ends of cycle; (b) steady increase in 

tangential force resulting in hook-shaped fretting loop [15]. 

Various explanations for these behaviours have been proposed; Fouvry et al. [16] proposed that 

end peaks in tangential force are the result of a ploughing effect, in which plastic deformation 

causes build-up of material at the edges of the scar, thereby increasing the force necessary to 

reach the required displacement. However, the ploughing effect does not explain hook shaped 

fretting loops, and as such it was proposed by Mulvihill et al. [17] that increases in tractional 

force occur due to the formation of local pit and peak features, the interaction of which increases 

the force necessary to reach the required displacement, thereby resulting in hook-shaped fretting 

loops. The diagrams in Figure 2.6 illustrate these effects (on an exaggerated scale). 
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Figure 2.6. Diagram illustrating (on an exaggerated scale) the effect of (a) the ploughing effect; (b) local pit-peak 

features on friction as proposed by Mulvihill et al. [17]. 

Multiple fretting loops can be plotted together against a measure of test duration (e.g. number 

of cycles, elapsed time) to generate three-dimensional fretting logs, an example of which is 

shown in Figure 2.7, which can be used to assess the stability of a fretting test and identify the 

mixed fretting regime [18].  

 

Figure 2.7. Example of a fretting log, a 3D plot of tangential force, displacement and number of cycles [19]. 

 Coefficient of friction 
Fretting loops enable the coefficient of friction in a laboratory test to be calculated, with several 

methods which may be used depending on the nature of the fretting cycle. When Coulomb 

friction dominates (i.e. no force peaks at the end of cycles and loop shape is similar to that in 

Figure 2.3), this is simply calculated as the ratio of the applied normal load and the tangential 
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force at the ends of the cycle; alternatively the mean tangential force across the top edge of the 

loop may be used instead of that at the maximum displacement only. However, when non-

Coulomb friction dominates (i.e. increases in tangential force result in end peaks or hook-shaped 

fretting loops as shown in Figure 2.5), the significant variation in tangential force across the 

cycle renders the conventional coefficient of friction unrepresentative of the true behaviour of 

the contact. Accordingly, alternative approaches to calculating coefficient of friction have been 

developed, such as the energy coefficient of friction proposed by Fouvry et al. [16], which is 

calculated as the ratio of the energy dissipated in the contact over one cycle (𝐸𝑑) and the product 

of the applied load (𝑃) and the distance slid over the cycle (4𝛿∗) as follows: 

While the energy coefficient of friction is not impacted as significantly as the conventional 

coefficient of friction under conditions exhibiting non-Coulomb friction behaviour, it was 

observed by Hintikka et al. [20] that increases in tractional force (due either to ploughing or 

pit-peak interactions) may impact the overall energy dissipated in the system, and therefore both 

approaches are to some extent dependent upon the geometry of the wear scar. This was further 

demonstrated by Jin et al. [15], who also outlined a geometry-independent coefficient of friction 

(GICoF), in which coefficient of friction is taken to be equal to the ratio of tractional force and 

normal force at the point where the slope of the contact is equal to zero, described by 𝑄 = 𝑆∆, 

where 𝑄 is tractional force, 𝑆 is contact stiffness and ∆ is the applied displacement. The diagram 

in Figure 2.8 illustrates how this approach results in a coefficient that is independent of scar 

geometry (i.e. fretting loop shape), as the tangential force used to calculate the coefficient of 

friction (equal to the product of the stiffness and displacement in the middle of the displacement 

cycle) is the same regardless of whether the loop is an ideal parallelogram shape, or exhibits the 

variations in tangential force that are characteristic of non-Coulomb friction behaviour. 

𝜇𝐸 =
𝐸𝑑

4 𝛿∗ 𝑃
 Equation 2.13 
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Figure 2.8. Comparison of fretting loops exhibiting varying degrees of tangential force increase as a result of scar 

geometry, from which the geometry-independent coefficient of friction can be derived [15]. 

Llavori et al. [21] reviewed approaches of quantifying friction, comparing four methods used in 

fretting literature by generating fretting loops using an applied “true” coefficient of friction of 

0.8, and subsequently calculating coefficient of friction by each method; an example of this 

comparison is shown in Figure 2.9. It was observed that GICoF was the most accurate, followed 

by ECoF, with CoF (both mean and maximum tangential force methods) varying significantly 

from the “true” value of friction.  

In the same work, an analysis of 163 recent papers was performed to identify the relative usage 

of the four techniques; of the 96 papers which specified the method used, it was observed that 

GICoF was used in the smallest proportion of papers (2%) compared to ECoF (21%) or the 

conventional CoF methods (30% maximum force; 7% mean force), with the authors attributing 

this to the relative novelty of GICoF compared to the other methods. However, the advantages 

of using GICoF as opposed to ECoF are difficult to determine from its current limited use in 

fretting literature, which also limits the possibility for comparing friction values reported in the 

literature. 
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Figure 2.9. Comparison of techniques for calculating coefficient of friction for a range of fretting loop shapes, as 

presented by Llavori et al. [21]. 

 

2.2 Role of displacement amplitude  

While displacement amplitude controls the operative sliding regime (detailed in Section 2.1.2) 

and hence whether degradation occurs primarily via fretting wear or fretting fatigue (at smaller 

amplitudes), or reciprocating sliding wear (at larger amplitudes), it also has a significant impact 

on the mechanisms of wear within the fretting wear regime. Processes such as ingress of active 

species to the contact (e.g. oxygen), the rate at which these are consumed in the formation of 

debris, and the flow of debris within and out of the contact are all significantly influenced by 

the sliding amplitude. Fouvry et al. [8] proposed that larger amplitudes may significantly enhance 

the rates at which oxygen penetrates the interface and oxide debris is ejected from the interface, 

by further opening the contact to the atmosphere (i.e. increasing the proportion of wear scar 

area that remains unexposed throughout the fretting cycle), as illustrated in the diagram in Figure 

2.10. 
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Figure 2.10. Diagram presented by Fouvry et al. [8] illustrating the effect of displacement amplitude on the area of 

contacts exposed to the atmosphere. 

Another important way that displacement amplitude affects the mechanism of fretting wear is 

its effect on frictional power dissipation in the contact, i.e. the energy that is dissipated over the 

interface per unit time. Frictional power dissipation has a significant impact on the local 

temperature increase under a given set of fretting parameters, and is related to the coefficient of 

friction, slip displacement per cycle (four times the slip amplitude), normal load and fretting 

frequency, which for the type of contact configuration employed in thesis is described by the 

relationship described by Equation 2.14. 

𝑃𝑓𝑟𝑖𝑐 =
𝑑𝐸𝑑

𝑑𝑡
=  𝜇 ⋅ (4𝛿∗) ⋅ 𝑃 ⋅ 𝑓 Equation 2.14 

This section focuses on the impact of displacement amplitude on the rates and mechanisms of 

fretting wear which, while intrinsically linked, are examined separately for clarity. Reports of 

the impact of fretting test parameters on wear mechanisms may depend significantly on the 

experimental configurations employed, experimental design, and the assumptions adopted by 

individual authors in interpreting results (which may or may not be explicitly stated). 

Mechanisms of particle detachment and flow within contacts are explored further in Section 

2.4. 

 Dependence of wear rate upon displacement amplitude 
Reports regarding the dependence of wear rate (defined in terms of wear volume per unit 

distance slid or per unit dissipated energy) on displacement vary considerably across the 

literature, with larger displacement amplitudes being observed to correspond to higher wear 
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rates by Vingsbo and Söderberg [5], Halliday and Hirst [22], Ohmae and Tsukizoe [9], Fouvry 

et al. [8,16,23], and more recently by Fantetti et al. [24] and Baydoun et al. [10,25]. Such a 

dependence is typically attributed to larger displacements inhibiting the formation of protective 

layers of oxide debris, namely by enhancing the rate at which debris particles are ejected from 

the contact, which is explored in further detail in the following section (Section 2.2.2).  

A notable exception to reports of the dependence of wear rate upon displacement amplitude is 

the 2015 paper by Pearson and Shipway [26], in which it is argued that wear rate is in fact 

independent of slip amplitude; as part of this it was suggested that reports of a dependence in 

the literature up to that point may be attributed to two important factors that were overlooked 

in the original interpretation of experimental data, namely (i) measuring far-field displacement 

amplitude rather than slip amplitude at the interface; (ii) neglecting to consider a threshold 

dissipated energy below which wear does not occur. Figure 2.11 shows the original graph of 

wear volume plotted against dissipated energy presented by Pearson and Shipway [26], with the 

proposed displacement amplitude-independent wear rate represented by a straight line. It is 

important to note that for each displacement amplitude (with the exception of Δ* = 100 µm) 

the dataset includes wear data for three normal loads (ranging from 250 N to 650 N), which can 

be inferred from the energy dissipated at each respective displacement amplitude (i.e. higher 

normal load is associated with higher dissipated energy). However, taking into account the 

potential impact of normal load on the wear rates observed, it is not clear from this data alone 

whether wear rate is in fact independent of displacement amplitude over the range of conditions 

investigated; as such, the linear relationship proposed by Pearson and Shipway [26] must be 

weighed against evidence to the contrary presented in the aforementioned investigations 

reporting a dependence of wear rate upon displacement amplitude [5,8–10,22–25], and more 

information is required to understand the extent to which such a dependence does exist.  
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Figure 2.11. Plot of wear volume as a function of dissipated energy originally presented by Pearson and Shipway 

[26]; it was proposed that a single wear rate (i.e. the gradient of the straight line on this graph) adequately describes 

wear rate across the studied range of displacement amplitudes (f = 20 Hz; 105 cycles; P = 250 N-650 N). 

While the experimental data presented by Pearson and Shipway [26] in support of wear rate 

being independent of displacement amplitude is limited, the points raised about potential 

misinterpretation of displacement effects in the literature are nonetheless valid, and highlight 

that further work is needed to better understand the effect of displacement amplitude on wear 

rates in fretting.  

 Impact on the flow of oxide debris particles and the formation of 
debris beds 

In discussions around the dependence of wear rate upon displacement amplitude, the effect is 

frequently attributed to the impact of displacement amplitude on the formation of oxide debris 

beds, and the role of wear debris in fretting more broadly. By influencing factors such as the 

availability of oxygen at the interface to form oxide debris, the rate of asperity interactions and 

the temperature in the contact, changes in displacement amplitude set up complex interacting 

effects that are difficult to convolute; this is compounded by the inherent variation in 

observations reported in fretting literature due to differences in specimen geometry, materials 

and experimental design, among other things. 
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Experimental investigations into the role of displacement amplitude in fretting wear indicate 

that at larger displacement amplitudes, the formation of oxide debris beds is inhibited, with 

worn surfaces exhibiting a significant degree of adhesive wear at points of metal-to-metal contact 

[9,27,28]. This was observed by Ohmae and Tsukizoe [9], who also observed larger 

displacement amplitudes to result in a significant degree of plastic deformation of the substrate, 

with significant adhesive wear occurring simultaneously with extensive oxidative and abrasive 

wear. 

A similar effect was observed by Warburton et al. [28], who proposed that the higher fretting 

velocity and rougher surfaces associated with larger displacement amplitudes mean that the 

oxides produced are swept more efficiently from the asperity sites where wear occurs, which 

was termed “debris migration”. 

In order to clarify two “points of general agreement” in the fretting literature, namely (i) that 

wear rates fall with distance, and (ii) that wear rates can increase dramatically above a critical 

threshold displacement amplitude, Aldham et al. [27] investigated the role of both displacement 

amplitude and overall slid distance.  They proposed that investigating fretting up to very long 

test durations (of the order of hundreds of thousands to millions of fretting cycles) is important 

in quantifying the effects of parameters on the mechanisms of fretting, as the industrial 

applications in which fretting is observed typically experience a significantly greater number of 

cycles than are investigated in laboratory conditions, potentially leading to unrepresentative 

measurements. Moreover, the impact of the overall slip displacement in a fretting contact on 

the rates and mechanisms of wear are particularly relevant in studies of displacement amplitude 

where, depending on the design of experiments, larger displacement amplitudes increase the 

overall distance slid during the course of a fretting test, and as such may result in the 

misinterpretation of the effects of displacement amplitude on the development of wear.  
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As displacement amplitude increases frictional power dissipation it is therefore intuitive that 

larger displacement amplitudes might promote the coalescence of debris particles into 

compacted beds; however, as outlined above, increasing displacement amplitude is typically 

observed to have the opposite effect, with oxide debris beds becoming more sparse and the 

underlying metallic surfaces more exposed. Hayes and Shipway [32] demonstrated that, for the 

same set of test conditions, higher ambient temperatures were necessary to form stable protective 

debris beds, with this being attributed to a proposed increase in the rate of debris ejection from 

the contact at higher displacement amplitudes, requiring stronger cohesive forces between debris 

particles in the contact to sinter to form a glaze layer. 

An enhanced rate of debris ejection was also proposed by Fouvry et al. [16] to cause the 

dependence of wear rate upon displacement amplitude reported in the same work, outlining a 

mechanism based on the energy required to generate wear debris and eject it from the interface. 

In this it was proposed that at larger sliding amplitudes, debris is ejected faster, and less energy 

is required to eject it, and as such a greater proportion of energy dissipated in fretting contributes 

to the formation of new wear particles. It is noted that this description requires the assumption 

that the rate of generation of new fretting debris depends upon the ejection of existing debris 

from the interface.  

Fouvry et al. [8] observed that displacement amplitude has a significant impact on the shape of 

wear scars, with an enhanced tendency for wear scars to be W-shaped (i.e. with maximum wear 

near the contact borders and a minimum near the centre) at smaller amplitudes,  and to become 

more U-shaped (i.e. with maximum wear at the centre of the scar) at larger displacements; W-

shaped scars were observed in both partial and gross slip regimes (detailed in Section 2.1.2). W-

shaped scars have been observed in the literature to consist either of (i) a build-up of primarily 

oxide debris in the centre of the scar, atop an otherwise U-shaped metal surface [8,23], or; (ii) 

a predominantly metallic central region of the scar exhibiting significant adhesive wear, with 
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oxide-dominated regions nearer the contact edges (where oxygen availability is greater) 

exhibiting abrasive wear [10,25,29]. In both scenarios, U-shaped scars are proposed to occur 

when sufficient oxygen is available throughout the interface to form oxide debris that abrades 

the surface, resulting in higher wear rates relative to conditions that give rise to W-shaped scars.  

In subsequent work by Fouvry et al. [23] investigating the impact of variable gross slip and 

partial slip conditions on fretting behaviour in Ti-6Al-4V contacts, it was reported that partial 

slip conditions result in a transition from W-shaped scars to U-shaped scars, due to accelerated 

fatigue damage of  built up oxide layers developed in gross slip conditions, with cracking 

occurring either between the layer and the substrate or within the layer itself. These damaged 

oxide layers are not ejected during the fretting process, as there was very little debris ejection 

observed in the partial slip regime, rather the layers are weakened and subsequently removed by 

ultrasonic cleaning of specimens upon completion of fretting tests; the mechanism is illustrated 

in Figure 2.12. This highlights the need to consider the effect of post-test treatment of specimens 

(e.g. ultrasonic cleaning to remove loose debris) when examining images of worn surfaces, 

which may significantly affect the extent of wear and the appearance of wear scars. 

Furthermore, it should be noted that the mechanism outlined by Fouvry et al. [23] was noted 

to be dependent upon the substrate material, and so while the effect of sliding amplitude on 

wear mechanism and wear rate observed for Ti-6Al-4V contacts may be assumed to apply for 

other adhesive wear materials (i.e. metals with higher surface energy values) such as aluminium 

alloys, the same cannot be assumed for materials such as steels.  
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Figure 2.12. Diagram presented  by Fouvry et al. [23] to illustrate a proposed mechanism of W- or U-shaped scar 

formation due to different slip regimes. 

 Impact on oxygen availability at the interface 
Less commonly discussed in investigations of the role of displacement amplitude in fretting is its 

effect on the ingress of oxygen to the interface, a critical factor in the formation of oxide debris, 

the importance of which is highlighted in the previous section. As mentioned at the introduction 

to Section 2.2, a mechanism was proposed by Fouvry et al. [8] by which increasing displacement 

amplitude, by opening a fretting interface to the atmosphere enhances the rate of flow of oxygen 

into contacts. A similar concept was proposed in a later paper by Fouvry et al. [29], outlining a 

“contact oxygenation description of fretting” to describe the effect of parameters such as normal 

load (both constant and variable) and fretting frequency on fretting, but notably not 

displacement amplitude. However, exposing a greater area of a wearing surface to the 

atmosphere is not the only effect of increasing displacement amplitude relevant to contact 

oxygenation in fretting, as the greater frictional power dissipation at larger displacement 

amplitudes enhances the rate at which oxygen at the interface is consumed in the formation of 

oxide debris; as such, larger displacement amplitudes may result in more rapid depletion of 

interfacial oxygen which is not compensated for by the enhanced rate of oxygen ingress.  
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Warmuth et al. [30] investigated the exclusion of oxygen from fretting contacts over a range of 

displacement amplitudes and contact geometries (the latter being the primary focus of the work), 

observing that fretting contacts with more-conforming geometries (i.e. those with a larger 

physical width) tended to exclude oxygen from the interface, resulting in the development of 

metallic wear scars exhibiting significant subsurface damage. Moreover, whether more-

conforming contacts developed such metallic wear scars (and the associated layers of damaged 

metal) was observed to be dependent on displacement amplitude; metallic scars exhibiting 

significant levels of subsurface damage were observed at larger displacement amplitude (Δ* = 

100 µm), whereas at smaller displacement amplitude (Δ* = 25 µm) no such damaged layer was 

observed, and instead an oxide debris bed was developed. This effect of displacement amplitude, 

namely that smaller displacement amplitudes promote an oxidative mechanism and larger 

displacement amplitudes are associated with an apparent restriction in oxygen ingress, contrasts 

with the mechanism proposed by Fouvry et al. [8] by which increasing displacement amplitude 

further opens the contact to the atmosphere and therefore results in easier oxygen penetration 

into a fretting interface. However, the findings of Warmuth et al. [30] do not necessarily indicate 

that increases in displacement amplitude restrict oxygen ingress, as the large contact sizes 

employed also act to restrict the flow of oxide debris out of the contact, and the reduced rate of 

debris ejection may play a significant role in the formation of oxide debris beds at smaller 

displacement amplitudes which in turn reduce the rate that oxygen is consumed in formation 

of fresh oxide debris. Furthermore, these contrasting observations highlight the complex nature 

of the effects of displacement amplitude on fretting mechanisms, and in particular how these 

may be significantly affected by other contact conditions. 

Physical exclusion of oxygen from fretting contacts with more-conforming geometries has also 

been consistently observed by Baydoun and co-workers [10,25,31] in experimental 

investigations of the fretting behaviour of large flat-on-flat low alloy strength steel contacts. 
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However, Baydoun et al. [10] observed that increasing displacement amplitude did not greatly 

influence the overall mechanism of wear, despite an associated increase in wear rate; in this it 

was noted that the size of the so-called “adhesive zone” (a central metallic region surrounded 

by oxide-dominated regions nearer the edges of the wear scar) was independent of displacement 

amplitude. The authors acknowledged that this was an unexpected result due to the volume of 

experimental studies showing abrasion to dominate over adhesion as displacement is increased, 

and employed the aforementioned contact oxygenation concept to describe it; it was proposed 

that the independence of adhesive zone size on displacement amplitude is a result of two 

opposing effects balancing out, namely that (i) higher power dissipation increases the rate of 

oxygen consumption in the contact, and (ii) enhanced debris flow increases exposure of the 

contact to the atmosphere, and hence increases oxygen ingress.  

 Summary 
In addition to controlling the operative slip regime under a given set of conditions, displacement 

amplitude has also been noted to affect the overall wear rate in fretting contacts, with this effect 

typically being attributed to the impact of sliding amplitude on the rate of formation of oxide 

debris, its flow within the contact and the rate at which it is ejected from the contact. The 

mechanisms proposed to explain this effect vary considerably across the literature, and there is 

no broad consensus on which of these is the most broadly applicable.  

The uncertainty around the mechanism by which displacement amplitude affects the formation, 

flow and ejection of oxide debris is compounded by the wide range of specimen geometries and 

material combinations employed in different investigations of such effects in the literature; there 

is evidence in the literature that such variation likely has a significant effect on how changes in 

displacement amplitude affect wear mechanisms in fretting. 

In the majority of cases, larger displacement amplitudes have been reported to result in increased 

wear rates, typically attributed to enhanced flow of oxide debris within and out of the contact. 
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However, evidence has been presented which suggests that wear rate is not in fact dependent 

upon displacement amplitude, or at the very least that such a dependence may be less significant 

than apparent in the literature, although further investigation is needed in this area to better 

understand this relationship. 

Less commonly reported is the impact of displacement amplitude upon the flow of oxygen into 

fretting contacts, and how this effect relates to the rate of its consumption in the formation of 

oxide debris. Some workers investigating the role of displacement amplitude in fretting have 

reported that increasing displacement amplitude facilitates the flow of oxygen into contacts, 

increasing the availability of oxygen for the formation of oxide wear debris and hence 

contributing to an increase in the rate of wear; however, it has been commonly reported that 

wear scars formed at larger displacement amplitudes tend to be more metallic and exhibit 

significant adhesive wear, indicating that the enhanced rate of oxygen consumption at large 

displacement amplitudes may offset the easier flow of oxygen into the contact. In any case, there 

is no broad consensus around the role of displacement amplitude in oxygen ingress and 

consumption or the flow of oxide debris, and as such further investigation is required to better 

understand this important factor in the role of oxide debris in fretting contacts. 

 

2.3 Role of fretting frequency 

An important aspect of the role of displacement in fretting wear is its impact on the sliding 

velocity, which is observed to exert a significant influence on wear mechanisms via the associated 

impact on local temperature. Another factor which controls sliding velocity is fretting frequency, 

which therefore also acts upon some of the same processes as displacement amplitude, such as 

the flow of oxygen into the contact, its consumption in the formation of oxide debris, how 

debris particles behave within the contact and the rate at which they are ejected to play no 
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further role in wear. However, the impact of fretting frequency on wear mechanisms in fretting 

differs from that of  displacement amplitude in a few critical ways, namely (i) the area of the 

contact exposed to the atmosphere is not directly dependent upon fretting frequency; (ii) the 

overall slip displacement at a wearing interface is not directly affected by changes in frequency. 

The effects of frequency and displacement amplitude may therefore be expected to interact to a 

significant degree, although their respective influences on critical processes of fretting wear may 

compete as well as work together. 

Indeed, the effect of fretting frequency on wear rate is widely observed to differ significantly 

from that of displacement amplitude, namely that where increases in displacement amplitude are 

generally observed to result in an increase in wear rate [5,8–10,22–25], increases in fretting 

frequency are observed to result in significantly reduced wear rates [10,25,29,32–34]. Such a 

reduction in wear rate with increasing fretting frequency was first noted by Feng and Uhlig [35], 

who investigated the fretting behaviour of mild steel specimens in atmospheric air and in an 

inert, nitrogen atmosphere. Conducting fretting tests over a range of frequencies in these 

different atmospheric conditions highlighted the significant chemical element of the frequency 

effect, as when fretting tests were conducted in the absence of oxygen, the effect of frequency 

on wear rate was observed to disappear. A reduction in wear rate with increasing fretting 

frequency has since been reported in numerous works employing a range of different materials 

and contact configurations [10,25,29,32–34], and is often attributed to the impact of frequency 

on the access of oxygen to the contact.  

Changes in frequency inherently set up complex interactions between critical processes of 

fretting wear, as the change in sliding velocity results in an increase in local temperature (and 

hence the rates at which reactions take place), while reducing the time between asperity 

interactions and hence the time over which reactions can take place. Frequency also affects 

mechanical aspects of fretting contacts such as the imposed strain rate and the mechanical 
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properties of the substrate (due to its impact on local temperature), which may also be in 

competition with one another; such an effect was noted by Bryggman and Söderberg [36], who 

observed that increasing frequency acts to soften the underlying bulk material due to the 

associated increase in local temperature, and that higher frequency also induces higher strain 

rates, which has the opposite effect. In the same work, however, it was noted that the effect of 

strain rate on shear flow stress (evaluated using an equation developed by Sundararajan [37]) is 

small over the range expected in fretting contacts, which exhibit relatively low sliding velocities 

relative to other forms of sliding wear.  

The complex interactions between mechanical and chemical processes inherent to changes in 

fretting frequency highlight the difficulty associated with deconvoluting these processes in a 

laboratory environment, in which changes in input parameters may influence several processes 

simultaneously; however, experimental investigations into the role of fretting frequency, and 

how this depends upon other fretting parameters, provide valuable insight into the overall 

impact on the mechanism of fretting. 

 Impact on oxygen ingress and debris flow 
As was highlighted by Feng and Uhlig [35], Van Peteghem et al. [33] observed a significant 

chemical effect of frequency in fretting of titanium alloy pairs; in this it was observed that, along 

with a reduction in wear rate, increasing frequency resulted in the formation of titanium nitride 

in the centre of wear scars, attributed by the authors to depletion of oxygen at the interface 

associated with the higher frequency. This was further supported by the observation that a 

greater degree of contact “opening” (i.e. reduction in normal force at the end of each fretting 

cycle) eliminated the formation of titanium nitride. 

Warmuth et al. [34] investigated the fretting behaviour of cylinder-on-flat, high strength steel 

contacts, using cylinder specimens of various radii with fretting frequencies ranging from 20 Hz 

to 200 Hz. A reduction in wear rate of over 50% was observed for the less-conforming contact 
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pairs, while a significantly lower reduction was observed in more-conforming pairs; Warmuth 

et al. [34] attributed this effect to the physically larger contacts excluding oxygen from the 

interface more effectively than contacts in which oxygen has to penetrate a shorter distance for 

there to be a sufficient concentration of oxygen present to form oxide debris throughout the 

interface. Metallic wear scars, i.e. those with sparse coverage by oxide debris and the presence 

of metallic debris near the centre of the contact, were observed at high frequency (200 Hz) with 

large physical contact size (i.e. conditions in which oxygen was most effectively excluded), with 

this contrasting with the predominantly oxide-based wear scars formed at low frequency (20 

Hz). Cross-sections of specimens revealed that the oxygen-depleted wear scars formed in the 

more-conforming contacts at high frequency were associated with significant levels of subsurface 

damage developing, highlighting the protective role of oxide debris beds in preventing 

damaging adhesive contact between metallic surfaces. So-called “phenomenological fretting 

maps” were presented by Warmuth et al. [34] (shown in Figure 2.13) to illustrate how the 

observed response (namely whether metallic or oxide debris forms, and the extent of debris 

retention) vary over the examined range of test conditions. It can be seen that at low frequency, 

wear scars are predominantly oxide-dominated for both high and  low contact conformity, as 

there is more time for oxygen to penetrate the interface, while at higher frequency, metallic 

debris forms due to a combination of the shorter time and larger distance for oxygen to penetrate 

the contact. Similarly for debris retention, both high contact conformity and high frequency 

enhance debris retention, the former due to the physical distance that debris must travel to be 

ejected from the contact, and the latter due to the greater contact temperature associated with 

higher frequencies promoting cohesion and sintering of debris particles. 
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Figure 2.13. Phenomenological fretting maps, originally presented by Warmuth et al. [34], representing the effects 

of frequency and contact geometry on (a) debris type; (b) debris retention; the arrows superimposed on the map 

represent associated changes in fundamental processes which control oxygen penetration into the contact and the 

retention of debris within the contact. 

In an investigation of the impact of contact size on fretting wear of steel pairs in a ball-on-flat 

configuration, Merhej and Fouvry [38] observed large contact widths not to result in oxygen 

exclusion, but rather to promote the formation of protective oxide beds, attributing this effect 

to the significantly restricted rate of ejection of oxide debris from the contact at greater contact 

widths. Physical exclusion of oxygen from cylinder-on-flat contacts with large cylinder radii was 

observed by Warmuth et al. [30], discussed in Section 2.2.3, which employed the same specimen 

configuration, material and range of contact geometries, although notably a higher normal load 

(450 N as opposed to 250 N), a relatively low fretting frequency (20 Hz) and a range of 

displacement amplitudes (ranging from 25 µm to 100 µm). In this it was observed that more-

conforming specimen pairs developed wear scars that were more metallic in nature than those 

formed in less-conforming pairs, and that these metallic surfaces were associated with significant 

adhesive wear and hence the formation of a significantly damaged metallic subsurface layer. It is 

relevant to note that for the same sliding conditions and more-conforming contact 

configuration, oxygen exclusion was observed at low frequency by Warmuth et al. [30] under 

a normal load of 450 N, although was not observed under a normal load of 250 N [34], 
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indicating that the rate of oxygen consumption (related to frictional power dissipation in the 

contact) is critical in the exclusion of oxygen from fretting contacts. 

The important role of frequency in promoting the retention of debris in contacts was observed 

by Lemm et al. [39], who investigated fretting wear of steel pairs with a significant difference in 

hardness, and observed the formation of debris beds to be highly dependent on fretting 

frequency. A higher frequency of 50 Hz was observed to result in a regime in which oxide 

debris embedded in the softer surface, protecting it significantly from wear while abrading the 

opposing (harder) surface, which did not develop a coherent oxide debris bed; the preferential 

wear of the harder specimen of the pair seemingly conflicts with the relationship outlined by 

Archard [40] in which harder metals are significantly less vulnerable to wear than softer ones. 

Conversely, when frequency was reduced to 5 Hz (all other factors being equal), a protective 

debris bed did not form and both hard and soft bodies developed deep wear scars. This was 

proposed to be a result of the lower contact temperature at lower frequency, meaning that either 

(i) debris particles could not agglomerate sufficiently to form a bed due to sintering of particles 

(a temperature-dependent process) occurring at a reduced rate, (ii) reduced degree of thermal 

softening impedes the mechanical keying of debris into the surface, or a combination of the 

two. 

Regarding the exclusion of oxygen from fretting contacts, a mechanism was proposed by Mary 

et al. [41], in an experimental study of the effect of contact pressure on fretting of a Ti-17 alloy 

against Cu-Ni-In interface, in which fretting parameters are noted to affect the rate of 

consumption of oxygen relative to the rate at which it can be replenished, and hence the 

dominance of oxygen-deficient “adhesive wear” or oxygen-sufficient “abrasive wear”. It was 

observed that as pressure was increased, a transition in the operative wear mechanism occurred, 

from a conventional three-body abrasive mechanism at low temperature, marked by low wear 

rates, to a regime marked by a greater degree of transformation in the subsurface region of the 
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titanium alloy punch and adhesion of this transformed material to the Cu-Ni-In surface, 

associated with higher wear rates. Previous work on fretting of titanium alloys by Mary et al. 

[42] found that the adhesive regime was also associated with the formation of titanium nitride 

(something also observed by Van Peteghem et al. [33]), attributed to a combination of what 

they termed “oxygen depletion” (alternatively “air distilling”), and severe plastic strains 

activating the nitriding process. 

The oxygen exclusion theory of Mary et al. [41] was referred to in the work of Warmuth et al. 

[34], forming an important foundation of the oxygen exclusion theory proposed in the latter 

work. Fouvry and co-workers [10,25,29,31] subsequently combined the mechanisms of oxygen 

exclusion outlined by Mary et al. [41] and Warmuth et al. [34] in the development of a broader, 

more quantifiable description of the role of oxygen in fretting wear, found to apply to different 

materials (Ti-6Al-4V and low alloy steel) and contact geometries (cylinder-on-flat and large flat-

on-flat contacts). In this the role of several parameters affecting oxygen flow and consumption 

were examined, including contact size, fretting frequency, displacement amplitude and normal 

load (both constant and variable); each of these parameters was observed to contribute to the 

exclusion of oxygen from the interface, and hence the development of oxygen-depleted 

“adhesive zones” at the centre of the contact, in which significant adhesive wear occurs. A 

feature associated with the metallic wear scars formed by the “adhesive” wear mechanism is the 

transfer of metal between specimens, resulting in the formation of W-shaped scars; as mentioned 

previously, Ti-6Al-4V is more prone to adhesive wear than steels, although oxygen-depleted, 

W-shaped wear scars have been observed to occur in both Ti-6Al-4V [29] and low alloy steel 

pairs [10,25].  

This approach accounts for the flow of oxygen both into the contact (fundamental to the oxygen 

exclusion theory of Warmuth et al. [34]) and the rate at which it is consumed in the contact 

(based on the concept of “air distilling” outlined by Mary et al. [41,42]) in order to determine 



Chapter 2. Literature review 

   Page 36 | 212 

whether oxygen concentration in the contact is above the threshold concentration necessary to 

sustain an oxidative-abrasive wear mechanism; when oxygen concentration is below this 

threshold value, a transition to a wear mechanism characterised by significant metal-metal 

contact and adhesive transfer occurs. This interfacial oxygen concentration (IOC) concept – 

alternatively termed the contact oxygen concept (COC) – outlined by Fouvry et al. [29] was 

first applied to describe the effect of frequency and variable normal force in cylinder-on-flat Ti-

6Al-4V contacts, and has since been expanded to describe similar mechanism changes in flat-

on-flat steel pairs over a range of contact sizes, surface textures and test conditions [10,25]. A 

schematic diagram is presented in Figure 2.14 illustrates the core concept of the model, namely 

the proposed variation in dioxygen partial pressure (i.e. interfacial oxygen concentration) as a 

result of oxygen diffusing from the outer environment into the contact, some of which is 

consumed in the formation of oxide due to the fretting motion; if the dioxygen partial pressure 

exceeds a threshold value (𝑃𝑂2,𝑡ℎ) then wear occurs via an oxidative-abrasive mechanism, while 

below this threshold wear occurs via an adhesive mechanism, characterised by metal-to-metal 

contact and transfer of material between surfaces.  

The parameter 𝑑𝑂 represents the distance from the edges of the contact to the edges of the so-

called “adhesion zone” in which oxygen concentration is very limited; this parameter was 

demonstrated in previous work by Baydoun et al. [10] to be influenced by certain fretting 

parameters, namely sliding frequency and the contact pressure, while other parameters such as 

sliding amplitude, contact size and the number of fretting cycles appeared to have no substantial 

effect. As such, this model predicts that relatively high values of fretting frequency and contact 

pressure are associated with a tendency towards a greater degree of adhesive wear as opposed to 

an oxidative-abrasive mechanism, while the other parameters do not significantly affect this 

transition. These observations highlight the significant effect of frequency on contact 

oxygenation as part of a broader effect of fretting parameters on the rate of oxygen transport 
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into the interface and its consumption in the formation of oxide, and it may therefore be 

expected that significant interaction occurs between the effects of parameters, particularly those 

having a significant effect on oxygen flow into the contact, or debris flow out of the contact. 

 

Figure 2.14. Diagram illustrating the core concept of the contact oxygenation description of wear developed by 

Fouvry and co-workers [29]. 

 Interrelationship with ambient temperature 
Besides atmospheric conditions, other parameters have been found to affect how wear rates and 

mechanisms in fretting respond to changes in frequency. Jin et al. [43] observed the effect of 

frequency to be affected by temperature, attributed to the combined effects of environmental 

temperature and local temperature increase due to frictional heating and the corresponding 

impact on the formation of a stable protective “glaze layer” of sintered wear debris. It was 

proposed that the greater temperature increase at higher frequencies raised local temperature 

above a critical point at which a glaze layer could form, at which point wear rate fell significantly. 

Jin et al. [43] also observed that the temperature at which a protective debris layer forms depends 

upon the fretting frequency, attributing this effect to the competing effects of rate of oxidation, 

time between asperity interactions and agglomeration of oxide debris; the diagram shown in 
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Figure 2.15 is an interaction diagram presented by Jin et al. [43] to clarify the proposed effects 

of frequency and environmental temperature on the formation of protective debris beds, 

highlighting the significant degree of interaction between the effects of the two parameters. 

 

Figure 2.15. Interaction diagram linking experimental parameters with the resulting effects on wear behaviour as 

presented by Jin et al. [43] 

Moreover, it is likely that other fretting test parameters will also exhibit significant interaction 

with the effect of fretting frequency, as the processes outlined in Figure 2.15 that are acted upon 

by both temperature and frequency are also affected by other parameters; for example, the 

“interpass time” is related to the sliding velocity, which is controlled by displacement amplitude 

as well as frequency. Furthermore, parameters such as displacement amplitude and normal load 

also influence power dissipation in the contact, and hence the local temperature, which may in 

turn contribute to interacting effects along the lines of those outlined in Figure 2.15. 

 Interrelationship with displacement amplitude 
Strong evidence has been presented that demonstrates the effect of fretting frequency on wear 

mechanisms is dependent upon contact conditions affecting the formation and ejection of oxide 

debris, namely contact geometry and local temperature. As such, it is intuitive to consider 

whether the effect of frequency is also influenced by other fretting parameters which have a 

significant effect on debris behaviour, namely displacement amplitude. In light of this, it is 

surprising that reports in the literature regarding the effect of displacement amplitude on the 

role of frequency in fretting are relatively sparse; fretting frequency has been observed in some 
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studies to have a greater impact on wear rate at larger displacement amplitudes, although the 

mechanism behind such an effect has not been clearly outlined. 

In their paper clearly demonstrating the significant impact of fretting frequency on wear rates 

and mechanisms, and the importance of oxygen in this effect, Feng and Uhlig [35] also observed 

the effect of frequency on wear rate to be greater in fretting at larger displacement amplitudes 

than at smaller amplitudes; however, this observation was not explored in detail, and no 

mechanism was proposed to account for the effect. Further observations of a greater impact of 

fretting frequency on wear rate at larger displacement amplitudes were reported by Toth [32] 

and Vaessen et al. [44], although similarly to Feng and Uhlig [35] the effect was not explored in 

depth, and no clear explanation can be found to account for the effect.  

One possible explanation is that the change in displacement amplitude is associated with a 

transition in the operative sliding regime, from partial slip to gross sliding or vice versa; in the 

partial slip regime, a region in the centre of the contact remains stuck throughout the fretting 

displacement cycle, and sliding in this regime is in turn associated with significantly lower wear 

rates in favour of fatigue cracking. Moreover, in the partial slip regime, the roles of oxygen 

ingress to the contact and that of oxide wear debris (most importantly the formation of debris 

beds) are diminished relative to fretting in the gross slip regime, and it is these processes which 

are thought to be critical to how changes in fretting frequency influence wear. As such it can 

be expected that the operative slip regime may have a significant effect on the role of frequency 

on wear mechanism. Indeed, Bryggman and Söderberg [36] reported that the critical 

displacement amplitude between regimes is itself affected by fretting frequency, becoming larger 

upon increasing frequency from 10 Hz to 100 Hz, and then decreasing as frequency was further 

increased from 100 Hz to 1000 Hz; the trend as frequency was further increased to 2000 Hz 

was dependent upon the specimen material, with the critical displacement amplitude continuing 

to fall for carbon steel pairs, while in stainless steel pairs appeared to increase again.  
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The observations discussed above indicate that the effect of frequency on the mechanism of 

fretting may be dependent upon the displacement amplitude, although further work is needed 

in this area to understand the extent to which displacement amplitude affects the role of 

frequency in fretting wear in the gross slip regime. 

 Material dependence 
Some works have reported a material dependence of the frequency effect in fretting; Toth [26] 

observed that softer materials exhibited a greater reduction in wear rate with frequency than 

harder ones, attributed to a greater tendency for softer materials to exhibit adhesive wear, while 

Söderberg [29] observed that stainless steel pairs exhibit a more pronounced frequency effect 

than carbon steel pairs over the same conditions. However, Söderberg [29] observed an increase 

in wear with increasing frequency, contrasting with many other reports of frequency effects in 

which a reduction in wear rate is often observed, possibly due to the use of wear scar width as 

the primary metric of wear rate rather than the wear volume. 

Both works provide an indication that the frequency effect may be material-dependent, 

although further work is required in this area to better understand this dependence. Improved 

understanding of how the frequency effect varies depending on material would be helpful in 

comparing reports on the frequency effect in the literature, which are often based on different 

experimental configurations. 

 Summary 
Fretting frequency has been observed in several cases to result in a reduction in wear rate, with 

this effect being linked to its impact on the flow of oxygen into fretting contacts; the chemical 

element of the frequency effect is highlighted by evidence that in an inert environment 

frequency does not have a significant effect on wear rate.  

The effect of frequency has been reported to be dependent upon multiple aspects of fretting 

contacts, such as contact geometry, environmental temperature and displacement amplitude, 
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having potentially significant implications for the development of debris beds and subsurface 

damage in addition to wear rate. The interaction of fretting frequency with other parameters is 

typically attributed to the parameters acting upon the availability of oxygen at the fretting 

interface, as well as retention of oxide debris; however, these processes are not comprehensively 

understood, and further work is required to understand the ways in which frequency impacts 

the mechanisms of fretting wear and how this interacts with the effects of other parameters upon 

the same processes. 

 

2.4 The role of wear debris 

The effects of displacement amplitude and frequency on fretting mechanisms are due in 

significant part to the influence of these parameters on the flow of oxide debris in the contact; 

the same is true to some extent of all parameters affecting fretting due to the significant 

entrapment of debris in fretting contacts, which therefore plays a critical role in determining 

wear mechanisms. In light of this, a greater emphasis has been placed on the role of third bodies 

in wear over the past few decades; the critical role of debris in tribological interfaces (not limited 

to fretting contacts) was clearly articulated in 1984 by Maurice Godet [45], who proposed that 

wear can be considered through the flows of debris in the wear process, separating the processes 

of particle detachment from wear itself, which was redefined as debris ejected from the contact. 

In the following decades, Godet and co-workers [45–49] developed the “third body approach” 

based upon principles of lubrication theory (such as velocity accommodation and load carrying) 

being applied to the third bodies; third bodies may be either natural (e.g. wear debris) or artificial 

(e.g. lubricants supplied to the interface).  

The flows of debris described by the third body approach were illustrated by Berthier et al. 

[50,51] via the concept of a “tribological circuit”, shown in Figure 2.16; this representation 
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provides a useful summary of the various ways in which debris may be considered to flow in 

tribological systems, and highlights the concept that material removal from the contact (i.e. 

wear) is only one of several flows of debris that occur in tribological systems. Third bodies are 

introduced to the system by (i) detachment of natural third bodies from first body surfaces (i.e. 

debris formation) and (ii) external supply of artificial third bodies (e.g. lubricants); in this thesis, 

only dry contacts are investigated, and so only the behaviour of natural third bodies (i.e. wear 

debris) is considered. 

 

Figure 2.16. Schematic diagram illustrating the concept of the tribological circuit, as presented by Descartes and 

Berthier [52]. 

Several attempts have been made to measure the flow of wear debris directly using in-situ 

visualisation techniques, although due to the considerable technical challenge in observing 

behaviour in an area that is by definition not exposed to the surrounding environment, 

conclusions regarding typical metal-against-metal contacts must generally be inferred from a 

contact that is modified in some way and hence not representative of typical test configurations. 

A common approach is to conduct wear experiments in which one of the wearing bodies is 

made of an optically transparent material, such as sapphire or glass, and visually recording how 

debris flows during the test [52–58]. Such in-situ techniques allow the observer to physically see 

inside a wearing contact, giving an indication of how flows develop in real time, although a 

significant drawback is the modification of wear behaviour of the contact by the transparent 
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body, potentially rendering the observations unrepresentative of true behaviour in fretting 

between two metallic bodies. 

Despite not being well suited to direct observation of the flows of debris during fretting tests, 

more conventional experimental studies of fretting wear employing more representative 

materials (namely alloys employed in industrial applications in which fretting is typically 

observed) are therefore critical in improving understanding of the processes by which debris 

flows within contacts, coalesces to form beds or is expelled from the contact. In order to more 

effectively deconvolute the complex interacting processes of fretting, careful experimental 

design is required to interpret the role of specified parameters; examples regarding the effects of 

displacement amplitude and frequency were presented in the previous sections, in some cases 

investigated in relation to other relevant factors such as contact geometry and environmental 

temperature. 

In this section, the nature of fretting debris and its role in modifying fretting contacts are 

explored to clarify the state of knowledge on this critical aspect of the wear process, so as to 

better understand the ways in which fretting parameters influence these mechanisms and, 

critically, the interactions between parameters which act upon common processes.  

 The nature of fretting debris particles 
There have been many attempts over the past decades to characterise loose debris generated in 

fretting tests of steel specimens [3,10], particularly the composition and size of particles and to a 

lesser extent their morphology. In his book “Fretting Corrosion”, published in 1972, 

Waterhouse [1] reviewed in detail the body of work investigating the nature of fretting debris, 

and as such only the most relevant aspects to this thesis will be covered in this section, namely 

dry fretting of steel pairs at room temperature.  

While Waterhouse [1] highlighted significant dependence of debris particle composition on 

atmospheric conditions such as humidity and temperature, debris formed in fretting of steels at 
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room temperature typically consists primarily of the high temperature iron oxide α-Fe2O3 

(occurring naturally as the mineral haematite) with a proportion of metallic iron also being 

reported [3,10], although the relative proportions of oxide and metal are not well established. 

Other iron oxides (namely FeO and Fe3O4) have also been reported in fretting of steels at room 

temperature, albeit much less commonly [3,10,19]; however, it is worth noting that Fe3O4 is 

commonly observed in debris formed in fretting of steel pairs at elevated temperatures [25]. In 

vacuum or inert gas environments, the quantity of debris produced is much smaller than is 

formed in air (i.e. wear rate decreases significantly) and is entirely metallic in character [20].  

Reports of debris particle size vary to a greater extent than those of composition, with the 

estimated diameter of fundamental particles ranging from approximately 0.01 µm [21] to several 

microns [22]. Moreover, general observations regarding the effects of sliding conditions on 

debris particle size are not readily discerned from these data, which may differ not only due to 

the different measurement techniques employed, but also the wide range of rigs, materials and 

conditions employed in the test programmes, and hence the nature of samples. 

Of the various mechanisms by which particles can be detached from surfaces in different wear 

processes, material removal in fretting wear can broadly be described by three dominant 

mechanisms [22]: 

1) Removal of metallic particles by grinding or tearing of welds. Subsequent oxidation does 

not play an important role in further wear. 

2) Removal of metal particles which subsequently oxidise to form an abrasive powder. The 

abrasive action plays a significant role in further wear. 

3) Direct oxidation of surfaces, with the continual removal of the oxide layer by the 

scraping of asperities from opposing surfaces. 

Uhlig [59] proposed that particle detachment in fretting contacts involves both a mechanical 

factor and a chemical factor, the former involving the detachment of metallic particles by 
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processes such as abrasion and adhesion which subsequently oxidise, and the latter relating 

primarily to the scraping off of oxide films formed continually on metallic surfaces exposed by 

fretting action (termed by Stott et al. [60] as “oxidation-scrape-oxidation”). The role of 

mechanical and chemical processes in the formation of debris particles is emphasised differently 

by different authors; for example, a predominantly oxidational (i.e. oxidation-scrape-oxidation) 

mechanism was favoured by Quinn [61,62], and Stott et al. [60], while others hold that debris 

is generated in the form of metallic particles which subsequently oxidise in the contact [47,63–

68]. 

Halliday and Hirst [22] concluded that an oxidation-scrape-oxidation a mechanism could not 

be an controlling factor in fretting wear, with a similar conclusion being reached by Aldham et 

al. [27], who investigated fretting wear of steel pairs and reported that the softer ferrite phase 

was detached selectively to form debris rather than pearlite (the harder of the two) taking this as 

evidence that oxide debris is formed by the detachment and comminution of metallic particles, 

rather than the scraping off of thin oxide films. Further evidence that metallic particles can 

oxidise under tribological conditions to form oxide debris was provided by Pendlebury [66], 

who artificially supplied iron particles to a fretting interface which subsequently oxidised to 

become iron oxide (Fe2O3). In light of this, it appears likely that multiple distinct mechanisms 

of particle detachment occur concurrently in a fretting contact, as was proposed by Uhlig [59], 

with the relative roles of mechanical and chemical factors being dependent upon the fretting 

conditions, including specimen materials [69]. 

Archard and Hirst [70] identified two distinct wear regimes in unidirectional sliding wear, 

namely mild wear, which gives rise to predominantly oxide wear debris, and severe wear, in 

which large metallic fragments are formed and surfaces become highly damaged; it was noted 

that debris particle size depends significantly on which of the two regimes dominates, with mild 

wear producing oxide particles of the order of hundreds of angstroms, and severe wear resulting 
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in metallic particles of the order of 100 µm. The implications of these findings for fretting 

contacts (as opposed to the unidirectional sliding configuration studied) were explored by  

Halliday and Hirst [22], who observed that the rates of wear and the appearance of worn surfaces 

in fretting even at large amplitudes were consistent with the mild wear regime outlined by 

Archard and Hirst [70]. In the same work, microscopic analysis of ejected debris particles 

indicated a wear regime closer to that of severe wear at large amplitudes (up to ~400 µm), with 

some large metallic particles up to 50 µm being observed among smaller oxide particles 

approximately 0.1 - 1 µm in diameter (potentially becoming as small as 100 Å). 

In work on reciprocating sliding wear, Suh proposed the delamination theory of wear in which 

subsurface fatigue cracks grow parallel to the surface, connecting with surface cracks resulting in 

the removal of plate-like metallic particles. This was supported by Sproles and Duquette [71], 

who concluded that for the set of conditions studied, the delamination theory is the most suitable 

model for material removal in fretting. Waterhouse and Taylor [67] also reported that 

delamination occurs in fretting wear, proposing that fretting debris does not consist solely of 

surface films that are scraped off, but also contain some larger metallic particles which through 

comminution in the wear process become increasingly broken down and oxidised. However, 

Kayaba and Iwabuchi [72] proposed an alternative to the delamination theory to explain the 

formation of large flake-like particles in fretting, namely that these could be attributed to the 

stripping of oxide films from metal surfaces in fretting. 

 The source of fretting debris 
In considering the process by which debris particles are formed in fretting, it is naturally relevant 

to consider the primary source of debris particles, namely the regions of the first body surfaces 

directly beneath the surface that are transformed by the loads and relative displacements imposed 

in fretting. Reports of significant transformation of the subsurface are common in fretting 

literature, with these transformed regions often exhibiting significantly different mechanical 
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properties and chemical composition to that of the bulk material [73–76]; throughout much of 

the 20th century, such layers have commonly been referred to as “white layers” due to the 

appearance of steel samples prepared for metallographic observation using chemical etching, 

although in the 1990s a new term was adopted that more specifically refers to transformed layers 

formed in tribological systems, namely the tribologically transformed structure (TTS) [74,75,77]. 

Tribologically transformed structures have been observed in some form in a range of materials 

including steels [69,73,77–79], titanium alloys [69,73–75,77,80] and nickel-based superalloys 

[81–84], and exhibits certain common characteristics, namely an ultra-fine grain structure (with 

grains of the order of tens of nanometres in size), and hence distinct mechanical properties from 

the bulk material from which it is formed. Another commonly reported characteristic is that the 

TTS exhibits no significant difference in chemical composition from that of the bulk material 

[74,75], although  some authors have reported TTS layers exhibiting an elevated oxygen 

concentration relative to the bulk material [84].  

A diagram originally presented by Sauger et al. [74] illustrating the location of the TTS in 

relation to other layers formed in fretting is presented in Figure 2.17, and can be seen to lie 

between a layer of oxidised debris at the surface, and a region of plastically deformed bulk 

material between the TTS and the undeformed bulk material. Due to the fine grains developed 

in the TTS, the region is harder and more brittle than the bulk material, and it was proposed by 

Sauger et al. [74] that this region acts as the primary source of wear debris in fretting. 

 

Figure 2.17. Diagram originally presented by Sauger et al. [74] illustrating the location of the TTS relative to other 

layers formed in fretting. 
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While the existence and characteristics of TTS are widely reported, the mechanism behind its 

formation is not well understood, with those proposed in the literature varying considerably. 

The initial works by Sauger and co-workers [74,75] attributed the formation of TTS to 

extensive plastic deformation and cyclic work-hardening of the subsurface region, resulting in 

recrystallization of the microstructure, which eventually becomes too brittle to accommodate 

the fretting motion and thus fracturing to form metallic wear particles which quickly oxidise in 

the contact.  

Vizintin et al. [85] proposed a mechanism for TTS formation in steel pairs, which was attributed 

to a martensitic transformation caused by high local “flash” temperatures occurring at asperity 

tips followed by quenching by the substrate. It was proposed that the large width of the 

transformed layers relative to their depth was indicative of a temperature-based transformation, 

as the rapid dissipation of energy into the substrate results in the temperature of the surface being 

much higher than that found a few microns below the surface, thereby limiting the growth of 

the layer into substrate. However, this mechanism does not account for the observations of 

similar TTS layers in a wide range of metals; moreover, temperature rise due to frictional power 

dissipation in fretting is generally found to be lower than that required to cause the necessary 

martensitic transformation [86,87], so while rapid temperature cycling may play a role in the 

process, it appears unlikely that this is the sole mechanism responsible for TTS formation. 

Rigney et al. [88] attributed TTS formation to high plastic strains resulting in material transfer, 

as the deformed structure developed in interfacial sliding is susceptible to shear instabilities, 

leading to transfer of metallic material between surfaces and mechanical mixing in the near 

surface region. The mechanical mixing mechanism described by Rigney et al. [88] requires the 

presence of a second phase, which in the case of homogeneous pairs must be formed through 

interaction with the environment (i.e. oxidation of metallic material). Sauger et al. [74] 

investigated the applicability of this mechanism to homogeneous titanium alloy contacts, and 
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found that only traces of oxygen were present in the TTS, and hence proposed that interaction 

with the atmosphere does not play a primary role in its formation.  

Significant material transfer has been observed to occur when surfaces are not separated by a 

third body layer, resulting in adhesion at metal-metal asperity junctions, with a striking example 

provided by Nurmi et al. [76], who studied the subsurface damage developed in large annular 

flat-on-flat contacts of a high strength steel over very large numbers of cycles (up to 3 million) 

and observed highly damaged and cracked metallic regions extending tens of micrometres into 

the surface. A subsequent paper by Juoksukangas et al. [89] employing the same contact 

configuration and test conditions observed similar layers of severely damaged metallic material 

to develop in different materials, namely structural steel and cast iron. Despite significant 

variation in the nature of the damaged layers in different regions of the surface and at different 

test conditions presented by Nurmi et al. [76], these extensively damaged layers were 

consistently observed to develop at “adhesion spots”, i.e. areas of the fretted surface where there 

is no oxide layer present to separate metal surfaces, hence resulting in damaging metal-to-metal 

contact. The damaged layers of metal were observed to exhibit significant porosity, and no 

significant differences in composition to the bulk material. Moreover, thick layers of oxidised 

metallic debris were observed atop the TTS layers in some cases, also exhibiting significant 

porosity, proposed to be formed by adhesive transfer of material between specimens, becoming 

oxidised in the process. These distinct types of transformed layers are broadly consistent with 

observations reported by  Xin et al. [90] in an investigation of the fretting behaviour of a 304 

stainless steel ball against a nickel alloy (690TT) flat. In this, two distinct layers of transformed 

metallic material were observed, namely (i) regions of near-identical composition to the bulk 

material, and (ii) regions exhibiting apparent adhesive transfer exhibiting slightly elevated 

oxygen concentration relative to the bulk material. These two types of transformed layers were 

classified as Type 1 and Type 2 TTS, the former having an altered composition to the bulk 
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material, and the latter aligning with the more conventional definition (i.e. similar composition 

to the bulk material). Type 1 TTS was proposed to form through a process involving material 

transfer and mechanical mixing (resulting in exposure to the atmosphere), while Type 2 TTS 

was attributed to the more widely favoured mechanism of TTS formation by dynamic 

recrystallization. 

The findings of Xin et al. [90] and Hintikka and co-workers [76,89,91] indicate that oxidation 

may play a more significant role in the formation of TTS (at least for certain material 

combinations) than was observed by Sauger et al. [74], which may be due to the investigations 

examining (i) different material combinations; (ii) different contact geometry; (iii) different 

sliding conditions, or some combination of the three. Moreover, it is likely that the mechanism 

of TTS formation varies between different materials and sliding conditions, and hence cannot 

be described by a single mechanism; such mechanisms therefore remain an important area for 

further investigation in order to better understand this important aspect of fretting wear. 

 Tribo-sintering and the formation of glaze layers 
While reference is made in several works to the sintering of wear debris to form protective beds 

[34,39,43,92,93], how such sintering processes occur in tribological conditions remains an area 

of active investigation. It has been widely reported that at elevated temperatures, in both fretting 

and sliding wear, a critical temperature is reached at which wear rate falls sharply, remaining 

very low as temperature is increased further as a result of the formation of a stable, protective 

layer of sintered oxide debris, termed a “glaze layer” [43,72,92–100]. Glaze layers do not behave 

in the same way as the compacted oxide debris beds formed at lower temperatures, which are 

continuously formed and broken down, instead being formed by rapid sintering of debris 

particles (which occurs much faster at higher temperatures), and as such the layers formed are 

stable and do not break down. This has a profound impact on the wear mechanism, for when a 

glaze layer is present at the interface, the underlying metal is largely protected from the 
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atmosphere and asperities of the opposing surface and transfer of species occurs primarily via 

diffusion through this stable layer [60,95,96,101,102]. 

The role of sintering in the formation of glaze layers was investigated by Kato and Komai [103], 

who artificially supplied nanometre-scale particles of oxides of several different metals to rubbing 

surfaces and observed that a protective bed formed after a shorter slip displacement as the size of 

supplied particles was reduced, suggesting a strong influence of particle size on debris bed 

formation. They termed the sintering of oxide particles in tribological conditions “tribo-

sintering”, highlighting the difference between this process and that of conventional sintering, 

in which high temperature and pressure are typically sustained for a prolonged period. In 

tribological interfaces, temperature and pressure are likely to be much more intermittent, as 

asperities pass over each other throughout the displacement cycle. Conventional sintering 

typically takes place at temperatures half that of the melting temperature of the material [104], 

much higher than the temperatures at which tribo-sintering has been observed [105]. It is not 

possible at present to clarify the reasons for this difference, as the temperatures and pressures may 

be highly localised and thus vary significantly. 

In addition to observing the effect of particle size on tribo-sintering, Kato and Komai [103] also 

noted that the composition of debris has an impact on sintering, with less diffusive oxides not 

forming a stable layer under the conditions studied. More recently, Viat et al. [94] observed the 

formation of a stable debris layer to be dependent upon the auto-diffusion coefficients of the 

alloying elements present in the first bodies from which the debris is formed.  

Glaze layers were observed to form at temperatures as low as 85°C in fretting of steel pairs by 

Pearson et al. [93], although it was shown by Hayes and Shipway [92] that greater temperatures 

were required to form a glaze layer when displacement amplitude was increased (all other factors 

being equal), indicating that for larger displacements a faster rate of sintering is required for 

particles to remain in the contact.  
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 Summary 
It has been clearly demonstrated over the past several decades that retained wear debris plays a 

critical role in determining the operative physical processes of various forms of sliding wear, 

with the various aspects of this role being clearly articulated in the “third body approach” 

outlined by Godet and co-workers in the 1980s and 1990s. The role of debris is particularly 

significant in fretting contacts, where displacements are small relative to overall contact size, 

resulting in significant entrapment of debris particles. 

The primary source of fretting debris is thought to be the tribologically transformed structure 

(TTS) developed in the subsurface due to fretting loading; TTS has been widely observed to 

form in a range of metals, although there is not broad consensus on the mechanism(s) of its 

formation, or indeed what may be classified as “TTS”. Some observers have noted two distinct 

types of TTS, namely (i) that formed from direct transformation of the bulk material, and (ii) 

material which has been transferred between specimens, becoming oxidised in the process; 

however, the latter does not align with the conventional definition of TTS and this remains an 

area for further investigation. The lack of clarity around the mechanisms of TTS formation 

necessitate further investigation of the nature of the tribologically transformed structure and the 

conditions of its formation. 

The nature and behaviour of debris particles generated in fretting contacts is complex, and 

depends upon numerous mechanical and chemical factors that lead to significant variation 

between different contact configurations, although some key aspects of the role of debris 

reported in the literature may be summarised as follows: 

• For fretting of metallic pairs (the sole consideration of this thesis), wear debris typically 

consists of oxides of the base metals, while a proportion of debris is metallic [1,106].  
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• Debris ejected from sliding contacts may be either predominantly oxide-based 

(indicative of a “mild” wear regime) or consist of larger metallic fragments (indicative of 

“severe” wear) – whether such regimes exist in fretting wear is not clearly understood. 

• Numerous mechanisms of debris formation in fretting have been outlined, although 

which mechanisms operate under which conditions is not comprehensively understood, 

with it being likely that multiple mechanisms occur concurrently in a fretting contact 

under a given set of conditions; in all cases debris particles are subject to extensive 

deformation and elevated temperatures in the contact. 

• Due to the significant degree of debris retention in fretting contacts, retained debris plays 

a significant role in the wear process; this may be to mitigate wear (acting as a solid 

lubricant to separate surfaces) or exacerbate it (by acting as abrasives due to the high 

hardness of oxide relative to that of the metal bodies in contact).  

• Whether oxide debris particles coalesce to formation coherent layers (i.e. debris beds) 

has a significant effect on the extent of damage that occurs due to fretting motion, and 

high levels of adhesive transfer and damage in the bulk metal can occur if an oxide debris 

layer is not present to separate metallic surfaces in fretting. 

• There are numerous reports in the literature of oxide debris sintering to form stable 

protective “glaze layers” which accommodate the relative displacements at a fretting 

interface and result in drastically reduced wear rates; the sintering of debris to form glaze 

layers has been observed to depend upon fretting parameters and material properties, 

although further work is needed to better understand the sintering of debris particles and 

the formation of debris beds. 
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2.5 Modelling the role of debris in fretting wear 

The prevalence of fretting phenomena in numerous industrial applications, along with the severe 

consequences that may arise from excessive wear to components in-service has naturally led to 

an in interest in the development of models used to optimise designs to minimise fretting 

damage, and for accurate lifing of components. However, as has been outlined in this review, 

fretting wear involves complex interactions between mechanical and chemical processes which 

depend on numerous factors, and therefore developing generic models capable of accurately 

modelling fretting wear (as well as other forms of sliding wear) in a wide range of contact 

configurations is a significant technical challenge. Meng and Ludema [2] reviewed the various 

wear laws (i.e. empirical models for the prediction of wear in tribological systems) proposed in 

the literature up to 1995, and found that despite numerous models being proposed, there was 

generally very little agreement between them. As such, this section does not include a 

comprehensive review of wear laws proposed in fretting literature, but rather focuses on efforts 

to develop models based more in the fundamental physical processes of fretting, most notably 

the role of retained debris, and hence represent steps towards improved generic fretting models. 

 The Archard wear equation 
Arguably the most prevalent model used for prediction of wear in fretting is that proposed by 

Archard [40], which relates wear rate (wear volume per unit slid distance) to the normal load 

and indentation hardness of the surface material in a specimen pair. It was Burwell and Strang 

[107] who first proposed a relationship between wear volume and sliding conditions in which 

wear volume is directly proportional to sliding distance and normal load, and inversely 

proportional to the hardness of the softer material; based on the same principles, Archard [40] 

developed a simple and effective wear law, supposing that wear is dependent on the real area of 

contact, as opposed to the nominal area of contact, and in turn that while every asperity 

contributes to friction, only a proportion give rise to wear particles. By assuming perfect 
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plasticity of asperity contacts, the ratio of normal load to the hardness of the softer material can 

be used to estimate the real area of contact under a given set of conditions, and hence be used 

to predict wear volume. Summing over the whole contact area and combining constants gives 

an expression for wear rate (volume of material removed per unit distance slid) in terms of 

normal load, hardness of the softer material and a dimensionless wear coefficient. The resulting 

equation, presented in Equation 2.15, is the only dimensionally correct relationship possible 

between normal load, hardness and wear rate when the previously outlined assumptions are 

taken. 

𝑄

𝑆
= 𝐾

 𝑊

𝐻
 Equation 2.15 

Where 𝑄 is the wear volume, 𝑆 is distance slid, 𝑊 is the applied normal load, 𝐻 is the hardness 

of the softer material and 𝐾 is the dimensionless wear coefficient, which is assumed constant 

throughout the test and which must be determined experimentally. 

The Archard wear equation is particularly convenient as a predictive tool due to the ready 

availability of its inputs and the robustness of its underlying assumptions, although the use of a 

constant wear coefficient is a significant limitation of the model in situations where friction 

varies throughout the test. Fouvry et al. [80] proposed an alternative approach in which the 

wear coefficient is derived using the dissipated energy rather than the slid distance, thereby 

significantly improving upon one of the major weaknesses of the Archard model.  

Both the Archard wear equation and energy wear formulation derived from it are readily 

modified to be implemented in time-marching numerical models, such as finite element 

[12,108–113] and boundary element [114] models; in such models, a modified version of the 

Archard equation is typically used in which wear depth is calculated as opposed to wear volume, 

allowing for the extent of surface recession (i.e. wear) to be calculated incrementally at each 

point across the contacting surfaces. These efforts highlight a key advantage of an Archard-type 

approach to modelling, namely that wear can be predicted reliably and with relatively low 
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computational cost; however, the accuracy of such numerical models is inherently limited by 

their reliance on the physical accuracy of the underlying model, which involves a wear 

coefficient that must be derived from experimental data (and is therefore not necessarily 

representative of wear behaviour in the conditions modelled); moreover, the Archard equation 

contains no terms relating to the role of retained wear debris in the development of wear, which 

has been highlighted throughout this review as a critical consideration in fretting wear, further 

impacting the physical accuracy of wear predictions. 

 Incorporating the role of retained debris 
It is important to note that the wear equation outlined by Archard [40] was originally derived 

for sliding wear, in which wear debris is more readily ejected and hence plays a diminished role 

relative to that observed in fretting contacts; consequently, the Archard wear equation (and wear 

laws derived from it such as the energy wear law developed by Fouvry et al. [80]) are suited to 

the prediction of the rate of formation of debris particles, but contain no terms to account for 

their retention within the contact, and therefore do not model the rate of ejection of debris 

from contacts to be distinct from the rate of its formation.  

Quinn [61,62] modified an Archard-type approach assuming a different mechanism of debris 

particle formation, namely that wear occurs in the “mild” regime outlined by Archard and Hirst 

[70], using this as the basis of an “oxidational wear” model for sliding wear of alloys. As part of 

this, the Archard wear coefficient, 𝐾 was modified to incorporate terms relating to debris 

formation by oxidation of nascent metal surfaces in addition to the abrasive mechanism assumed 

in the Archard model, updating its definition in the original Archard equation as the probability 

that an asperity interaction gives rise to a wear particle; instead, 𝐾 is related to the thickness of 

the oxide film formed in a cycle, and assumes that upon reaching a critical thickness the films 

will detach to form particles. This improves the performance of an Archard-type formulation 

when the role of oxidation is enhanced, such as under elevated temperature conditions, although 
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is still constrained by some of the same problems as the Archard equation, most notably the 

assumption that all particles are ejected immediately upon their formation, and hence does not 

address the gap in modelling the role of debris retained in the contact. Furthermore, the 

oxidational wear model is constrained by reliance on quantities that are not readily determined 

experimentally, such as the temperature rise in sliding contact and the activation energy of 

oxidation, which are likely to differ significantly between static and tribological conditions. 

More recently, Dréano et al. [115] outlined a so-called “tribo-oxidation abrasive wear model”, 

extending the Archard equation to incorporate the impact of test conditions on the rate of 

oxidation of surfaces, and hence predict wear rates more reliably than the Archard equation 

alone. Similar to the approach taken by Quinn [62], the model of Dréano et al. [115] assumes 

that particles are formed by an “oxidational” mechanism (i.e. mild wear), and that the Archard 

wear coefficient is proportional to the oxide thickness. It was noted that the wear behaviour 

was observed be highly dependent on the environmental temperature, and as such a modified 

version of the model was developed [116], capable of modelling the impact of the formation of 

a glaze layer at high temperature; in this updated approach, the oxidational model was combined 

with the energy wear formulation of Fouvry et al. [80] (as opposed to the Archard equation 

employed in the previous version of the model intended for use at low to medium 

temperatures), and a “sintering parameter” was introduced, which when above a critical value 

results in all further wear ceasing, thereby simulating the role of a glaze layer forming in the 

contact due to sintering of debris particles. The incorporation of debris sintering into a predictive 

model by Dréano et al. [116] represents a useful step forward in the modelling the role of 

retained debris in modifying fretting contacts, in addition to updating the wear coefficient to 

model particle formation. 

Numerical models using an Archard-type approach have been developed to account for the 

presence of a debris layer at the interface having distinct mechanical properties to the first bodies, 
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which serves to modify contact pressure and hence simulate the presence of a third body layer 

[109,117–120]. However, in these models, wear is still calculated using the Archard equation 

(or the functionally equivalent energy wear formulation) and are thus still constrained by the 

accuracy of the Archard wear coefficient. Attempts have also been made to model the role of 

debris in fretting contacts by directly modelling individual debris particles, specifying material 

properties and interactions between particles, such as by discrete element modelling [121–124] 

or a combined finite-discrete element modelling [125–127]; however, the high computational 

cost associated with modelling particles with realistic sizes and accurately capturing the complex 

interactions between particles present a significant barrier to the applicability of such models for 

predictive purposes. Likewise, molecular dynamics models have been developed capable of 

simulating mechanisms of debris particle detachment such as adhesive wear [128–133], although 

due to their very high computational cost these models are at present only viable for research 

into the fundamental mechanisms of wear as opposed to being used for wear prediction in 

industrial applications.  

While modelling the formation, flow and ejection of debris at the particle- or asperity-level via 

a numerical approach can be seen from the works mentioned above to be a computationally 

resource-intensive process, the effect of these processes on wear rates may be modelled on the 

scale of the whole contact using an analytical approach. The value of such an analytical approach 

was demonstrated by Zhu et al. [134], who applied the principles of the third body approach to 

develop a model in which it was argued that the expulsion of debris from the contact is 

dependent upon the physical size of the interface, and this in turn affects the operative 

mechanism of wear. This was justified by the observation that wear scars formed in fretting of 

more-conforming contacts (i.e. those with a large cylinder radius and hence large initial contact 

size) exhibited significant adhesive wear for the first several hundred thousand cycles of a test (a 

finding also reported by Warmuth et al. [30]), but as tests progressed these contacts wore to 
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become predominantly oxide-based. This was attributed to oxide debris accumulating in the 

contact, reducing the instantaneous wear rate such that the rate of oxygen flow to the interface 

(restricted by the large contact size) is sufficient to sustain the formation of oxide debris and thus 

prevent adhesive wear.  

Accordingly, a model was outlined in which the operative wear mechanism and hence the 

overall wear rate is controlled by either the formation or ejection of oxide debris, whichever of 

these processes is slowest; due to the proposed dependence of debris ejection upon contact size, 

which of these processes is rate-determining may change over the course of a test. This 

relationship is illustrated schematically in Figure 2.18, in which the rates of debris formation and 

ejection are shown as a function of wear scar width, and the overall wear rate is controlled by 

the lowest of the two lines (i.e. the slowest of the two rates). 

 

Figure 2.18. Schematic diagram originally presented by Zhu et al. [134] illustrating the proposed dependence of 

wear rate upon the relative rates of debris formation and ejection with increasing wear scar width; it was proposed 

that wear rate is controlled by whichever of the two processes is rate-determining (i.e. the lower of the two lines) 

at a given scar width. 

A critical aspect of this model was the observation that the wear volume in a cylinder-on-flat 

configuration can be accurately predicted using a geometric relationship directly relating the 

wear volume to the contact width, namely the volume of intersection of the two specimens, as 

illustrated in Figure 2.19. Using the same constants for both more-conforming and less-
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conforming geometries, the evolution of wear rate (defined as wear volume per unit energy) 

predicted using this model was observed to agree well with experimental data for both 

geometries over a very large range of test durations, from 5000 to 5 million cycles. 

 

Figure 2.19. Diagram originally presented by Zhu et al. [134] illustrating the proposed relationship between wear 

scar width and wear volume in a cylinder-on-flat specimen configuration. 

The validity of such a model, in which wear rate is determined by the relative rates of internal 

processes, which in turn are dependent on the physical size of the contact, has significant 

implications for predictive modelling of fretting wear, particularly in non-conforming contact 

configurations, in which the size of contacts increases as wear proceeds. The dependence of 

wear mechanism (and hence wear rate) on contact size suggests that the relative rates of rate-

determining processes may vary considerably throughout the duration of a test, which must 

therefore be taken into account if wear rate is to be predicted accurately. 

 Modelling oxygen exclusion from the interface 
As oxygen plays a critical role in sustaining an abrasive wear mechanism it has been, sliding 

parameters such as fretting frequency and displacement amplitude can have a significant effect 

on the availability of oxygen at the fretting interface, and hence the formation of oxide which 
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is critical to the development of wear. In the previous section, attempts to incorporate the role 

of oxidation in wear of metals were discussed, such as the models of Quinn et al. [61,62] and 

Dréano et al. [115,116], both of which incorporate the role of oxygenation primarily through 

the impact of fretting conditions on local temperature, which in turn affects the rate at which 

oxide films grow on surfaces, which in turn can be used to predict wear volumes. However, 

neither of these models are able to account for the impact of test conditions of the depletion of 

oxygen at the interface which has been noted experimentally to reduce wear rates. 

A model developed by Baydoun et al. [31] has sought to address this, namely by modelling 

oxygen flow into fretting contacts through debris layers, which are assumed to be porous, 

powdery structures through which the flow of oxygen can be modelled using an advection-

dispersion-reaction (ADR) approach. However, the ADR approach is constrained by the lack 

of reliable data on the physical characteristics of debris beds, which must therefore be inferred 

from measurements of oxide layers in static oxidation and bulk quantities of the relevant oxides. 

Moreover, this modelling approach has not yet been applied to predict the impact of restricted 

oxygen transport on wear rates. Despite the challenges associated with modelling such complex 

processes, the modelling efforts of Baydoun and co-workers [10,25,31] serve to highlight the 

potential benefits to quantitative predictive models to be gained in developing understanding of 

the role of wear debris in fretting, namely the conditions influencing its formation and flow 

within contacts, and whether debris is retained in the contact in the form of compacted debris 

beds or is ultimately ejected from the contact to play no further role in the wear process. 

Moreover, the development of more physics-based models, that is to say models with reduced 

reliance on fitting constants used to align empirical models with data from laboratory 

experiments, is an important step towards modelling the complex interacting processes of 

fretting wear, and as such remains an important area for future work.  
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2.6 Summary 

Fretting wear is a complex process that is influenced by many factors, with complex 

interdependencies between both mechanical and chemical processes, and as such much remains 

to be learned despite the large body of research dedicated to better understanding the processes 

of fretting since it was first recognised in the early 20th century.  

While the effects of many parameters in fretting are well understood individually, how these 

effects interact with one another can be difficult to deconvolute due to the intricacies of the 

operative processes such as debris bed formation.  The dependence of important processes on 

factors that vary widely in literature (e.g. contact configuration and specimen material) presents 

a barrier to a unified understanding of fretting mechanisms and hence widely applicable 

predictive models. The principles outlined in the “third body approach” of Godet and co-

workers provide a useful framework for approaching fretting problems, namely that wear can 

effectively be considered solely through flows of wear debris. 

Displacement amplitude has been noted to have an influence on both oxygen ingress and debris 

ejection, although some aspects of the role of displacement amplitude remain unclear, with 

seemingly contradictory results being found in the literature. 

Fretting frequency has a significant effect on both mechanical and chemical aspects of fretting 

wear, having a significant impact on both the temperature generated due to frictional power 

dissipation and time over which processes such as oxygen ingress and debris sintering can occur.  

Both frequency and displacement amplitude have been noted to have a significant impact on 

the development of debris beds, and there are some limited reports of an interaction between 

the two parameters, although the mechanism for this has not been explored in detail.  
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In this thesis, the interacting effects of frequency and displacement amplitude in fretting of a 

high strength steel are investigated by examining changes in the nature of wear scars and ejected 

debris resulting from changes in these parameters. The processes involved in the formation of 

debris beds are explored in detail in order to better understand the complex and competing 

influences these parameters have on damage and degradation in fretting. It will also be 

demonstrated that deconvoluting these interactions can aid in the development of 

phenomenologically consistent predictive models based on fundamental physical principles.
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3 Experimental methodology 

Chapter 3 

Experimental methodology 

3.1 Specimens 

Specimens blanks were machined from a high strength steel (BS S132), and subsequently heat 

treated using a commercially relevant heat treatment cycle that has been outlined in previous 

work [135]. The blanks were heated to 940 oC and held for 45 minutes, after which they were 

oil quenched. Subsequently, they were tempered at 570 oC for 120 minutes and finally air 

cooled. The composition of the steel, and its mechanical properties after the applied heat 

treatment are listed in Table 3.1 and Table 3.2, respectively. 

Table 3.1. Composition of BS S132 [135] 

C Si Mn P Cr Mo Ni V Fe 

0.35-

0.43 

0.1-

0.35 

0.4-

0.7 

<0.007 <3.0-

3.5 

0.8-1.1 <0.3 0.15-0.25 Balance 

Table 3.2. Mechanical properties of BS S132 [136] 

𝜎𝑦 / MPa 𝜎𝑢𝑡 / MPa HV30 𝐸 / GPa 𝑣 

1247 1697 485 ± 10 206.8 0.28 
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After heat treatment, the blanks were machined to their final dimensions, machining all surfaces 

to ensure that the outer decarburised layer developed during heat treatment is removed and the 

properties of the material are consistent with those listed in Table 3.2. 

Two specimen geometries were machined, to be arranged in a cylinder-on-flat configuration, 

shown in Figure 3.1: (i) flat specimens with a width of 10 mm; (ii) cylinder specimens with a 

radius of 6 mm. Cylinder and flat specimens were machined to a surface roughness (Ra) of 0.4 

– 0.7 µm and 0.1 – 0.3 µm respectively, and both geometries have a length of 44 mm and a 

thickness of 6 mm. The resulting cylinder-on-flat specimen pairs have an initial line contact 10 

mm in length, oriented perpendicular to the fretting direction; the width of the line contact is 

initially determined by the elastic deformation resulting from the applied loading, and due to 

the non-conforming nature of the contact configuration the width of the contact increases as 

tests progress and wear develops. 

 

Figure 3.1. Cylinder-on-flat specimen configuration used in fretting tests; L = 10 mm, R = 6 mm. 

 

3.2 Fretting test rig 

The test rig used to conduct all of the fretting tests in this thesis was originally developed by 

Pearson [137], and subsequently modified by Warmuth [138] to expand the range of fretting 
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frequencies that can be tested. A three-dimensional view of relevant parts of the rig is shown in 

Figure 3.2 (list of components detailed in figure caption), and a simplified schematic diagram of 

the main components is shown in Figure 3.3.  

 

Figure 3.2. CAD model, originally presented by Warmuth [138], showing all the major components of the rig used 

in the work of this thesis, namely (a) Load cell; (b) Water cooled spacer; (c) Water cooled displacement sensor 

mount; (d) Capacitance displacement sensor; (e) Heated high frequency module (HFM); (f) Upper specimen 

mounting block (USMB); (g) Load arm; (h) Drive linkage; (i) Alignment coupling; (j) Stinger housing; (k) Load 

bar; (l) Linear guide vane assembly. 

Relative displacement between specimens is generated at a fixed frequency by an 

electromagnetic vibrator (EMV) - not shown on the diagrams for clarity – which acts on the 

upper specimen mounting block (USMB), while the lower specimen mounting block (LSMB) 

remains fixed. A constant normal load (𝑃) is applied to the top of the USMB via a dead weight 

and a loading arm, with the force applied to the contact being 5 times greater than the load 

applied to the end of the lever arm. 

Displacement is measured by a CS08 Micro-Epsilon capacitance sensor to control the relative 

displacement between specimens, and tangential force in the contact is measured by a Kistler 
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9132BA slimline piezoelectric load cell and a Kistler 5073A charge amplifier; tangential force 

and displacement data are sampled at 200 points per fretting cycle to plot fretting loops and 

other relevant data for post-test analysis. Fretting loops enable fundamental qualities of the 

contact to be derived, such as the compliance of the system and the actual slip displacement at 

the interface; this is fundamental to the analysis of fretting behaviour observed using this rig 

configuration, as it is the applied displacement (∆), as opposed to actual slip displacement at the 

interface (𝛿), that is controlled and therefore it is important to take into account the compliance 

of the system when considering the displacement amplitudes occurring during fretting.  

 

Figure 3.3. Schematic diagram of the main components of the fretting rig used in this study 

It has been reported that under some circumstances, the humidity of the air in which fretting 

tests are conducted can have an impact on both the coefficient of friction and the wear volume 

[139–142], with behaviour observed at the extremes (i.e. with both fully dry and fully saturated 

air) differing significantly from that at intermediate humidity. Goto and Buckley [142] 

investigated the impact of humidity on fretting of pure iron, and observed wear volumes to vary 

by as much as a factor of three between dry air and 50% relative humidity conditions; however, 

the greatest variation in both coefficient of friction and wear volume was observed in the 0-20% 

humidity range, with a much smaller effect as humidity was increased beyond 20%. Between 

28% and 50% humidity (the approximate range over which the tests in the present work were 
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conducted) the changes in the coefficient of friction and the wear volume were relatively small 

(<5% in coefficient of friction and around 10% in wear volume), and as such, humidity control 

within this range was not deemed necessary. 

3.3 Fretting test procedure 

Immediately before conducting fretting tests, both specimens are thoroughly cleaned with 

detergent to remove any grease remaining from the machining process, washed with acetone 

and industrial methylated spirit (IMS) and then air dried. 

Specimens are then mounted in the fretting rig and the desired test parameters are defined using 

the control software, with the exception of normal load which is determined by physically 

placing masses on the lever arm. Details of the control system can be found in the thesis of 

Pearson [137].  

Once a test is complete (i.e. run for the specified number of fretting cycles), a sample of loose 

debris ejected from the contact over the course of the test is retained and stored in an airtight 

vial for analysis. The worn specimens are then ultrasonically cleaned for 10 minutes in a bath of 

IMS to remove any loose debris remaining on the worn surfaces, leaving only debris that has 

been firmly adhered. 

All tests were conducted in the gross slip regime, which can be readily established by considering 

the initial Hertzian contact half-width relative to the slip amplitude; for the contact 

configuration employed throughout this thesis (namely a 6 mm cylinder-on-flat BS 132 steel 

contact with a width of 10 mm and a normal load of 450 N) the initial Hertzian contact half-

width is 54 µm. However, the scar width increases rapidly as wear occurs (due to the non-

conforming nature of the cylinder-on-flat geometry employed), with the relationship between 

the wear scar semi-width, 𝑏, and the wear volume, 𝑉𝑊 being well represented by the following 

relationship [134]: 
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𝑉𝑊 = 𝐿 (𝑅2 arcsin (
𝑏

𝑅
) − 𝑏√𝑅2 − 𝑏2) 

It can be shown that even in the test which results in the smallest amount of wear (𝑓 = 200 Hz 

and ∆∗ = 25 µm) (see Figure 4.1), the scar semi-width (𝑏) has grown to more than 150 µm after 

only 1% of the total wear in that test, and to more than 320 µm by the time that 10% of the 

total wear in that test has occurred. 

Typical fretting loops at the extremes of displacement amplitude across the range of fretting 

frequencies tested are presented in Figure 3.4, showing that gross sliding occurs in tests spanning 

the range of conditions tested in this study, and therefore these tests are in the gross slip regime. 

 

Figure 3.4. Typical fretting loops for tests at each of the fretting frequencies examined in this study, with applied 

displacement amplitude of (a) 25 µm; (b) 100 µm; despite variations in loop shape with frequency, each of the tests 

shown can be seen to be in the gross slip regime (𝑃 = 450 N; 𝑁 = 105 cycles). 

 

3.4 Characterisation of damage 

Using an Alicona G5 profilometer, worn surfaces were scanned to determine the volume of 

material removed from both specimens due to wear and to assess the profiles of the wear scars. 

The data processing technique employed is the same as that outlined by Pearson [137].  
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Worn surfaces were imaged using scanning electron microscopy (SEM) in both plan and 

sectional view using an FEI Quanta600 MLA SEM. Either a secondary election (SE) or back-

scattered election (BSE) detector was used depending on the type of features being images, with 

SE being best suited to obtaining high-resolution images of topographical features, but gives no 

indication of the composition of the material being imaged, while BSE provides useful 

information regarding the composition of surfaces via the contrast between materials of different 

average atomic number, such as the base metal and oxide debris. Qualitative energy dispersive 

X-ray spectroscopy (EDX) was used to gain further information regarding the chemical 

composition of features. 

Cross-sections were obtained either by using an abrasive cutting wheel or by electrical discharge 

machining (EDM), and prepared for metallographic examination by mounting in conductive 

phenolic resin and grinding with increasingly fine grades of silicon carbide papers, obtaining the 

final finish by polishing with a 1 µm diamond paste. In cases where a finer finish was required, 

namely when samples were to be prepared for electron backscatter diffraction (EBSD) 

observation, this was achieved by an additional polishing stage using 0.06 µm colloidal silica to 

ensure discernible diffraction patterns could be obtained. EBSD was conducted using a JEOL 

7100 F field emission gun SEM to image microstructural features, and to assess the impact of 

fretting test parameters on changes in grain orientation and phase composition in a more 

quantitative capacity than the conventional SEM imaging; an acceleration voltage of 15 kV and 

a step size of 0.1 µm was used to generate such data. 

Prior to SEM imaging, ground and polished surfaces were etched with 5% nital in order to 

reveal features of the microstructure in the SEM images; in the case of specimens prepared for 

EBSD, the same samples were etched with 5% nital once sufficient EBSD data was deemed to 

have been generated. 



Chapter 3. Experimental methodology 

   Page 71 | 212 

Cross-sections were primarily prepared for cylinder specimens, although were also prepared for 

flat specimens to enable comparison of the different bodies of the pair, which due to the nature 

of the contact configuration experience different loading, namely that broadly the same area of 

the cylinder specimen is always in contact with the flat specimen, while areas of the wear scar 

on the flat specimen are periodically exposed as the cylinder specimen moves back and forth 

over the fretting cycle.  

Focused ion beam (FIB) milling was used in a limited capacity as a means of exposing the 

subsurface region of worn specimens for analysis, providing a reference for comparison to cross-

sections prepared using the more conventional metallographic preparation technique detailed 

above. 

 

3.5 Ejected debris characterisation 

Ejected debris retained after fretting tests was analysed to assess changes in composition, size and 

morphology. Composition was measured by X-ray diffraction (XRD), using a Siemens D500 

diffractometer with Cu-Kα radiation between 2θ positions of 20° and 120°; to ensure high 

quality diffraction data, a step size of 0.04° was used with a dwell time of 22 s per step. High 

quality diffraction data is necessary not only to improve confidence in the measurements of 

which phases are present in samples, but critically to facilitate the use of Rietveld analysis to 

assess the relative proportions of each phase in the debris samples. 

Rietveld refinements were performed on measured diffraction data using the fundamental-

parameters approach to X-ray line profile fitting in Topas V6 software, using a spherical 

harmonics function to account for discrepancies in the calculated and fitted profiles attributed 

to complex preferred orientations in the samples. 



Chapter 3. Experimental methodology 

   Page 72 | 212 

The size of ejected debris particles was assessed using light diffraction, namely a Coulter LS230, 

capable of measuring particles ranging from 375 nm to 2 mm in equivalent spherical diameter. 

Samples of approximately 20 mg of debris powder were dispersed in approximately 3 ml of 

water, then pipetted into the instrument up to a required obscuration and pumped around the 

115 ml cell to obtain size measurements. Repeat measurements were taken for each sample, and 

different samples measured for the same test conditions to maximise reliability of results. 

The morphology of debris particles was observed qualitatively using the same SEM as used for 

imaging of wear scars (FEI Quanta600 MLA SEM), with samples of loose debris collected after 

fretting tests being mounted on adhesive carbon tabs and carbon coated for SEM examination; 

during the process of imaging debris particles, qualitative measurements of particle composition 

were obtained using energy dispersive X-ray spectroscopy (EDX), allowing for particles to be 

identified as consisting primarily of metal or oxide. 
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4 Devel opment of d ebris parti cles i n fr etting contacts - effects of displacement amplitud e and fr etting freq uency 

Chapter 4 

Development of debris particles 
in fretting contacts - effects of 
displacement amplitude and 
fretting frequency 

4.1 Chapter outline 
As discussed in Section 2.2.4, wear debris plays a critical role in determining the mechanisms of 

fretting wear, which is highly complex due to the large number of variables that may influence 

both the formation and the flow of debris within contacts; this includes aspects of the nature of 

the debris particles formed such as the composition and size of particles, which affect their 

tendency to adhere to one another and to first body surfaces, and ultimately to sinter into 

protective debris beds. Various experimental studies employing a similar or identical contact 

configuration to the one employed in this thesis have highlighted the impact of system 

parameters such as the physical size of contacts [30,34,134], surface hardness [39], fretting 

frequency [34,39], and displacement amplitude [92] on the flow of debris particles within 

contacts and hence the formation (or otherwise) of protective debris beds. These parameters 

vary significantly between experimental configurations employed in the literature, which likely 
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contributes to the variation in reports of fundamental aspects of the nature of debris such as 

chemical composition. While the nature of fretting debris has been investigated fairly 

extensively, detailed investigations of the impact of operating conditions on key characteristics, 

and the development of debris particles in fretting contacts more broadly are relatively scarce. 

In the case of displacement amplitude, larger amplitudes are widely reported to enhance the rate 

of debris ejection in fretting, while there is no broad agreement on the mechanism driving this 

effect. Conversely, higher fretting frequencies are generally associated with a reduced rate of 

debris ejection, with this often being attributed to the increase in contact temperature enhancing 

the adhesive forces between particles and ultimately the sintering of particles to form protective 

debris beds. Increases in both frequency and displacement amplitude result in increases in contact 

temperature, although it has been observed that, at larger displacement amplitudes, a higher 

environmental temperature is required to form a sintered, protective debris bed; this highlights 

that other factors besides local temperature increase (such as an enhanced rate of debris ejection) 

are critical in determining the effect of displacement amplitude in fretting. 

This research provides an in-depth investigation of the nature of debris generated in fretting 

wear of high strength steel contacts, and how this varies with changes in both displacement 

amplitude and fretting frequency for a given set of conditions. The test conditions employed are 

given in Table 4.1; a range of fretting frequencies and applied displacement amplitudes are tested, 

with all other conditions being kept equal. The majority of  tests are run for a duration of 106 

cycles in light of findings of Zhu et al. [134] (using the same specimen geometry and material 

as the present work) indicating that under certain test conditions fretting tests of the order of 

105 cycles may not reach steady state by the end of the test, and therefore long tests of the order 

of 106 cycles are preferable to ensure that wear mechanisms observed in post-test characterisation 

are those of the steady state condition. The range of fretting frequencies was chosen based on 

previous investigations of frequency effects in fretting conducted using the same testing 
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configuration as the present work, namely Warmuth et al. [34] and Jin et al. [43], in which a 

factor of 10 increase in fretting frequency from 20 Hz to 200 Hz resulted in significant changes 

in wear rate and the nature of fretting debris; in this work an intermediate condition of 100 Hz 

is also examined to better understand the nature of wear mechanism changes over the range of 

frequencies. Values of displacement amplitude were selected such that the behaviour examined 

is indeed fretting wear (rather than reciprocating sliding wear), and that all tests occur 

predominantly in the gross slip regime (see Section 3.3); as this has also been a requirement for 

previous studies using this rig, the values employed in this work align with those employed in 

previous works using this rig, such as that of Pearson and Shipway [26]. 

Debris particles ejected over the course of the fretting tests provides useful insight into the effects 

of frequency and displacement amplitude on the mechanism of fretting. The methodology 

employed involves the application of techniques which are novel in the context of fretting debris 

characterisation (most notably quantitative phase characterisation by XRD profile-fitting, i.e. 

Rietveld analysis); morphology, size and composition of ejected debris particles are investigated 

and compared to provide a holistic view of the effects of two parameters known to influence 

debris behaviour in fretting contacts, and how this is reflected in the observed rate of wear. 

Gaining such understanding of the fundamental processes governing debris behaviour enables a 

broad mechanism to be outlined for fretting wear in the studied contact configuration, which 

has implications for understanding the mechanism of fretting more broadly. 

Table 4.1. Test conditions used in this study 

Frequency, 𝑓 (Hz) 20, 100, 200 

Applied displacement amplitude, ∆∗ (µm) 25, 50, 100 

Applied normal load, 𝑃 (N) 450 

Hertzian contact pressure, 𝑝0 (MPa) 527 

Test duration, 𝑁 (cycles) 106 

Temperature, 𝑇 (°C) Room temperature 
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4.2 Results 
 Wear rate 

The extent of wear after the full duration of tests (106 fretting cycles) at each of the fretting 

frequencies and displacement amplitudes tested are shown in Figure 4.1, expressed as total wear 

volume (net material removed from both specimens) plotted against total energy dissipated over 

the test; the gradient of a straight line from the origin on these axes represents the average energy 

wear rate (material loss per unit dissipated energy) at a given set of conditions. Higher dissipated 

energies reflect higher displacement amplitudes, which slide a greater distance over the same 

number of cycles. Confidence limits are represented in Figure 4.1 by error bars indicating 

variation in wear volume and dissipated energy observed in repeat tests; variation in wear 

volume is within 4% of the average value, while variation in dissipated energy (reflecting 

variation in distance slid among other things) is slightly greater at approximately 10%. These 

confidence limits indicate a level of repeatability in experimental measurements in line with that 

determined in previous work employing the same rig used in this study, in which variation in 

wear rate of no more than 15% was observed [138]. 

It can be seen that wear volume is broadly proportional to the energy dissipated at all frequencies 

examined, with wear rates being broadly independent of displacement amplitude at each 

frequency. Therefore, wear rate at each fretting frequency can be approximated by a single wear 

rate, expressed as the gradient of the straight line passing through all three displacement 

amplitudes, as shown in Figure 4.1. As observed in previous works on the effect of frequency 

in fretting, increasing frequency results in a significant reduction in wear rate, with an overall 

reduction of approximately 50% (from 0.0378 mm3 kJ-1 to 0.0191 mm3 kJ-1) as frequency is 

increased from 20 Hz to 200 Hz. It is also noted that the drop in wear rate with frequency is 

not evenly distributed across this range, with a fivefold increase in frequency from 20 Hz to 100 
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Hz resulting in a reduction in wear rate of approximately 12%, while a further twofold increase 

from 100 Hz to 200 Hz results in a much more significant reduction of approximately 43%. 

 

Figure 4.1. Wear volume after 106 fretting cycles as a function of dissipated energy for the three fretting frequencies 

examined in this study; significant differences in dissipated energy reflect the three displacement amplitudes tested. 

 Coefficient of friction 
The relative effects of frequency and displacement amplitude on the coefficient of friction over 

the range studied are shown in Figure 4.2; in Figure 4.2(a), the energy coefficient of friction 

(𝜇𝐸) is plotted as a function of number of fretting cycles at a fixed frequency (f = 20 Hz) over a 

range of displacement amplitudes, while Figure 4.2(b) shows 𝜇𝐸 over a range of fretting 

frequencies at a fixed displacement amplitude (Δ* = 50 µm). It can be seen that, at a fretting 

frequency of 20 Hz, displacement amplitude has minimal impact on  the coefficient of friction, 

which after approximately 10,000 cycles lies within the range ~0.75 to ~0.8 at all displacement 

amplitudes, and remains broadly steady over the remainder of the tests. Fretting frequency, 

however, has a more significant effect on friction, with 𝜇𝐸 being seen to decrease as frequency 

is increased; 𝜇𝐸 remains broadly steady over the duration of tests conducted at 20 Hz and 100 

Hz, although increases from ~ 0.6 to ~ 0.7 over the duration of the tests at 200 Hz, the highest 
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frequency tested. At all three frequencies, 𝜇𝐸 was in the range ~ 0.7 to ~ 0.8 at the end of the 

tests. 

 

Figure 4.2. Evolution of energy coefficient of friction (μE) with number of fretting cycles as a function of (a) applied 

displacement amplitude (f = 20 Hz); (b) fretting frequency (Δ* = 50 µm) over the range tested, showing a marked 

difference in the influence of both frequency and displacement amplitude on friction as both parameters are 

increased. 

Plotting the data as a function of number of fretting cycles has the benefit of being able to show 

how friction varies over the course of tests, however it is noted that each set of conditions shown 

in Figure 4.2 is represented by data from a single test, and variation between tests is not captured 

in this representation. However, repeat tests indicated that, while the value of friction coefficient 

varies on a cycle-by-cycle basis between tests, the nominal values of the friction coefficient and 

broad trends regarding the relative magnitude at different test conditions and throughout the 

duration of tests was consistent between repeats. 

 Characterisation of ejected debris  
4.2.3.1 Compositional analysis 

The phases present in samples of fretting debris collected from tests after 106 cycles were 

identified using X-ray diffraction, and profiles calculated to fit the experimental patterns using 

Rietveld analysis, allowing for the relative proportions of phases to be estimated. These are 

presented as a function of displacement amplitude in Figure 4.3 and as a function of fretting 
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frequency in Figure 4.4; experimentally measured diffraction patterns are plotted in black, along 

with the fit with the corresponding fitted profile calculated using Rietveld analysis plotted in 

red. In all cases, a good fit between experimental measurements and calculated patterns is 

observed at each test condition. Across the range of frequencies and displacement amplitudes, 

ejected debris can be seen to consist of two phases: α-Fe2O3 (haematite) and α-Fe (ferrite). 

Distinct peaks at 45 ᵒ, 65 ᵒ and 82 ᵒ align with the diffraction pattern of ferrite, while the further 

expected peaks at 98 o  and 116 o  are less clearly discernible, particularly at the lower displacement 

amplitude (Δ* = 25 µm). 

 

Figure 4.3. Experimental and calculated X-ray ray diffraction patterns of debris collected after 106 cycles with an 

applied displacement amplitude of (a) 100 µm; (b) 25 µm. In each case, the differences between the measured and 

calculated data are shown. 

Using Rietveld analysis to estimate the relative proportions of phase fractions, it is found that at 

both high and low displacement amplitude debris consists primarily of α-Fe2O3 (haematite) with 

α-Fe (ferrite) making up only a small fraction, with no other phases present. The debris ejected 
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during fretting with a low applied displacement (Δ* = 25 µm) was found to consist of 

approximately 2.6 wt.% ferrite, with this fraction increasing to 5.6 wt.% following fretting with 

a higher applied displacement amplitude (Δ* = 100 µm); the balance in both cases is made up 

solely of haematite. These proportions should be approached as approximations, seeing as there 

are likely to be complex preferred orientations within samples due to the mechanism by which 

the debris is formed, which although taken into account in the processing of the data cannot be 

accounted for comprehensively.  

As observed over the range of displacement amplitudes, diffraction patterns of ejected debris at 

all three fretting frequencies (shown in Figure 4.4) can be seen to consist solely of two phases: 

haematite (α-Fe2O3) and ferrite (α-Fe); for clarity, only the peaks corresponding to ferrite have 

been marked in Figure 4.4, unmarked peaks correspond to haematite. 

 

Figure 4.4. X-ray diffraction patterns of debris ejected over the course of fretting tests over the range of frequencies 

studied; experimental diffraction patterns are plotted along with the fit with patterns calculated using Rietveld 

analysis. 
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The relative proportions of the two phases in ejected debris at each of the frequencies and 

displacement amplitudes examined, calculated using Rietveld analysis, are plotted in Figure 4.5 

as a function of fretting frequency; a modest reduction in metallic content with increasing 

fretting frequency can be seen to occur over the range of frequencies tested, from ~ 5 wt.% to  

~ 3.4 wt.%. At all of the displacement amplitudes examined, the metallic content of debris 

exhibits a modest decrease as frequency is increased from 20 Hz to 200 Hz; conversely, increases 

in displacement amplitude result in an increase in the mass fraction of metallic iron at every 

frequency examined, with the extent of this increase being broadly similar at all three 

frequencies. 

 

Figure 4.5. Plot of estimated ferrite mass fraction in the loose debris collected following fretting for 106 cycles for 

all combinations of displacement amplitude and fretting frequency examined in this study, showing a decrease in 

the metallic content of ejected debris as frequency is increased and as the fretting displacement is reduced.  

4.2.3.2 Particle size analysis 

To assess the size of debris particles and the relative proportions of samples (as a percentage of 

volume) consisting of particles in a given size range, particle size distributions are presented in 

the form of histograms over a range of (i) test durations (Figure 4.6); (ii) displacement amplitudes 

(Figure 4.7); (iii) fretting frequencies (Figure 4.8). Repeat measurements were conducted at 
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select conditions to establish repeatability of the data; where repeat data is available, the range 

of individual measurements is represented by error bars on the histograms. Repeat measurements 

were mostly conducted at the extremes of the test matrix, and consequently there are no error 

bars in Figure 4.8 which contains data at the intermediate displacement amplitude condition (Δ* 

= 50 µm). 

Debris particles can be seen from Figure 4.6 to cover a wide range of sizes (expressed in terms 

of equivalent spherical diameter), with diameters ranging from 0.4 µm up to 50 µm; it should 

be noted that particles as small as 0.0375 µm in diameter are within the measurable range of the 

equipment used, so the absence of particles below ~ 0.4 µm indicates that this is the minimum 

size of ejected debris particles, as opposed to smaller particles being outside the observable range. 

Moreover, Figure 4.6 shows that over the range of test durations examined (all other things 

being equal) the particle size distribution is broadly unchanged after 104 cycles (the shortest 

duration tested) up to 106 cycles (the longest duration tested).  

 

Figure 4.6. Particle size distributions of debris ejected during fretting with a displacement amplitude of 100 m for 

a range of test durations, from 104 cycles to 106 cycles (f = 20 Hz). 

Particle size appears to be more sensitive to changes in displacement amplitude, with a 

considerable change in size distribution as displacement amplitude is increased from 25 µm to 
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100 µm, shown in Figure 4.7. In all three cases, the greatest proportion of particles have an 

equivalent spherical diameter within the 1 – 8 µm range, but at the largest of the three amplitudes 

the distribution is broader than that of the smaller two displacement conditions, with a greater 

proportion of samples consisting of particles smaller than this range. The overall size range is not 

significantly affected. 

The distributions over the range of fretting frequencies examined (Figure 4.8) show a reduction 

in the maximum size of ejected particles as frequency is increased, with debris ejected in higher 

frequency tests (f = 100 Hz; f = 200 Hz) containing no particles in the 32 – 64 µm range. An 

overall reduction in ejected particle size with increasing frequency is reflected by the weighting 

of particle size distributions towards smaller particle diameters at the two higher frequencies, 

which contain a greater proportion of particles in the range of 0.5 – 4 µm than at 20 Hz.  

 

Figure 4.7. Particle size distributions of debris ejected during fretting for 106 cycles over the range of displacement 

amplitudes tested, namely 25 µm, 50 µm and 100 µm (f = 20 Hz). 

Changes in particle size due to changes in the discussed parameters can be readily compared by 

representing particle size in terms of the overall average (mean) particle size at a given set of 

conditions, allowing for a wider range of conditions to be displayed on one graph. This can be 

calculated from particle size distribution data such as those presented in Figure 4.6 and Figure 
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4.8 by assuming the size of every particle within a bin to be the central value of that bin, which 

is multiplied by the corresponding proportion of sample volume that bin represents, divided by 

the number of observations to yield the mean. The upper and lower limits of estimated mean 

values are calculated assuming the maximum and minimum value in each bin, respectively. 

 

Figure 4.8. Histogram of particle size (expressed as equivalent spherical diameter) distributions of debris ejected 

after fretting at each of the frequencies tested (Δ* = 50 µm; N = 106 cycles). 

A plot of the mean size of particles ejected over 106 fretting cycles at each frequency and 

displacement amplitude examined is presented in Figure 4.9, with error bars indicating the 

maximum range of estimates for mean particle size that can be calculated from the particle size 

distribution data. As observed for a single displacement amplitude (Δ* = 50 µm) in Figure 4.8, 

a reduction in average particle size can be seen to occur as fretting frequency is increased, with 

such a reduction occurring at all three displacement amplitudes examined. Moreover, the 

average particle size appears not to depend strongly on displacement amplitude, with no 

significant difference observed between the average particle size at the two higher displacement 

amplitudes (Δ* = 50 µm; Δ* = 100 µm), and a relatively modest reduction in particle size (no 

greater than approximately 30%) as displacement amplitude is reduced from 50 µm to 25 µm.  
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Figure 4.9. Plot of mean diameter of loose debris particles collected following fretting for 106 cycles for all 

combinations of displacement amplitude and fretting frequency examined in this study, showing a decrease in 

particle size as frequency is increased for all displacement amplitudes tested. 

4.2.3.3 Debris particle morphology 

To identify and understand the effects of displacement amplitude on the morphology of debris 

particles ejected from the contact, debris samples were prepared for SEM by applying debris 

particles (collected after tests as described in Section 3.5) to adhesive carbon tabs, followed by 

carbon coating; in the SEM images presented in this section, the adhesive carbon tab upon 

which debris particles are mounted is discernible as the black background of the image. Both 

secondary electron and backscatter electron imaging techniques were used, with the most 

appropriate technique being selected based on the information required.  

The secondary electron image shown in Figure 4.10(a) highlights the variation in particle size 

within samples of debris ejected from a high displacement amplitude (Δ* = 100 µm) test over 

the course of a test of length 106 fretting cycles (debris was collected following completion of 

the test and following separation of the two first bodies). A large proportion of particles in the 

sample can be seen to be very small relative to a small number of large particles of the order of 

tens to hundreds of micrometres in diameter, the same order of magnitude as the displacement 
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amplitude applied at the interface. A higher magnification image of the largest particle in this 

sample (Figure 4.10(b)) confirms that the particle size is indeed greater than the displacement 

amplitude employed in the test from which it was generated. While the depth of the particle 

cannot not be ascertained from the SEM images, it is assumed that the thickness of the particle 

is small relative to its diameter, that is to say that it is a thin, plate-like piece of debris; qualitative 

EDX analysis showed the particle to consist solely of iron and oxygen, indicating that it consists 

(at least in part) of α-Fe2O3 as was observed to be the major component of ejected debris samples 

by XRD and Rietveld analyses (as detailed in Section 4.2.3.1). A striking feature of the large 

particle is the range of different surface textures that can be observed; Figure 4.10(c) highlights 

a region exhibiting significant porosity, bearing a resemblance to a vermicular structure observed 

in sintering processes, in stark contrast to the smooth and glassy surface that can be seen in Figure 

4.10(d).  

More detailed information regarding the composition of the particle imaged in Figure 4.10 is 

given in Figure 4.11, in which local EDX data indicate regions where the constituent elements 

are present, namely iron and oxygen as observed in XRD analysis (Figure 4.3). It appears from 

the EDX maps presented that while most of the particle consists of oxide, there are regions 

where oxygen concentration is low and iron is still present, indicating that these are primarily 

metallic surfaces. However, oxygen concentration appears lower in the EDX measurements due 

to the low atomic mass of oxygen relative to iron (reducing the strength of the EDX signal), so 

this does not necessarily indicate that these surfaces are not oxidised, only that the oxygen 

concentration is lower than in regions where a stronger signal is detected. It should be noted 

that the regions of the particle imaged in Figure 4.10 correspond to regions consisting primarily 

of iron oxide (α-Fe2O3). 
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Figure 4.10. SE SEM micrographs of ejected debris collected from a 106 cycle test with a displacement amplitude 

of 100 µm and a frequency of 20 Hz; (a) overview; (b) higher magnification image of large particle seen in the 

centre of (a); (c) and (d) are higher magnification images of the surface of the particle shown in (b) as highlighted. 

 

Figure 4.11. EDX maps of the same large debris particle ejected fretting at a high displacement amplitude (Δ* = 

100 µm) over 106 cycles with a frequency of 20 Hz, indicating approximately where the constituent elements are 

present at the surface, namely: (a) iron; (b) oxygen.  
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The smaller particles in the same debris sample also exhibited significant variation in their nature, 

although all appeared to consist of many sub-micron oxide crystallites at varying degrees of 

sintering, forming larger “particles”. This common feature of particles ejected under both high 

and low displacement conditions is evident in the images presented in Figure 4.12 of two 

particles of similar size found in the debris ejected during tests with both 100 µm and 25 µm 

applied displacement amplitudes; at both amplitudes, the smaller individual crystallites that make 

up the larger particles (Figure 4.12(a) and (c)) can be discerned at higher magnification (Figure 

4.12(b) and (d)), and in both cases are of the order of 0.1 µm in diameter. These sub-micron 

crystallites were not observed in isolation in any of the SEM observations of debris samples over 

the course of this study, suggesting that such particles have a strong tendency to agglomerate or 

otherwise bond together (e.g. by sintering) during the fretting process.  

Another example of the consolidation of many smaller particles into larger agglomerates is 

highlighted in Figure 4.13, which appears to be a single flat piece consisting of smaller particles 

bonded to form a coherent structure in a manner that appears similar to that which occurs in 

the development of debris beds; similarities in appearance to debris beds that remain adhered 

within wear scars can be seen from the SEM images shown in Figure 4.14, which show a debris 

bed formed under the same fretting test conditions as the particle imaged in Figure 4.13. 

Qualitative EDX analysis confirms that the particle consists largely of oxide, and the appearance 

of the particle at higher magnification (Figure 4.13(b)) indicates that the particle has been 

plastically deformed, suggesting that it is indeed a detached piece of debris bed that has been 

ejected from the contact.  
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Figure 4.12. High magnification SE SEM micrographs of debris particles ejected during 106 cycle test with 

displacement amplitude of (a)-(b) 100 µm; (c)-(d) 25 µm (f = 20 Hz). 

Debris particles similar in appearance (although smaller in size) to that highlighted in Figure 

4.13(b) were also observed in ejected debris samples collected after 104 cycles, indicating that 

detachment and ejection of parts of the debris bed occur from an early stage of fretting. It should 

be noted that it is not possible with the methodology employed in this thesis to determine the 

stage at which individual particles are ejected from the contact, as the ejected debris samples are 

collected upon completion of the fretting tests. 
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Figure 4.13. BSE SEM micrographs of debris ejected during a 106 cycle test with displacement amplitude of 100 

μm: (a) low magnification; (b) higher magnification view of the surface of the right-hand larger particle seen in (a) 

(f = 20 Hz). 

 

Figure 4.14. BSE SEM micrographs of debris adhered within the wear scar of a flat specimen after fretting for 106 

cycles with a displacement amplitude of 100 m and a frequency of 20 Hz at (a) lower magnification; (b) higher 

magnification. 

 

4.3 Discussion 
 General characteristics of ejected debris 

Wear debris generated and ejected in fretting wear of steel pairs over a range of displacement 

amplitudes and fretting frequencies is observed to consist almost entirely of the iron oxide 

haematite, -Fe2O3, with the balance being made up by metallic iron (ferrite), -Fe. While 
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there is evidence that the proportions of the two phases are influenced by both displacement 

amplitude and frequency (Figure 4.5), quantitative analysis of XRD data shows that under all 

conditions examined, the oxide fraction is dominant (>94%). The size of particles ejected over 

the course of individual fretting tests was observed to range significantly, from approximately 

0.4 µm to 50 µm in equivalent spherical diameter (Figure 4.6, Figure 4.8), with the overall size 

range being broadly similar over the range of displacement amplitudes and frequencies tested. 

The observed chemical composition of debris is broadly in line with reports in the literature on 

the nature of wear debris generated in fretting of steel pairs in air at room temperature (detailed 

in Section 2.2.4.1), although these vary significantly between experimental studies. Two aspects 

of debris composition are relevant to consider, these being (i) the phases present; (ii) the relative 

proportions of these phases. Regarding the former, the two phases observed in this work are 

consistent with reports in the literature of the composition of debris ejected during fretting of 

steel pairs at room temperature [1,106]; magnetite (Fe3O4) is sometimes observed, particularly 

in fretting of steels at elevated temperature, while reports of other iron oxides such as FeO are 

uncommon [1,106]. Quantitative reports of the relative proportions of phases are uncommon 

in the fretting literature, although Dies [143] reported the proportion of iron in debris produced 

in fretting of steels to be 3% of sample mass. This is broadly consistent with the metallic content 

observed in this work (ranging from ~3% to ~6%), although Dies [143] also found 24% of debris 

mass to consist of FeO, an oxide that is rarely reported to be observed in room temperature 

fretting, indicating either a very different wear mechanism or a significant difference in the 

accuracy of the respective measurement techniques. In any case, the phase fractions reported in 

this chapter provide useful insight into the nature of fretting debris, while the paucity of 

comparable measurements highlights the need for further work in this area to improve 

understanding of fretting mechanisms. 
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The range of particle sizes is broadly consistent with reports in the literature regarding fretting 

wear of steel pairs in ambient conditions, although such data vary significantly, due to differences 

in experimental configurations, measurement techniques, and differing definitions of what 

constitutes a “particle”. The wide range of sizes, and the large size of some particles is in 

agreement with the work of Colombie et al. [47], who investigated the debris generated in 

fretting of steel pairs and observed ejected particles of Fe2O3 ranging in size from ~ 1 µm to ~ 

100 µm. However, they also observed a significant proportion of Fe3O4 in ejected debris, 

indicating that quite different fretting behaviour may have been occurring. Halliday and Hirst 

[22] also observed ejected debris particles ranging from ~ 0.01 µm to 50 µm in diameter, 

although in this it was observed that larger particles were primarily metallic in nature, while 

oxide particles were typically of the order of 1 µm in diameter. Reports of significantly smaller 

debris particles than observed in the present work are fairly common, such as in recent work by 

Blades et al. [144], in which the debris ejected in fretting of steel contacts in air was found to 

consist of metal particles of the order of 10 µm in diameter, and oxide particles of the order of 

10 nm.  

A factor that may contribute significantly to the discrepancy between reports of particles size is 

the definition of what constitutes a particle; in the present work, the average diameter of ejected 

debris particles lies in the range of approximately 6 µm – 17 µm (Figure 4.9) which, in addition 

to the wide range of particle sizes indicates that a significant proportion of ejected debris 

“particles” are in fact agglomerates of many smaller debris particles, as opposed to individual 

pieces of wear debris. This is consistent with SEM images that indicate a significant degree of 

agglomeration and sintering of submicron oxide particles occurs, even under room temperature 

conditions (Figure 4.10, Figure 4.12, Figure 4.13). Moreover, the overall range and distribution 

of particle sizes were observed not to change significantly after 104 fretting cycles (the shortest 

test duration examined) up to 106 cycles (the longest), indicating that the process of particle 
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detachment, flow within and ejection from the contact has broadly reached steady state even by 

104 cycles. This is not to say that there is no change in the size of particles formed, as a greater 

number of larger fragments may be detached as debris beds become more developed over a 

greater number of cycles; some of these larger pieces are ejected without significant 

comminution, such as those imaged in Figure 4.10 and Figure 4.13. However, the modest 

differences in particle size distribution suggest that, in most cases, these large fragments are likely 

to be broken down into smaller pieces before ejection from the contact. 

A variety of surface textures are observed, both in samples (Figure 4.10, Figure 4.12, Figure 

4.13) and individual particles (Figure 4.10), although high magnification SEM images indicate 

that a majority of particles examined exhibit surfaces consisting of many sub-micron crystallites 

(of the order of 0.1 µm) compacted together to form a coherent whole; XRD and EDX analyses 

indicate that these crystallites consist of α-Fe2O3. There were no cases of individual crystallites 

being observed in SEM images, indicating that these small particles have a strong tendency to 

agglomerate and sinter to form the larger particles of several microns in diameter that can be 

seen in SEM images, and more quantitatively measured via particle size analysis (Figure 4.6). 

Evidence of sintering is clearest in the secondary electron micrographs of ejected debris particles 

presented such as in Figure 4.10, in which the different surface textures observed indicate the 

different stages of sintering, even within the same particle; a contrast between surface textures is 

clear from the appearance of the large particle presented at different magnifications, ranging 

from the smooth, glassy surface visible in Figure 4.10(c), suggesting an advanced degree of 

sintering, to the more porous surface observed in Figure 4.10(d), similar in appearance to 

vermicular structures exhibited during conventional sintering processes. 

 Effects of displacement amplitude and fretting frequency 
While ejected debris was observed to be broadly oxide-based under all conditions tested (Figure 

4.5), both displacement amplitude and frequency are seen to have an impact on the proportion 
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of debris consisting of metallic iron. At a frequency of 20 Hz, the proportion of sample mass 

consisting of metallic iron more than doubles from 2.6% to 5.6% with a fourfold increase in 

applied displacement amplitude, with a similar increase occurring at all other frequencies 

examined. Conversely, increasing frequency is seen to result in a reduction in the metallic 

fraction of debris, with this effect being independent of displacement amplitude; at an 

intermediate displacement amplitude of 50 µm, the metallic fraction of debris falls from 5.0% to 

3.4% as frequency is increased from 20 Hz to 200 Hz. As mentioned previously, quantitative 

analysis of the composition of ejected fretting debris in the literature is limited, and it is therefore 

difficult to assess how these observations align with reports of similar data by other workers. 

However, it is notable that there is no transition to a “severe” wear regime, which is widely 

observed in studies of unidirectional and reciprocating sliding wear [145–147], which in the case 

of the latter is distinguished from fretting wear primarily by larger displacement amplitudes.  

The impact of displacement amplitude and frequency on particle size is more complex, due to 

the wide range of particle sizes present as evidenced by the distributions presented in Figure 4.6, 

Figure 4.7 and Figure 4.8. However, both displacement amplitude and fretting frequency can 

be seen to have an impact on these distributions; in the case of displacement amplitude, 

increasing displacement amplitude is seen to result in a broader distribution of particle sizes, that 

is to say that a greater proportion of samples is made up of particles that are both smaller than 

the average and larger than the average (which is seen in Figure 4.9 not to vary significantly 

with displacement amplitude). Increasing frequency results in a shift in the size distribution 

towards smaller particles (Figure 4.8), reflected in the downward trend in average particle size 

with increasing frequency shown in Figure 4.9. To the author’s knowledge, there has been no 

studies into the effects of sliding conditions such as displacement amplitude and frequency on 

the size of fretting debris, so the agreement of these results with similar data in the literature 

cannot be assessed. 
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In assessing the impact of parameters on particle morphology, the depth of detail in comparisons 

that can be made between debris formed at different conditions is limited by the significant 

variation in particle morphology within samples, further limited by the practical constraints of 

investigating a vast number of particles manually. However, the high magnification images 

presented in Figure 4.12 indicate that the fundamental structure of particles is broadly similar 

across the range of displacement amplitudes, namely that particles consist of agglomerates of 

submicron oxide crystallites of the order of 0.1 µm in diameter, sintered to form larger  coherent 

structures. This in turn suggests that the impact of the studied parameters on the development 

of debris particles in fretting acts primarily through the formation and breakdown of debris beds 

(in turn dependent upon agglomeration and sintering of particles), as opposed to the initial 

detachment of debris particles from the surfaces. 

 Implications for mechanism of debris development 
The observation that over the wide range of fretting frequencies and displacement amplitudes 

investigated, debris ejected from the contact consists predominantly (>94%) of oxide with only 

a small fraction of metal, has significant implications for the mechanism by which debris is 

generated and ejected in fretting. Namely, this indicates that over a range of frequencies and 

displacement amplitudes, there is no fundamental difference in the mechanism of generation of 

the expelled debris, that is to say that there is no transition from a “mild” wear regime, in which 

ejected debris is mostly oxide, to one of “severe” wear, in which large metallic fragments tens 

of micrometres in diameter are ejected amongst oxide debris. Such a transition has been 

frequently observed in studies of sliding wear since it was first reported by Archard and Hirst 

[70] in 1956 [145–147]. 

The oxide-dominated nature of debris is in line with the oxidative mechanism favoured in 

works such as those of Quinn [61,62,148] and Stott et al. [60], in which debris particles are 

proposed to form primarily through the detachment of oxide films formed on nascent metal 
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surfaces by a scraping action of asperities on the opposing body. This was assumed to be the 

dominant mechanism of debris formation in the work of Warmuth et al. [34], in which the 

effects of frequency on fretting wear, namely a significant reduction in wear rate and a tendency 

towards more metallic wear scars at higher fretting frequency, were attributed to the exclusion 

of oxygen from contacts; however, it should be noted that there is not clear evidence for the 

extent to which such an oxidational mechanism operates under a given set of conditions, and 

oxide debris may also form by the oxidation of small metallic particles detached from surfaces 

[27,28,66].  

In the present work, while both fretting frequency and displacement amplitude exert some 

influence on the metallic proportion of ejected debris in the present work, these changes do not 

correlate with the effects of the parameters on wear rate (Figure 4.1); accordingly, it is proposed 

that wear (i.e. material removal) is primarily associated with oxide formation within the contact 

and its subsequent removal as fine debris particles under all of the conditions examined. 

However, whether oxide is formed directly on surfaces and detached to form particles, or by 

the oxidation of metallic particles cannot be confidently stated from the data available; it is 

assumed, in line with the mechanism proposed by Uhlig [59] (detailed in Section 2.2.4.1) that 

both may occur simultaneously, depending on local conditions within the contact. 

The presence of a substantial metallic content in wear debris formed in sliding contacts has been 

attributed in some cases to delamination, in which subsurface fatigue cracks grow parallel to the 

surface, which when connected with the surface result in the formation of large, plate-like 

metallic debris particles. Waterhouse and Taylor [67] proposed that the delamination theory of 

wear, initially outlined by Suh [149] and further validated by Sproles and Duquette [71], is 

operative in fretting contacts under certain conditions. Waterhouse and Taylor [67] argued that 

the plate-like particles observed could not be solely oxide-based due to their thickness, ranging 

from 1.3 to 3.5 µm, and must therefore have formed by delamination. However, in the decades 
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since Waterhouse and Taylor’s paper [67], the significant extent of sintering of oxide particles 

that occurs in fretting contacts has become better understood, and is reinforced by the findings 

of the present work; this presents an alternative mechanism by which such particles form, as the 

plate-like particles attributed to delamination by Waterhouse and Taylor [67] may instead result 

from detachment of fragments of debris beds, which through compaction and sintering may 

become significantly larger than oxide films directly formed on surfaces.  

Sintering of small oxide particles under tribological conditions to form coherent beds was 

observed by Kato and Komai [103], who termed the phenomenon “tribo-sintering”. Particles 

of various sizes and forms of oxide were supplied to steel-on-steel interfaces in unidirectional 

sliding, and observed sintering of particles approximately 300 nm in diameter; this is consistent 

with the observations of the current work, in which sintering of oxide particles approximately 

100 nm in diameter is observed. It is worth noting that in sliding wear, such as the unidirectional 

sliding configuration employed by Kato and Komai [103], debris is likely to be more readily 

ejected from the contact than in fretting contacts, and as such it may be expected that sintering 

of debris particles occurs to a greater extent in fretting contacts due to the longer residence time 

of particles. 

The general expression for the sintering rate of particles (𝑆) presented by Kato and Komai [103] 

is shown in Equation 1, where 𝐷 is oxygen diffusion coefficient, 𝑑 is particle size, and 𝑎, 𝑚 and 

𝑛 are constants: 

𝑆 = 𝑎
𝐷𝑚

𝑑𝑛
 Equation 4.1 

Kato and Komai proposed that the dependence of sintering rate on particle size (i.e. the value 

of n) is lower in tribological conditions (𝑛 = 0.6) than in conventional sintering processes (𝑛 = 

3 - 4) where, despite a lack of clarity surrounding the mechanism of tribo-sintering, it may be 

expected that high temperatures and pressures can be applied in a more steady and uniform 
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manner over longer periods of time. However, in both cases particle size is evidently an 

important factor in the development of sintering, with small particles sintering much faster than 

larger particles.  

The significant variation in the nature of surfaces of different debris particles suggests that 

particles may have very different histories, that is to say that there are several distinct mechanisms 

by which debris particles form and are ejected from the contact. For example, the debris particle 

approximately 100 μm in diameter imaged in Figure 4.13 appears consistent with the compacted 

beds of debris that remain adhered within the contact, such as that shown in Figure 4.14. Such 

“particles”, apparently formed by the fragmenting of debris beds, appear very different to the 

particles imaged in Figure 4.12, which are not only much smaller in overall size, but do not 

appear as highly compacted and deformed, indicating that they were ejected before they could 

be incorporated into debris beds. This is a useful consideration in interpreting the impact of 

frequency and displacement amplitude on the size of particles ejected from the contact, which 

relates to the degree of sintering under a given set of conditions. The narrower distribution of 

particles sizes observed at smaller displacement amplitudes may be due (at least in part) to a 

reduced rate of debris ejection associated with smaller displacement amplitude, increasing the 

time that particles reside in the contact and therefore the time over which sintering can occur 

(reducing the fraction of smaller particles) and over which large fragments of debris beds can be 

comminuted (reducing the fraction of larger particles). Greater residence time of particles in the 

contact at smaller displacement amplitudes may also be a factor in the reduced metallic fraction 

of debris ejected at these conditions, as particles spend longer exposed to the enhanced oxidising 

conditions inside the contact. 

While it is recognised that particles that are eventually ejected from the contact may form by a 

number of different mechanisms, it is possible to outline a generalised mechanism to describe 

the observations of this study in the following steps: 
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1) Oxide (haematite) particles of the order of 0.1 µm in size are formed (either directly 

from surfaces or by rapid oxidation of small metal particles).  

2) These rapidly agglomerate and may even sinter to form particles of a range of sizes up 

to a few microns in size.  

3) Some of these particles are ejected from the contact before they agglomerate / sinter 

into beds, whilst others are retained in the contact and form part of a debris bed. The 

surface of the debris bed is more fully compacted / sintered than the underlying regions.  

4) After a certain time, parts of the debris bed become detached and are subsequently 

removed from the contact. Some of these bed fragments are removed with little 

comminution (yielding debris particles of > 100 µm in size) whilst others are more finely 

comminuted.  

Due to the ejected debris samples being collected upon completion of the fretting tests, it is not 

possible with the methodology employed in this thesis to determine the stage at which individual 

particles are ejected from the contact. It is recognised that information regarding how the 

characteristics of debris evolve over the course of fretting tests would be helpful in developing 

understanding of the phenomena discussed in this chapter; an approach to generating such data 

has been demonstrated in recent work by Blades et al. [144], which enables the stage of fretting 

at which particles are ejected to be identified continuously as a function of cycle number as 

opposed to the discrete durations observed in this chapter. However, the findings of Blades et 

al. [144] indicate a high level of dependence of debris characteristics (and the associated impact 

on mechanisms) upon aspects of the contact configuration such as specimen material and 

atmosphere; this highlights the practical difficulties associated with comparing observations of 

debris characteristics in the literature. Moreover, as discussed in Section 4.3.1, it is important to 

clarify what is meant by terms such as “particle size” in fundamental investigations of fretting 

debris, which may be interpreted differently due to sintering of debris particles. For example, in 
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the present work, “particle size” is taken to mean the size of individual pieces of debris (typically 

of the order of ~10 µm to even 100 µm) that have been observed to exhibit a high degree of 

agglomeration and sintering of smaller “particles” (typically of the order of ~0.1 µm); this stands 

in stark contrast to the size of debris particles reported by Blades et al. [144], which is observed 

to lie in the range of <10 nm to approximately 10 µm. Whether this discrepancy is due to 

differences in operative wear mechanisms, the measurement techniques employed, or the 

definition of particle size is not immediately clear; mechanisms of debris formation and flow 

within (and expulsion from) contacts are known to be dependent upon many factors which vary 

between the two investigations, although a potentially more significant factor may be the 

different techniques used to measure particle size (transmission electron microscopy in the case 

of Blades et al. [144], as opposed to the light diffraction technique employed in the present 

work). The difference in resolvable scale of these measurement techniques, as well as the 

different requirements involved in processing the data may in turn affect the definition of what 

constitutes a “particle”, as the boundaries of particles are interpreted differently in these methods. 

Moreover, the number of particles measured per sample is significantly greater in the light 

diffraction method employed in the present work than that in TEM, and as such the sizes 

measured using light diffraction may be more representative of debris ejected during fretting 

tests. 

This speaks to a wider problem in the comparison of fundamental investigations of fretting wear 

(and particularly those focusing on wear debris), namely that differences in contact 

configuration, the measurement techniques employed and definitions of debris characteristics 

may vary significantly between studies, and as such, direct comparisons between studies should 

be approached carefully. In light of this, it is clear that there remain significant gaps in knowledge 

in this area, with a clear case to be made for further investigation into the development of debris 
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produced in fretting, and vitally the associated impact on wear rates and mechanisms for the 

purposes of developing improved predictive models.  

 

4.4 Conclusions 
Over the range of conditions studied, the nature of debris appears to be not strongly dependent 

upon either the fretting frequency or the displacement amplitude, despite significant changes in 

friction and wear rate over these conditions. 

The composition of ejected debris is observed to not be significantly affected by displacement 

amplitude or fretting frequency over the conditions studied, with the same two phases observed 

in samples, namely haematite and ferrite, in line with previous work on fretting of steel contacts 

in air at room temperature. The relative proportions of these phases have been quantitatively 

assessed and, despite a modest influence of both parameters, in all cases debris was found to 

consist predominantly of haematite with a small (< 6%) fraction of metallic iron. This indicates 

that for the test system and operating conditions studied, fretting wear proceeds by a broadly 

oxidative mechanism (i.e. by the formation and ejection of oxide debris), comparable to the 

regime of “mild” wear in other types of sliding wear, with no evidence of the associated “severe” 

wear regime in which a greater proportion of large metallic particles are ejected. 

The overall range of particle sizes is broadly constant over the range of conditions examined, 

ranging from approximately 0.4 µm to 50 µm under all displacement amplitudes, fretting 

frequencies and test durations tested. However, individual particles with diameters greater than 

this (of the order of 100 µm) were observed via SEM imaging, thought to be detached pieces 

of debris beds, and therefore having small thickness relative to observed diameter; this 

assumption regarding the dimensions of debris beds is based on SEM observations in cross-

section (explored in detail in Chapter 5) indicating that debris beds still adhered to surfaces are 
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typically no more than 5 µm in thickness. The average size of particles ranges from 6 µm to 17 

µm under all conditions studied, indicating that most debris “particles” are in fact agglomerates 

formed from many smaller pieces of debris, none of which were observed in isolation. The size 

of particles is largely independent of number of cycles after 104 cycles, indicating that the process 

is broadly in steady state by this stage. Both displacement amplitude and frequency are seen to 

affect particle size; a reduction in particle size is observed to occur with increasing frequency, 

while increasing displacement amplitude does not have a significant impact on the average 

particle size, but results in a greater proportion of both larger and smaller particles being ejected 

(i.e. a broader size distribution). However, as with the chemical composition of debris, these 

effects are fairly modest and therefore do not indicate a fundamental change in wear mechanism 

resulting from changes in these conditions. 

The morphology of particles varies significantly within samples, but in all cases observed, 

particles appear to consist of submicron crystallites of iron oxide, of the order of 0.1 µm in 

diameter, exhibiting various degrees of sintering. Moreover, the size of crystallites that make up 

particles appears similar for debris particles ejected under both large and small displacement 

amplitude conditions, indicating that over the conditions tested, the fundamental mechanism of 

debris particle formation does not change, and rather the development of debris particles 

depends on the formation and breakdown of debris beds, and hence the degree of sintering. 

The different surface textures observed indicate that differing mechanisms by which the particles 

ejected are formed; some particles are agglomerated into compacted beds that adhere to first 

body surfaces, which may subsequently become detached to form large particles, while some 

particles are ejected from the contact before this can occur. 
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5 Interacting effects of displacement amplitude and frequency on debris bed development and 

subsurface damage 

Chapter 5 

Interacting effects of 
displacement amplitude and 
frequency on debris bed 
development and subsurface 
damage  

5.1 Chapter Outline 
As discussed in Sections 2.2.2 and 2.2.3, both displacement amplitude and fretting frequency 

have been observed to have a significant impact on both the formation and ejection of oxide 

debris; both parameters affect some of the same physical processes, such as sliding velocity (and 

therefore local temperature in the contact), but also have significantly differing effects on other 

processes such as the rate at which debris is ejected from contacts, which has been reported to 

increase with increases in displacement amplitude [8,9,22,23,27,28,106], and conversely to fall 

with increases in frequency [14,34]. It is therefore intuitive that the effects of fretting frequency 

and displacement amplitude interact to a significant degree, with implications for the dominant 
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mechanisms of wear and the total volume of material loss; such interactions have been noted in 

fretting literature dating back several decades [32,35,44], although have not been explored in 

detail, and much remains to be learned about the interaction between these fundamental 

parameters of fretting wear.  

The work presented in this chapter seeks to address this gap in understanding by conducting a 

thorough investigation of the impact of displacement amplitude and fretting frequency on wear 

mechanisms in fretting, namely via the impact of these two parameters on the formation of 

debris beds and the response of the subsurface region; the effects of each parameter are explored 

individually, as well as the interacting effects with changes in both parameters within the studied 

range. A mechanism is outlined to explain the observed effects in a phenomenologically 

consistent framework based on the ingress of environmental species and egress of wear debris. 

Where the previous chapter focused on wear debris ejected during fretting, this chapter focuses 

on the formation (or otherwise) of coherent oxide debris beds in contacts, and the impact of 

changes in frequency and displacement on the development of damage in the subsurface region. 

The test conditions employed in this study (which cover the same range of conditions examined 

in the previous chapter) are shown in Table 5.1.  

Table 5.1. Test conditions examined in this chapter 

Frequency, 𝑓 (Hz) 20, 100, 200 

Applied displacement amplitude, ∆∗ (µm) 25, 50, 100 

Applied normal load, 𝑃 (N) 250 N, 450 N 

Test duration, 𝑁 (cycles) 104, 105, 106 

Temperature, 𝑇 (°C) Room temperature 

 



Chapter 5. Interacting effects of displacement amplitude and frequency on debris bed 

development and subsurface damage 

   Page 105 | 212 

5.2 Results 
 Development of wear damage associated with changes in 
displacement amplitude 

The extent of wear over the range of displacement amplitudes and test durations tested is 

expressed in Figure 5.1(a) in terms of total material removed from both specimens plotted as a 

function of dissipated energy dissipated over the course of the tests. For each displacement 

amplitude, higher dissipated energy reflects a greater number of elapsed fretting cycles, and as 

the number of cycles tested are increased by a factor of 10 with each increment, dissipated 

energy is plotted on a logarithmic axis. Figure 5.1(b) presents the wear data for 106 cycle tests 

(the longest duration examined) in terms of energy wear rate (volume of material lost per unit 

dissipated energy) as a function of applied displacement amplitude.  

It is evident from Figure 5.1(a) that the amount of material lost due to wear is significantly 

higher at larger displacement amplitude, with a more than a sixfold increase in wear volume at 

106 cycles, from approximately 0.6 mm3 to approximately 4.4 mm3. However, the increase in 

wear rate is smaller than the increase in wear volume due to the significantly greater slid distance 

(and hence dissipated energy) at higher displacement amplitude; the energy wear rate exhibits 

an increase of almost 50% over the range tested, from 0.0257 mm3 kJ-1 at smaller displacement 

amplitude (Δ* = 25 µm) to 0.0392 mm3 kJ-1 at the larger displacement amplitude (Δ* = 100 

µm).  

Surface profiles of worn flat specimens fretted for 106 cycles at both small and large displacement 

amplitudes are shown in Figure 5.2; despite significant differences in scar width and depth 

(reflecting the significant difference in wear volume), there is not a significant difference in the 

overall wear scar shape, with the greatest wear depth in both wear scars being located broadly 

along the centreline of the scar. 
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Figure 5.1. Extent of wear over the studied range of displacement amplitudes (a) over the range of test durations as 

wear volume plotted against dissipated energy; (b) after 106 fretting cycles as energy wear rate plotted against 

displacement amplitude (f = 20 Hz; P = 450 N). 

 

Figure 5.2. Surface profiles of flat specimens fretted for 106 cycles at a displacement amplitude of (a) 25 µm; (b) 100 

µm (f = 20 Hz; P = 450 N). 

To more effectively compare overall trends in scar shape over the range of conditions tested, 

averaged 2D profiles were calculated and are presented in Figure 5.3 for flat specimens fretted 

at both small (Δ* = 25 µm) and large (Δ* = 100 µm) displacement amplitudes over the range of 

durations tested; these can be seen to represent well the overall scar shape as seen in Figure 5.2. 

Throughout the duration of tests at both small and large displacement amplitudes, wear scars are 

broadly U-shaped, and that there is no apparent change in scar shape as wear develops. After 

105 cycles, the depth of the central region of wear scars relative to adjacent regions differs slightly 

with the change in displacement amplitude; namely, the scars formed at smaller displacement 

amplitude (Δ* = 25 µm) exhibit a flatter central region (a region approximately 1 mm in width) 
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than scars formed at larger displacement amplitude (Δ* = 100 µm), which exhibit more of a V-

shape (a region approximately 0.1 mm in width). 

 

Figure 5.3. Average profiles of the resulting wear scars on the flat specimens from pairs after fretting with an applied 

displacement amplitude of (a) 25 µm; (b) 100 µm over a range of test durations (f = 20 Hz; P = 450 N; N = 106 

cycles). 

The evolution of energy coefficient of friction (as a function of number of cycles) is shown in 

Figure 5.4, from which it can be seen that over the range studied, coefficient of friction is 

broadly independent of displacement amplitude, with values at large and small displacement 

conditions ranging from ~0.75 to ~0.8 and remaining broadly steady over the duration of tests. 

 

Figure 5.4. Evolution of energy coefficient of friction (μE) with number of fretting cycles as a function of applied 

displacement amplitude over the range tested, showing no significant impact of displacement amplitude on friction 

(f = 20 Hz; P = 450 N; N = 106 cycles). 

To better understand the effect of displacement amplitude on the development of compacted 

debris beds, wear scar surfaces were imaged in both plan view and cross-section over the range 
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of displacement amplitudes and test durations examined. BSE SEM is a useful technique in this 

context due to the ability to clearly contrast oxide debris (darker grey) and exposed metallic 

surfaces (lighter grey). As highlighted by XRD analysis of ejected debris (Section 4.4.2.3.1), 

only two phases are present in the ejected debris, and as such it is assumed that debris remaining 

in wear scars consists solely of these two phases. Accordingly, the contrast between oxide and 

metal in BSE images provides useful insight into interfacial chemistry, which is reinforced by 

qualitative EDX measurements.  

In examining the images of wear scars, it should be taken into consideration that the ultrasonic 

cleaning of specimens after tests to remove loose debris may have dislodged pieces of the debris 

bed, and as such the specimens as imaged may exhibit more exposed metallic regions than were 

truly exposed during fretting (implications for fretting mechanisms discussed in Section 5.5.3). 

Figure 5.5 shows the early stages of debris bed development at both large and small displacement 

amplitude; it is clear that at both displacement amplitudes an oxide debris bed forms and is 

adhered to the surface after a relatively short number of cycles, and that at the larger displacement 

amplitude (Δ* = 100 µm) the wear scar width is much greater than at the lower displacement 

amplitude (Δ* = 25 µm). The wear scar formed at the larger displacement amplitude appears to 

be more sparsely covered with oxide than that formed at the smaller displacement amplitude; 

however, higher magnification images indicate that at neither displacement amplitude is the 

debris bed coverage complete, with exposed metal surfaces visible between patches of oxide 

even at the lower displacement amplitude. 

As test duration is increased, it is clear from the SEM images in Figure 5.6 that even after 106 

cycles, while debris beds become more developed (i.e. a greater proportion of the surface is 

covered) at both large and small displacement amplitudes, coverage remains incomplete (i.e. 

exposed metallic regions remain visible). There is also a significant increase in wear scar width, 
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from approximately 0.4 mm after 104 cycles to 1.7 mm after 106 cycles for the lower 

displacement (Δ* = 25 µm), and from 1 mm to almost 4 mm for the larger displacement (Δ* = 

100 µm) over the same number of cycles (approximately a factor of 4 in both cases). 

 

Figure 5.5. BSE SEM micrographs in plan view of flat specimens after fretting for 104 fretting cycles with an applied 

displacement amplitude of: (a)-(b) 25 µm; (c)-(d) 100 µm (f = 20 Hz; P = 450 N). 
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Figure 5.6. BSE SEM micrographs in plan view of flat specimens after fretting for 106 fretting cycles with an applied 

displacement amplitude of: (a) – (c) 25 µm; (d) – (f) 100 µm (f = 20 Hz; P = 450 N). 

At higher magnification, it can be seen that the debris bed formed at both large and small 

displacement amplitudes after 106 fretting cycles exhibit cracking at the surface of the bed, 
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suggesting a potential mechanism by which large pieces of compacted debris may become 

detached from the surface. This is apparent in Figure 5.6(e) and Figure 5.6(f), where a region of 

developed oxide bed can be seen on top of a more exposed metallic surface (i.e. exhibiting a 

small degree of oxide coverage), with uneven edges indicating that surrounding pieces have 

broken away; a crack can be seen to run through a protruding region which, at approximately 

50 µm in width, is consistent with the scale of some debris particles observed in the analysis of 

ejected debris. 

Lighter grey regions within the developed oxide debris layers are also visible from the BSE 

images in Figure 5.6; it is not clear how deep these metallic regions extend beneath the surface 

of the debris bed (i.e. whether they are caused by a very thin layer of metal smeared across the 

surface or whether the debris beds contain metal particles several microns in depth), but it is 

possible that these metallic regions of debris beds may constitute some of the metallic fraction 

observed in the XRD and Rietveld analyses (Section 4.4.2.3). 

The SEM images in Figure 5.7 show the central region of wear scars formed at both 

displacement amplitudes at a constant magnification, and it can be seen that at both amplitudes 

there is a coherent bed of oxide debris atop a relatively undeformed and undamaged region of 

the bulk material. The martensitic structure of the material can clearly be discerned from the 

images of the etched surfaces, indicating that only minimal grain refinement has occurred; under 

these conditions, any damaged layer can only extend a very short distance under the surface (no 

more than a few microns), as no such layer could be identified using the SEM technique 

employed. 

Furthermore, applied displacement amplitude can be seen to have an impact on the thickness of 

the oxide debris bed formed, with the debris bed formed at the lower of the two displacement 

amplitudes (Δ* = 25 µm) being approximately 5 µm in thickness, more than twice the thickness 
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of that formed at the larger amplitude (Δ* = 100 µm), which is approximately 2 µm. However, 

considering the variation in debris bed coverage apparent from the plan view images in Figure 

5.6, measurements of bed thickness from cross-sections should be approached only as 

approximations.  

 

Figure 5.7. BSE SEM micrographs in cross-section of cylinder specimens after fretting for 106 fretting cycles with 

an applied displacement of: (a) 25 µm; (b) 100 µm (f = 20 Hz; P = 450 N). 

The coverage of the surfaces by oxide debris is consistent with the SEM images of the debris 

beds developed within the wear scars at these conditions in Figure 5.6; this suggests that while 

areas of metallic surfaces may be exposed by the breakdown of debris beds during fretting tests, 

these regions do not remain exposed long enough for significant adhesion or subsurface damage 

to occur. 

 

 Development of wear damage associated with changes in fretting 
frequency 

The extent of wear as a function of fretting frequency at the set of test conditions examined (Δ* 

= 50 µm; P = 450 N; N = 106 cycles) is expressed in Figure 5.8 in the form of (a) wear volume; 

(b) energy wear rate. In line with other works investigating the effect of frequency in fretting 
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wear [10,25,29,33,34,115] (detailed in Section 4.2.3), increasing fretting frequency is seen to 

result in the amount of wear being significantly reduced; the wear volume at 200 Hz is 

approximately 53% smaller than that formed at 20 Hz (with all other input parameters being 

equal), with a reduction in wear rate of approximately 40%. 

The reduction in the extent of wear is reflected in the shape of the wear scars, which can be 

seen in the surface profiles of flat specimens presented in Figure 5.9 for each of the frequencies 

tested, and the associated average profiles in Figure 5.10. As well as a general reduction in wear 

scar width and depth, the wear scars developed at the two higher frequencies exhibit central 

regions that are raised relative to the surrounding material, located along or close to the 

centreline of the scar. 

 

Figure 5.8. Extent of wear at the three frequencies tested, expressed as: (a) net total wear volume; (b) energy wear 

rate (Δ* = 50 µm; P = 450 N; N = 106 cycles). 

The evolution of energy coefficient of friction (as a function of number of cycles) is shown in 

Figure 5.11, from which it can be seen that over the range of frequencies tested, while the values 

at all three frequencies at the end of the tests range from ~0.7 to ~0.8, coefficient of friction 

decreases as frequency is increased. The coefficient of friction remains broadly steady over the 

duration for tests conducted at 20 Hz and 100 Hz, and at the highest fretting frequency (200 

Hz) increases from ~0.6 to ~0.7 over the duration of the test. 
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Figure 5.9. 3D surface profiles of wear scars on the flat specimens after fretting for 106 cycles with an applied 

displacement amplitude of 50 μm with frequencies of (a) 20 Hz; (b) 100 Hz; (c) 200 Hz (Δ* = 50 µm; P = 450 

N). 

 

Figure 5.10. Average profiles of the wear scars on the flat specimens over the range of frequencies tested (Δ* = 50 

µm; P = 450 N; N = 106 cycles). 

 

Figure 5.11. Evolution of energy coefficient of friction (μE) with number of fretting cycles as a function of fretting 

frequency over the range tested; friction can be seen to be lower at higher fretting frequencies, with this effect 

diminishing as tests progress (Δ* = 50 µm; P = 450 N; N = 106 cycles). 
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The nature of worn surfaces developed over the range of frequencies tested, particularly the 

coverage by compacted beds of mostly oxide debris, is shown in BSE SEM images of wear scars 

in Figure 5.12. As with the average worn profiles presented in Figure 5.10(b), it is clear from 

the SEM images in Figure 5.12 that increasing fretting frequency has a significant effect on the 

development of the wear scar, with scars becoming narrower and the surfaces more metallic as 

frequency is increased from 20 Hz to 200 Hz. At the lowest frequency (f = 20 Hz), coverage 

by a developed oxide debris bed extends throughout the wear scar, as observed in Section 

5.5.2.1, while wear scars developed at higher frequencies appear very different in both the extent 

of debris coverage and the composition of the debris retained within the scar. At both 100 Hz 

and 200 Hz, large patches of metallic material of the order of 1 mm in width are visible in 

central regions of the wear scars (identifiable as such by the lighter contrast of the BSE image 

relative to the darker oxide regions), which correspond to the regions that are raised relative to 

surrounding material observed from profilometry data in Figure 5.9 and Figure 5.10. 

 

Figure 5.12. BSE micrographs of flat specimens in plan view at high and low magnification after fretting tests at a 

frequency of (a)-(b) 20 Hz; (c)-(d) 100 Hz; (e)-(f) 200 Hz (Δ* = 50 µm; P = 450 N; N = 106 cycles). 
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Examining specimens in cross-section, it can be seen that the tendency towards the development 

of more metallic surfaces at higher fretting frequencies is associated with a significant difference 

in the nature of the subsurface region, which at the two higher frequencies exhibits significant 

subsurface damage. Figure 5.13 shows a BSE SEM image in cross-section of the cylinder 

specimen of a pair fretted at low frequency (f = 20 Hz), in which the wear scar surface is covered 

by a coherent bed of oxide debris approximately 5 µm in thickness, identified as iron oxide by 

its dark contrast relative to the bulk metal and confirmed by qualitative EDX analysis. While 

the image in Figure 5.13(a) shows only a small region of the scar (approximately 70 µm in 

width), this debris bed was observed to span most of the width of the wear scar and to be broadly 

consistently in thickness. This behaviour is consistent with cross-sections of cylinder specimens 

after fretting at both smaller and larger amplitudes (at the same frequency) presented in Figure 

5.7 (Section 2.1).  

 

Figure 5.13. BSE SEM micrograph in cross-section of an etched cylindrical specimen after fretting at 20 Hz (Δ* = 

50 µm; P = 450 N; N = 106 cycles). 

When fretting frequency is increased to 100 Hz, the nature of the subsurface changes 

significantly; Figure 5.14 shows a cylinder specimen fretted at 100 Hz exhibiting significant 

levels of subsurface damage, with a region of severely damaged, predominantly metallic material 

(identifiable as such by its similar contrast to the bulk metal in the BSE image) extending 

approximately 30 µm into the surface. 
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Figure 5.14. BSE SEM micrograph in cross-section of an etched cylindrical specimen after fretting at 100 Hz, 

showing a region of severely cracked metallic material in the near-surface region (Δ* = 50 µm; P = 450 N; N = 

106 cycles). 

A secondary electron (SE) micrograph of the same specimen at higher magnification is presented 

in Figure 5.15, providing greater detail of the appearance of the damaged region; from this it 

can be seen that the fragments of metal in this region are of the order of 2-3 µm in width (and 

broadly equal height), and exhibit a significant degree of porosity. 

 

Figure 5.15. SE SEM micrograph at high magnification the damaged region developed in a cylinder specimen after 

fretting at a frequency of 100 Hz; the metallic structure can be seen to exhibit significant porosity and an even 

cracking pattern (Δ* = 50 µm; P = 450 N; N = 106 cycles). 

In examining cross-sections of repeat tests at the same set of test conditions, as well as multiple 

cross-sections from specimens, such a severely cracked metallic region was observed to be 

consistently formed at this set of conditions. However, the nature of subsurface damage 

developed was also observed to vary significantly, as can be seen in the BSE images shown in 
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Figure 5.16; as images are presented at various magnifications, it should be noted that the lowest 

magnification (Figure 5.16(a)) is the same as that used in Figure 5.13(a) and Figure 5.14. In this 

case, a region of highly porous and severely cracked metallic material develops in the near-

surface region, although BSE contrast indicates an elevated oxygen concentration in the layer 

relative to the bulk material, or the cracked metal layer in Figure 5.14; a debris bed 

approximately 2 µm in thickness lies atop the surface, with this being thinner and sparser than 

the debris bed observed at 20 Hz (Figure 5.13). 

 

Figure 5.16. BSE SEM micrographs in cross-section at increasing magnifications of an etched cylindrical specimen 

after fretting at 100 Hz, showing a region of highly damaged, partially oxidised metal (Δ* = 50 µm; P = 450 N; N 

= 106 cycles). 

While the damaged layer in Figure 5.16 is a darker shade of grey than the bulk material in the 

BSE image, the difference in contrast between it and the oxide layer at the surface indicates that 

the porous layer is not a layer of oxide debris, rather it appears to be largely metallic in nature. 

Qualitative EDX analysis showed the oxygen concentration in this layer to be only slightly 

higher than that in the bulk metal, and to be much lower than that of the oxide debris bed; the 

damaged metallic layer is therefore confirmed not to consist of oxide debris, and instead consists 

of metallic material that may have been transferred between opposing first bodies (as opposed 

to a transformation of the microstructure progressively extending into the subsurface region). 

As both types of damage have been confirmed to consist primarily of transformed metallic 

material, these damaged regions will heretofore be referred to as the tribologically transformed 
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structure (TTS). It is worth noting that the distinct types of damaged metallic layers developed, 

namely (i) largely unoxidised layers of damaged metal, and; (ii) porous metallic regions that 

exhibit a slightly elevated oxygen concentration, indicating some degree of transfer between 

specimens, are broadly consistent with observations reported by Xin et al. [84] of TTS 

development in fretting of nickel alloy 690TT against a stainless steel counterbody, with these 

being termed Type I and Type II TTS, respectively (discussed in Section 2.2.4.2). 

The higher magnification images of the specimen in Figure 5.16(b) and (c) provide a more 

detailed view of how this type of damage develops; similar to the “Type I” form of TTS, the 

layer can be seen to consist of a severely fragmented structure, with fragments on the order of 

0.5 – 1 µm in size, but with some that are much larger. A highly sheared layer approximately 1 

– 2 µm in thickness formed by plastic deformation of the underlying material can be seen clearly 

in Figure 5.16(c), separating the transformed material and the undeformed bulk material. 

Moreover, a distinct boundary can be seen between the transformed material and the thin layer 

of deformed bulk material, supporting the observation that the transformed layer has at least in 

part formed through material transfer as opposed to transformation of the underlying surface 

material. 

A wider view of the same specimen, shown in Figure 5.17, shows the layer to span a width of 

approximately 300 µm in a central region of the wear scar, broadly consistent with the central 

metallic region visible at the surface of the corresponding flat specimen shown in Figure 5.12(c); 

this region is significantly smaller than the total width of the wear scar, which is greater than 2 

mm.  
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Figure 5.17. BSE SEM image of the central region of the wear scar in cross-section after fretting at 100 Hz; the 

porous and cracked TTS region can be seen to extend a width of approximately 300 µm across the wear scar (Δ* 

= 50 µm; P = 450 N; N = 106 cycles). 

Due to the technique used to prepare cross-sections for metallographic observation, namely 

cutting with an abrasive wheel and polishing with increasingly fine grades of silicon carbide 

papers, it is important to clarify whether the extensive cracking observed is caused (at least in 

part) by the preparation technique employed. A BSE SEM image of a cross-section prepared 

using focused ion beam (FIB) milling of a flat specimen fretted at 100 Hz is presented in Figure 

5.18; it can be seen that the subsurface region exhibits extensive cracking, very similar in 

appearance to that observed in the corresponding cylinder specimen (Figure 5.14(b), Figure 

5.16), confirming that the cracking pattern observed in cross-sections is developed during the 

fretting process as opposed to being caused by damage sustained in preparation of samples. 

 

Figure 5.18. BSE SEM micrograph of a flat specimen machined using focused ion beam milling in cross-section (f 

= 100 Hz; Δ* = 50 µm; P = 450 N; N = 106 cycles). 

Fretting at high frequency (f = 200 Hz) can be seen from the images in Figure 5.19 (with 

magnifications consistent with those used in Figure 5.16) to also result in the development of 
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significant subsurface damage, bearing similarities to the Type I TTS layer formed at 100 Hz. 

Figure 5.19(a) shows a highly deformed layer of metallic material extending approximately 20 

µm below the surface, with no discernible oxide debris bed at the surface; the deformed region 

is similar in composition to the bulk material and contains several large cracks. While several 

cracks can be seen to run through the damaged layer (confirmed by qualitative EDX to exhibit 

no significant difference in composition to the bulk material), no cracks can be seen to extend 

from the TTS layer into the bulk material.  

 

Figure 5.19. BSE SEM micrographs at increasing magnifications in cross-section of an etched cylindrical specimen 

after fretting at 200 Hz, showing severe deformation and cracking of the TTS layer (Δ* = 50 µm; P = 450 N; N 

= 106 cycles). 

At higher magnifications (Figure 5.19(b) and (c)), severe plastic deformation of the 

microstructure in the TTS layer relative to the bulk material can be identified clearly from the 

etched surface of the cross-sectioned specimen, although to varying extents across the layer; in 

some regions  martensitic laths are still discernible in the deformed microstructure, whilst other 

regions appear to be more severely deformed (identifiable as such by the lighter etching in these 

highly deformed regions). Cracks and small pores are found spanning the damaged layer, with 

this being generally confined to the most highly deformed regions. 

The transformed region developed at 200 Hz can be seen in Figure 5.20 to extend approximately 

250 µm across the central region of the wear scar (similar to the TTS layer developed at 100 
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Hz), with a long crack broadly marking the boundary between the damaged layer and the bulk 

material. 

 

Figure 5.20. BSE SEM image of the central region of the wear scar in cross-section after fretting at 200 Hz; the 

damaged TTS region can be seen to extend a width of approximately 250 µm across the wear scar (Δ* = 50 µm; 

P = 450 N; N = 106 cycles). 

As was observed at the 100 Hz condition, the nature of the subsurface damage developed at 

higher fretting frequency was also found to vary considerably; an example of this variation is 

presented in Figure 5.21, showing a region of severely cracked metallic material developed in 

the wear scar of a cylinder specimen after fretting with a frequency of 200 Hz.  

 

Figure 5.21. BSE SEM image in cross-section of the central region of a wear scar developed in fretting at 200 Hz; 

a severely damaged region can be seen to extend a width of approximately 200 µm across the wear scar (Δ* = 50 

µm; P = 450 N; N = 106 cycles). 

Another image of the same wear scar shown in Figure 5.21 is presented in Figure 5.22, showing 

a region of partially oxidised metallic material (consistent with “Type II” TTS), similar in 

appearance to that formed at a frequency of 100 Hz, thereby confirming that both of the higher 

frequencies (f = 100 Hz; f = 200 Hz) can result in the formation of both types of subsurface 

damage.  
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Figure 5.22. BSE SEM image of the central region of the wear scar in cross-section after fretting at 200 Hz; the 

damaged TTS region can be seen to extend a width of approximately 300 µm across the wear scar (Δ* = 50 µm; 

P = 450 N; N = 106 cycles). 

Changes in the microstructure of the near-surface region developed at each of the three 

frequencies was assessed using electron backscatter diffraction (EBSD), namely variations in grain 

size and orientation, that cannot be readily identified from BSE images. Inverse pole figure 

images (hereby referred to as EBSD maps) were generated for the same cross-sections of cylinder 

specimens shown in Figure 5.13, Figure 5.16 and Figure 5.19, and are presented in Figure 5.23. 

The EBSD maps each cover an area of 15 µm × 30 µm, which where possible is highlighted in 

white on corresponding BSE images; this is only included for the two higher frequencies, where 

distinctive features of the damaged subsurface enabled the exact regions to be located. At low 

frequency (f = 20 Hz) the EBSD mapped region includes the oxide debris layer across the 

surface. Black regions of the maps represent unindexed areas, that is to say areas for which 

diffraction patterns could not be resolved, which inherently occurs at grain boundaries but may 

occur as a result of high levels of deformation and damage to the microstructure. 

The EBSD images show significant differences in the microstructure of the subsurface region 

developed at each of the three fretting frequencies; at 20 Hz, there is little evidence of significant 

deformation or refinement of grains, and the typical martensitic lath structure is visible across 

the whole surface. As frequency is increased to 100 Hz, there is evidence of a much more 
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significant degree of deformation and grain refinement near the surface, with significant shearing 

of the bulk material to a depth of approximately 5 µm beneath the boundary with the TTS 

layer. The TTS layer itself is so severely deformed and damaged that very little of the region 

could be indexed, as evidenced by the black region immediately beneath the surface. 

 

Figure 5.23. Inverse pole figure images obtained using EBSD in central regions of the wear scars of cylindrical 

specimen for all frequencies tested; where possible, the exact location of the EBSD image is highlighted in 

corresponding BSE SEM images. It should be noted that the different image types have different scale bars (Δ* = 

50 µm; P = 450 N; N = 106 cycles). 

At the highest frequency (f = 200 Hz), the TTS region appears to be less severely damaged than 

that developed in fretting at half the frequency (f = 100 Hz), with a greater proportion of the 

layer being indexable. However, the layer remains mostly unindexable, indicating significant 

damage to the microstructure. Significant grain refinement is apparent in the region of the TTS 

closest to the bulk material, although the bulk material itself is not significantly deformed to a 

depth greater than a few micrometres.  
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 Interaction of displacement amplitude and frequency effects 
In the previous two sections, the effects of displacement amplitude and frequency are examined 

individually, with one of the two parameters being held constant while the other is varied. In 

the present section, emphasis is placed on the interaction of the two parameters, investigating 

the development of debris beds and subsurface damage at each of the three displacement 

amplitudes and fretting frequencies tested in the previous sections of this chapter, i.e. the same 

range investigated in the previous chapter. 

The extent of wear at each of the fretting frequencies and applied displacement amplitudes 

examined are presented in Figure 5.24, in the same form as presented in Chapter 4 (Section 

4.2.1, Figure 4.1), in which the nature of wear debris ejected during fretting at these conditions 

was investigated. The wear volume after the full duration of tests (106 fretting cycles) is plotted 

against total energy dissipated over the test, with the energy wear rate (material loss per unit 

dissipated energy) represented by the gradient of a straight line from the origin.  Higher 

dissipated energies reflect higher displacement amplitudes, which slide a greater distance over 

the same number of cycles.  

As shown for a single displacement amplitude in Section 5.5.2.2, increasing frequency results in 

a significant reduction in wear rate at all three of the displacement amplitudes tested; from Figure 

5.24 it can be seen that over the conditions examined wear rate is broadly independent of 

displacement amplitude at each frequency, and can therefore be approximated by a single straight 

line through all three displacement amplitudes, with this wear rate seen to decrease by 

approximately 50% as frequency is increased from 20 Hz to 200 Hz, from 0.0378 mm3 kJ-1 to 

0.0191 mm3 kJ-1. It is notable that the drop in wear rate with frequency is not evenly distributed 

across the range of frequencies, with a fivefold increase in frequency from 20 Hz to 100 Hz 

resulting in a reduction in wear rate of approximately 12%, while a further twofold increase 

from 100 Hz to 200 Hz results in a much more significant reduction of approximately 43%. 
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Figure 5.24. Wear volume after 106 fretting cycles as a function of dissipated energy for the three fretting frequencies 

examined in this study; significant differences in dissipated energy reflect the three displacement amplitudes tested 

(P = 450 N; N = 106 cycles). 

The energy coefficient of friction (E) over the full duration of tests at these conditions are 

plotted against number of cycles in Figure 5.25. At small displacement amplitude (Δ* = 25 µm, 

Figure 5.25(a)), E is seen to increase from ~ 0.6 to ~ 0.8 over the first ~10 000 fretting cycles, 

and then remain broadly steady over the remainder of the test; this is largely independent of 

fretting frequency, with similar observed behaviour at small displacement amplitude across the 

range of frequencies. The dependence of µE upon fretting frequency is seen to be greater when 

displacement amplitude is larger, with a reduction in µE observed at the two higher applied 

displacement amplitudes (50 µm and 100 µm). It is also notable that at low frequency (f = 20 

Hz), µE is broadly independent of displacement amplitude, with values lying in the range of 

~0.77 to 0.8 over the range of displacement amplitudes. Moreover, the lowest values of µE are 

observed at the highest displacement amplitude (Δ* = 100 µm) and the two higher frequencies, 

falling within the range of ~0.45 to 0.65; at the highest frequency (200 Hz), μE is observed to 

be highly unstable, exhibiting significant repeated fluctuations (> 0.1) over periods of ~ 30 000 

cycles for the majority of the test. 
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Figure 5.25. Evolution of energy coefficient of friction (μE) with number of fretting cycles at displacement 

amplitude (a) 25 µm; (b) 50 µm; (c) 100 µm over the range of frequencies tested, showing an increasingly significant 

influence of both frequency and displacement amplitude on friction as both parameters are increased (P = 450 N; 

N = 106 cycles). 

As observed in Section 5.5.2.2, increases in frequency result in changes in wear scar shape 

(Figure 5.9 and Figure 5.10) that can be well represented and readily compared by using 

averaged profiles, as well as identifying whether scars are broadly U-shaped or W-shaped. The 

impact of displacement amplitude on these changes in scar shape with increasing frequency is 

highlighted by the surface profiles of flat specimens fretted at high frequency (f = 200 Hz) at 

each of the three displacement amplitudes tested, presented in Figure 5.26. At all three 

displacement amplitudes, the wear scars exhibit significant variations in surface height, but at 

higher displacement amplitudes there is a marked difference in the nature of these variations; at 

small displacement amplitude (Δ* = 25 µm), as shown in Figure 5.26(a), the central region of 

the scar is significantly raised relative to the maximum wear depth, while as displacement 

amplitude is increased to 50 µm (Figure 5.26(b)) the raised central region becomes less coherent 

and more dispersed. Figure 5.26(c) shows that at the highest displacement amplitude (Δ* = 100 

µm) there is no raised region at the centre of the scar, with the greatest wear depth occurring at 

the centre. 

Average profiles developed over the range of displacement amplitudes at each of the three 

frequencies are shown in Figure 5.27. From these it can be seen that, at small displacement 
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amplitude (Δ* = 25 µm), scars become increasingly W-shaped as frequency is increased, while 

at higher displacement amplitudes this effect is less pronounced, with wear scars formed at the 

highest displacement amplitude (Δ* = 100 µm) remaining U-shaped across the range of 

frequencies tested.  

 

Figure 5.26. 3D surface profiles of wear scars on flat specimens after fretting at the highest frequency tested (f = 

200 Hz) for 106 cycles with applied displacement amplitudes of (a) 25 µm; (b) 50 µm; (c) 100 µm (P = 450 N; N 

= 106 cycles). 

A change in scar shape from U-shaped to W-shaped as frequency is increased has been reported 

in the literature, such as by Fouvry et al. [29] with this being associated with restricted oxygen 

access inhibiting the formation of an accommodating oxide debris layer between first body 

surfaces and  thereby promoting adhesive transfer of material between specimens. U-shaped 

scars are formed when sufficient oxygen is present at the interface to continually form oxide, 

separating surfaces and reducing adhesive contact (the primary mode of damage instead being 

abrasion by hard oxide particles), while W-shaped scars are formed when oxygen concentration 

is insufficient to form such an oxide layer throughout the contact, leading to metal-to-metal 

contact and adhesive transfer. 

The BSE SEM images of the wear scars in plan view in Figure 5.28 show that oxygen starvation 

is not necessarily the cause of W-shaped scars under all conditions; at small displacement 

amplitude (Δ* = 25 µm) it can be seen that wear scars are covered by a coherent bed of oxide 

debris at each of the frequencies tested. Similarly, scars developed at low frequency (f = 20 Hz) 
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are also covered by primarily oxide debris beds, although there appear to be more areas where 

the beds have broken down (identifiable from exposed regions of the underlying metallic surface 

that appear brighter). As mentioned in Section 5.5.2.1, it should be noted that the ultrasonic 

cleaning of specimens after tests to remove non-adhered debris may have dislodged parts of the 

compacted debris bed, and as such the extent to which such areas were exposed during fretting 

is not clear. 

 

Figure 5.27. Average wear scar profiles of flat specimens after fretting for 106 cycles at three different applied 

displacement amplitudes with frequencies of (a) 20 Hz; (b) 100 Hz; and (c) 200 Hz. Scars can be seen to become 

more W-shaped as displacement amplitude decreases and frequency increases (P = 450 N). 

Despite the presence of exposed metallic regions at both low frequency (f = 20 Hz) and small 

displacement amplitude (Δ* = 25 µm) conditions, oxide coverage is fairly uniform, spanning the 

width of the scar. Moreover, at small displacement amplitude (Δ* = 25 µm), debris beds appear 

to become more coherent as frequency is increased; comparing the images in Figure 5.28 to the 

wear scar profiles in Figure 5.27, the increasingly coherent oxide debris beds with increasing 

frequency (Figure 5.28) can be seen to correspond to more W-shaped scars (Figure 5.27), 

indicating that under these conditions, the raised central region consists (at least in part) of 

retained oxide debris.  
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Figure 5.28. BSE SEM micrographs in plan view of the wear scars developed on flat specimens after fretting for 

106 cycles over the range of frequencies and displacement amplitudes tested, showing a marked difference in the 

nature of the debris beds, with reduced oxide coverage observed at larger displacement amplitudes and higher 

frequencies (P = 450 N).  

Oxide coverage becomes less uniform with increases in both frequency and displacement 

amplitude, with wear scar surfaces becoming increasingly metallic; this is particularly 

pronounced in the central regions of scars where it is expected that oxygen access is most 

restricted. At the intermediate displacement amplitude (Δ* = 50 µm), wear scars at the two 

higher frequencies (f = 100 Hz; f = 200 Hz) can be seen to be W-shaped (Figure 5.27), but 

unlike the oxide-dominated central region observed at the smaller displacement, the raised 

regions at the centre of wear scars can be seen to be primarily metallic in nature, identifiable as 

such by the bright contrast in the BSE image relative to the darker oxide regions nearer the 

edges, suggesting that the raised regions consist at least in part of transferred metal. As 
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displacement amplitude is further increased to 100 µm, the central regions of the scars formed 

at the two higher frequencies are still metallic, although the regions are not as defined from the 

bordering oxide regions as at the smaller displacement (Δ* = 50 µm), and can be seen from 

average profiles to not be significantly raised relative to the surrounding material, as wear scars 

are U-shaped. 

The difference in the nature of worn surfaces developed at the highest frequency (f = 200 Hz) 

over the range of displacement amplitudes can be seen in greater detail in Figure 5.29, which 

show central regions of wear scars at higher magnification. It is evident that displacement 

amplitude has a significant impact on the damage sustained by the surface material remaining in 

the centre of wear scars after fretting at this frequency; at small displacement amplitude (Δ* = 

25 µm), a coherent oxide debris bed covers the surface, while at the two higher displacement 

amplitudes, oxide coverage is much more sparse and the exposed metallic surfaces exhibit severe 

cracking. 

 

Figure 5.29. High magnification BSE SEM micrographs of flat specimens in plan view after fretting at high 

frequency (f = 200 Hz) for 106 cycles with an applied displacement amplitude of: (a) 25 µm; (b) 50 µm; (c) 100 µm 

(P = 450 N). 

In order to better understand the nature of the damage developed in worn specimens over the 

range of fretting frequencies and applied displacement amplitudes, BSE SEM images of the wear 

scars of cylindrical specimens in cross-section are presented in Figure 5.30 in the same format as 

the plan view images in Figure 5.28. Across the range of frequencies, all wear scars formed at 
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small displacement amplitude (Δ* = 25 µm) exhibit minimal deformation of the microstructure, 

and coherent beds of oxide debris are adhered to the surface; likewise, coherent oxide coverage 

and minimal deformation of the microstructure are observed at low frequency (f = 20 Hz) across 

the range of displacement amplitudes. However, at higher frequencies and larger displacement 

amplitudes, the nature of the subsurface region differs significantly, with inconsistent oxide 

coverage and a layer of severely damaged metallic material extending tens of micrometres into 

the surface.  

Comparison with cross-sections of flat specimens indicate that the severely damaged layer of 

metallic material occurs in both the flat and cylinder specimens of the pair. 

 

Figure 5.30. BSE SEM micrographs in cross-section of cylinder specimens after fretting for 106 cycles over the 

range of frequencies and applied displacement amplitudes examined, showing the development of significant levels 

of subsurface damage associated with increases in both parameters (P = 450 N). 
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In order to show all combinations of the three frequencies and displacement amplitudes tested, 

the images in Figure 5.30 show only a small region of the wear scars, approximately 50 µm in 

width and 40 µm in height, while the scars can be seen from the profiles in Figure 5.27 and the 

plan-view SEM images in Figure 5.28 to range from ~1.5 mm to ~4 mm in total width. Images 

showing a greater area of the wear scars were presented in Section 5.2.2 for the scars formed in 

fretting with an intermediate displacement amplitude of 50 µm and fretting frequencies of 100 

Hz (Figure 5.17) and 200 Hz (Figure 5.20); from these it was observed that the most severely 

damaged region is approximately 300 µm in width in both cases. At larger displacement, the 

size of the affected zone can be seen to be much larger, as can be seen from the SEM images of 

the highest displacement amplitude, highest frequency condition presented in Figure 5.31; due 

to the large width of the zone relative to its depth, the surface was imaged in four immediately 

adjacent sections, with an arrow on the image indicating their position. The damaged region 

can be seen to span a width of approximately 800 µm within the wear scar, and to extend 

approximately 20-30 µm below the surface.  

The transformed microstructure and cracking in this region can be seen in greater detail in 

Figure 5.32, which shows a smaller region of the same wear scar, approximately 100 µm in 

width, near the right edge of the region imaged in Figure 5.31. The microstructure in this region 

appears heavily modified, exhibiting little evidence of the original martensitic lath structure of 

the bulk material and instead appearing highly smooth, indicating that the region is highly 

damaged as it has only been lightly etched relative to the bulk material. A distinct boundary can 

be seen to separate the bulk material and the damaged metallic region, which exhibit significant 

differences in both the basic microstructure and the presence of cracks, with extensive cracking 

in the damaged region that does extend into the bulk material. This sharp boundary suggests 

that the layer has been formed at least in part by adhesive transfer, but due to the like-on-like 

nature of the contact configuration employed in this study, this cannot be conclusively 
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determined. An oxide debris bed several microns in thickness can be seen atop the damaged 

metal, although it appears to be severely fragmented, in contrast to the coherent oxide layers 

developed at conditions exhibiting minimal subsurface damage (i.e. low frequency and small 

displacement amplitude).  

 

Figure 5.31. BSE SEM micrographs at immediately adjacent locations in the same wear scar, formed during fretting 

at the highest frequency and largest displacement amplitude tested, showing the significant proportion of wear scar 

width exhibiting extensive cracking in the near surface region (f = 200 Hz; Δ* = 100 µm; P = 450 N; N = 106 

cycles). 

Left 

Right 
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Figure 5.32. BSE SEM micrograph in cross-section of a cylinder specimen fretted at high frequency (f = 200 Hz) 

with a large displacement amplitude (Δ* = 100 µm), showing extensive cracking in the near surface region in 

which there is little evidence of the original martensitic microstructure (P = 450 N; N = 106 cycles). 

 

5.3 Discussion 
 Summary of observed behaviour 

Two broad classes of behaviour have been observed to occur over the range of test conditions 

examined, related to the nature of the wear scar surface, the development of sub-surface damage 

below the wear scar and the energy coefficient of friction, µE; clear correlation exists between 

these three features, with the key similarities and differences across the tested range of 

displacement amplitudes and fretting frequencies summarised in Table 5.2.  

From the features outlined in Table 5.2 it can be seen that under conditions exhibiting the type 

of fretting behaviour termed “Regime I” is associated with a high coefficient of friction (relative 

to other conditions tested in this work), wear scars develop oxide debris beds across the majority 

of the wear scar surface, and there is no significant damage to the microstructure discernible 

beneath the underlying metal surface. While two types of extensive sub-surface damage are 

observed to occur (namely one involving direct transformation of the bulk material and another 

involving adhesive transfer), both are only observed in cases where the wear scar surface is 

predominantly metallic (i.e. where a protective oxide debris bed fails to develop); as such it is 
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proposed that the failure to form a protective debris bed results in the development of extensive 

sub-surface damage. Moreover, the failure to develop a protective oxide layer at the surface 

(resulting in surfaces being predominantly metallic) is associated with a lower coefficient of 

friction than conditions in which an oxide layer does form; this contrasts with numerous reports 

in the fretting literature (as well as other forms of sliding wear) that the presence of an oxide 

debris layer at a wearing interface acts to reduce the coefficient of friction.  

Table 5.2 Summary of the features observed in fretting over the range of frequencies and displacement 

amplitudes examined. Two broad regimes are identified; Regime I (light grey) is characterised by an oxide 

dominated scar surface, limited sub-surface damage and a high value of µE; in Regime II (dark grey), the scar surface 

is dominated by metal, there is extensive sub-surface damage and a reduced value of µE is observed.  
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It is clear that the behaviour observed depends upon both the fretting frequency and upon the 

displacement amplitude, with a Regime I response being observed across the tested range of 

displacement amplitudes at the lowest frequency, and vice versa at the smallest displacement 

amplitude. As such, this discussion will explore the impact of these parameters on the tendency 
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for protective, oxide-based debris beds to form during fretting, taking into account their 

associated impact upon ejected debris investigated in the previous chapter (Chapter 4).  

 Role of frictional power dissipation 
Before considering the effects of the fretting frequency and the applied displacement amplitude 

separately, it is noted that which of the two regimes occurs is dependent upon displacement 

amplitude and fretting frequency, which also affect frictional power dissipation in the contact 

(discussed in Section 2.2.2); it must therefore be considered whether it is the combination of 

high displacement amplitude and high frequency which induces a change in behaviour from 

Regime I to Regime II, or whether it is in fact a result of high frictional power dissipation in 

the contact (generated by that combination of high displacement amplitude and high frequency) 

which actually results in the transition.  

A reasonable starting point is to examine the conditions within the test matrix, highlighting 

cases in which different combinations of fretting frequency and applied displacement amplitude 

result in broadly similar frictional power dissipation, but that do not exhibit the same wear 

regime. This assumes that some aspects of fretting behaviour remain constant over these 

conditions, such as the coefficient of friction and the slip ratio, which can be seen not to truly 

be constant, although these differences may be considered to be sufficiently small for this 

approximate comparison to remain valid. One such example of comparable power dissipation 

at different fretting frequencies and applied displacement amplitudes occurs where Δ* = 25 µm 

and f = 200 Hz (in Regime I) has broadly the same power dissipation as that occurring where 

Δ* = 50 µm and f = 100 Hz (in Regime II). The fact that the behaviour observed at the former 

is in Regime I, while at the latter is in Regime II indicates that frictional power dissipation alone 

does not determine the observed wear regime.  
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To further investigate the role of frictional power dissipation in the observed change in wear 

regime, additional tests were conducted in which frequency and applied displacement amplitude 

were maintained at Δ* = 50 µm and f = 100 Hz, but where the frictional power dissipation was 

varied by changing the applied load from the standard value of 450 N to 250 N. This comparison 

has the advantage of being able to explore the role of power dissipation without significant 

changes in other key factors affected by frequency and displacement, such as the sliding velocity 

(and hence the time between asperity interactions).  

As with comparisons within the test matrix, comparing tests conducted at different normal loads 

requires the assumption that some aspects of fretting behaviour remain constant, which in reality 

may be seen to vary, namely the coefficient of friction and slip ratio, although examination of 

these effects indicates that they do not change significantly over the range examined. In light of 

this, it may be assumed that the power dissipated under conditions where Δ* = 50 µm, f = 100 

Hz and P = 250 N is similar to that where Δ* = 25 µm, f = 100 Hz and P = 450 N.  

Cross-sections of specimens worn under three sets of conditions are presented in Figure 5.33, 

with Table 5.3 suggesting appropriate comparisons which can be made between the test 

conditions and sub-surface damage observed in the tests presented in Figure 5.33. 

 

Figure 5.33. BSE SEM images in cross-section of cylinder specimens after fretting under different combinations of 

displacement amplitude and normal load: (a) Δ* = 25 µm, P = 450 N; (b) Δ* = 50 µm, P = 250 N; (c) Δ* = 50 

µm, P = 450 N; showing significant variation in the extent of subsurface damage that develops (f = 100 Hz; N = 

106 cycles). 
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Table 5.3 Comparisons which can be made within Figure 5.33 

Comparisons 
available in Figure 
13 

Applied 
displacement 
amplitude 

Fretting 
frequency 

Frictional 
power 
dissipation 

Sub-surface 
damage 

(a) and (b) Different Same Similar Different 

(b) and (c) Same Same Different Similar 

 

A comparison of Figure 5.33 (a) and (b) where the frictional power dissipation is similar reveals 

very different sub-surface damage (associated with the difference in applied displacement 

amplitude); moreover, comparison of Figure 5.33 (b) and (c) where the frictional power 

dissipation is different reveals very similar sub-surface damage (associated with the fact that the 

applied displacement amplitude is the same in both cases). As such, it is argued that the transitions 

between Regime I and Regime II are associated with changes in fretting frequency and with 

changes in displacement amplitude, and not with changes in frictional power dissipation.  

 The combined role of frequency and displacement amplitude on 
development of a protective oxide-based debris bed 

In previous work investigating the role of frequency in fretting wear, using the same material 

and specimen configuration used in this thesis, Warmuth et al. [34,138], noted that increasing 

frequency was associated with debris retained in wear scars becoming increasingly metallic, 

attributed to restricted oxygen access to the interface due to the higher sliding velocity. 

Warmuth et al. presented cross-sections of specimens fretted at the highest frequency tested (f 

= 200 Hz), and observed that there was no significant level of material transfer of deformation 

of the microstructure, although a highly damaged metallic region was observed to occur at the 

same imposed conditions the cylinder specimen of the pair had a greater radius (160 mm as 

opposed to 6 mm); such a region was proposed to form due to adhesive wear occurring in 

regions where oxygen was most effectively excluded from the interface, namely the centre of 

more-conforming contacts. Moreover, that the damaged metallic region was not observed at 

the smaller radius (R = 6 mm) was interpreted as an indication that oxygen was less effectively 
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excluded by less-conforming contacts, and hence that the physical width of the contact was a 

critical factor in the effect of frequency on fretting wear, and of oxygen ingress to fretting 

contacts more broadly. It should be noted that the work of Warmuth et al. [34] focused on tests 

run for significantly fewer cycles than in the present work (105 cycles as opposed to 106 cycles 

in the present work) and employed a lower applied normal load (250 N as opposed to 450 N 

in the present work). 

The results presented in this chapter (namely Sections 5.2.2 and 5.2.3) indicate that the 

significant adhesive wear and subsurface damage observed by Warmuth et al. [34] for more-

conforming contacts (albeit developed under lower normal load and over fewer cycles) occurs 

to a similar extent in fretting of less-conforming contacts, which suggests that the conditions 

employed in the present work have a significant impact on the access of oxygen to the interface. 

This is further highlighted by the observed impact of displacement on how changes in frequency 

affect the development of debris beds and subsurface damage in fretting contacts. 

While an increase in wear rate with increasing displacement amplitude is observed at a single 

frequency (Figure 5.1), this difference appears less significant when viewed in the context of 

wear rates observed across the range of frequencies tested; taken together, the wear rates 

observed across the range of displacement amplitudes and frequencies examined indicate that, 

over the studied range, wear rate is largely independent of displacement amplitude. A possible 

reason for this is that proposed by Pearson and Shipway [26], namely the existence of a threshold 

energy before which no wear takes place, which when calculating wear rate as a function of 

dissipated energy, may exaggerate differences between wear rates measured in tests with 

significantly different dissipated energies (such as those conducted at different displacement 

amplitudes). In light of this, a single wear rate may be considered representative of all of the 

displacement amplitudes tested at a given frequency; moreover, a significant reduction in wear 

rate was observed with increasing frequency for all three displacement amplitudes examined 
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(Figure 5.24), with an increase in frequency from 20 Hz to 200 Hz resulting in a reduction in 

wear rate of approximately 50%. However, the reduction in wear rate with frequency is 

observed to be nonlinear, with a much greater reduction as frequency is increased from 100 Hz 

to 200 Hz than between 20 Hz and 100 Hz. These changes in wear rate can be seen not to 

correlate strongly with the observed damage mechanism (Figure 5.30). Moreover, the different 

damage mechanisms observed are not reflected in the composition of ejected debris, investigated 

in detail in Chapter 4 over the same test conditions examined in this chapter; while the 

composition and size of debris are affected by both frequency and displacement amplitude, 

ejected debris particles consist mostly of oxide (>94%) under all conditions tested, indicating 

that the onset of metal-to-metal contact and adhesive wear is not accompanied by a transition 

to a severe wear regime in which large metallic debris particles are ejected. The implications of 

this discrepancy between the observed wear regime and the nature of debris ejected from the 

contact addressed directly in Section 5.3.4. 

The impact of frequency on debris bed coverage (and in turn wear scar shape) is markedly 

different at large and small displacements; at small displacement amplitude (Δ* = 25 µm), wear 

scars are oxide-dominated and can be seen to become more coherent (i.e. exhibiting fewer 

exposed metallic regions) as frequency is increased (Figure 5.28, Figure 5.29) corresponding to 

increasingly W-shaped wear scars (Figure 5.27). Conversely, at high displacement amplitude (Δ* 

= 100 µm), while scars remain U-shaped across the range of frequencies, increasing frequency 

results in debris beds becoming sparser, with a significant proportion of the surface of the wear 

scar exhibiting exposed metal surfaces.  

W-shaped wear scars formed in fretting of metals have been reported in several experimental 

investigations [8,10,25,29], and are typically associated with a change in wear mechanism from 

a predominantly abrasive mechanism in which oxide forms throughout the scar, resulting in 

large wear volumes and U-shaped wear scars, to one in which inhibited oxygenation at the 
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centre of the contact results in adhesive metal transfers, resulting in smaller wear volumes and 

W-shaped wear scars, The formation of such W-shaped scars is influenced by a number of 

fretting parameters, including fretting frequency, displacement amplitude, normal load and 

material combination [23,25]. Fouvry et al. [23] observed W-shaped scars have been observed 

to develop in fretting of Ti-6Al-4V, with the raised central region of the scar being observed to 

consist of an oxide layer atop an otherwise U-shaped scar, and in a separate work to consist of 

TTS-metal transfers occurring due to adhesive wear [25,29]. It has also been reported that W-

shaped scars are more typical of fretting of light alloys such as Ti-6Al-4V than steels [23] due to 

the higher surface energies of the former enhancing their tendency to exhibit adhesive wear.  

Both types of W-shaped scars are observed in the present work, each occurring upon increases 

in fretting frequency, with the nature of the wear mechanism transition dependent on the 

applied displacement amplitude. At an intermediate displacement amplitude (Δ* = 50 µm), W-

shaped scars Figure 5.10, Figure 5.27 can be seen to be associated with metallic wear scar surfaces 

(i.e. sparse oxide coverage near the centre of the wear scar), while at lower displacement 

amplitude (Δ* = 25 µm) W-shaped scars are associated with the development of a coherent 

oxide bed, exhibiting no evidence of significant adhesive wear. This indicates that the 

combination of high fretting frequency and low displacement amplitude are conducive to the 

retention of oxide debris within the contact, forming a coherent layer that is adhered within the 

central region of the contact. Moreover, as displacement amplitude is increased, the enhanced 

rate of debris ejection associated with the larger amplitude inhibits the formation of such an 

oxide layer, resulting in significant adhesive wear at the centre of the scar.  

A significant impact of both frequency and displacement amplitude upon debris retention is 

consistent with observed effects of both parameters individually reported in the literature 

[8,9,23,34,92].  The primary effect of increasing frequency is to enhance debris retention, with 

this mostly being attributed to the associated increase in contact temperature (affecting factors 
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such as the rate of debris sintering and the mechanical strength of the bulk material), while 

increasing displacement amplitude is typically observed to have the opposite effect, promoting 

the ejection of debris particles from the contact. 

The interacting effects of frequency and displacement amplitude observed in this chapter arise 

not only from the impact of both parameters on the rate of debris expulsion, but rather on three 

key processes that determine the dominant wear mechanism, of which debris expulsion is one, 

namely:  

1) Ingress of oxygen to the contact.  

2) Formation of oxide debris. 

3) Expulsion of oxide debris from the contact.  

It is proposed that whichever of these rates is lowest controls the overall wear mechanism, with 

this depending on both displacement amplitude and frequency; for example, in the case of small 

displacement amplitude (Δ* = 25 µm) and low frequency (f = 20 Hz), the rate of oxygen ingress 

to the contact is sufficient to generate oxide debris due to the low sliding velocity (increasing 

the time for oxygen to penetrate the contact and reducing the rate of oxygen consumption in 

forming oxide), while the increase in local temperature due to frictional power dissipation is 

relatively small and hence results in the oxide being readily ejected. Together, this results in a 

predominantly oxidative-abrasive wear regime and hence the development of an oxide-

dominated, U-shaped wear scar. As frequency is increased, oxygen is more effectively excluded, 

resulting in an overall reduction in wear rate relative to the same conditions at a lower frequency, 

while the higher local temperature results in oxide debris being more effectively retained, 

promoting the sintering of debris particles to form a protective debris bed; the rate of debris 

expulsion from the contact is thereby sufficiently low that enough oxygen is present to form 

oxide throughout the contact, preventing significant metal-to-metal contact and  resulting in an 

oxide-dominated, W-shaped wear scar.  
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In the case of larger displacement amplitudes, the balance is different; at large displacement 

amplitude (Δ* = 100 µm) and high frequency (f = 200 Hz), a metallic, U-shaped scar (Figure 

5.27(c)) develops, indicating that the enhanced rate of debris ejection is dominant over any 

increase in the rate of debris sintering resulting from the increased local temperature associated 

with higher frictional power dissipation. Rather than a localised metallic region at the centre of 

the scar, an oxide bed can be seen to partially cover the whole surface (Figure 5.28); however, 

much of the underlying metallic surface remains exposed, and the significant subsurface damage 

observed at these conditions (Figure 5.30) indicates that while temperature and oxygen access 

are sufficient to form oxide throughout the contact, the rate of oxide formation and its expulsion 

from the contact together mean that conditions are not conducive to the formation of a 

protective debris bed.  

The interacting effects of frequency and displacement amplitude on rate-determining processes 

are illustrated in Figure 5.34 via a series of phenomenological fretting maps, in a format similar 

to that used by Warmuth et al. [34], with arrows representing changes in key physical processes 

superimposed over the relative rates over the range of conditions tested in this study. Together 

with the experimental observations presented in this chapter, these maps highlight the 

competition between key processes in determining the operative wear mechanisms at different 

frequencies and displacement amplitudes. For example, in Figure 5.34(a) small displacement 

amplitude and high frequency can be seen to severely restrict oxygen ingress, due to the 

relatively short time that the contact is exposed to the atmosphere (due to the high frequency) 

and the small proportion of the contact that is exposed to the atmosphere (due to the small 

displacement amplitude). However, Figure 5.34(c) indicates that the rate of expulsion of debris 

from the contact at this conditions is also severely restricted, due to the relatively high local 

temperature (due to the high frequency) and large proportion of the contact that remains 

covered (due to the small displacement amplitude). Experimental data for this condition shows 
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that a coherent debris bed forms (Figure 5.28), resulting in an oxide-dominated W-shaped scar 

(Figure 5.27) and no significant subsurface damage (Figure 5.30), indicating that it is the rate of 

debris expulsion from the contact that is the lower of the two rates, and hence debris expulsion 

is the rate-determining process. 

  

Figure 5.34. Phenomenological fretting maps illustrating how changes in displacement amplitude and frequency 

affect rate-determining processes (a) oxygen ingress; (b) debris formation; (c) debris expulsion; arrows superimposed 

on the maps indicate changes in important physical processes affecting debris bed formation over these conditions.  

 Difference between retained and ejected debris 
The changes in composition of retained debris due to changes frequency and displacement 

amplitude are not reflected in debris actually ejected from the contact, which was observed in 

the previous chapter not to exhibit significant changes in size and composition over the same 

range of conditions. While displacement amplitude has a fairly significant effect on the metallic 

fraction of ejected debris (which, despite always being a small proportion, increases by over a 

factor of 2 as displacement amplitude is increased from 25 µm to 100 µm), these changes are 

similar regardless of whether or not a coherent debris bed forms. Likewise, the modest reduction 

in metallic content with increasing frequency is seen not to correlate with the tendency towards 

more metallic wear scars under the same conditions. This may be attributed to high local 

temperatures associated with the high frequency and displacement amplitude conditions that 

result in the development of more metallic wear scars, increasing the cohesive forces between 

metallic particles and hence promoting their retention near the centre of the contact, while 
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particles that are eventually ejected must travel to the edges of the contact where the availability 

of oxygen is greater, and the rate of oxidation is enhanced due to increased local temperature. 

The composition of ejected debris is therefore not fully representative of all debris formed during 

fretting, but serves to highlight the localised nature of changes in debris formation in areas where 

oxygen access is restricted. 

While the results presented in this chapter reveal a significant impact of displacement amplitude 

and frequency upon the mechanism of fretting, namely via their impact on the flow of wear 

debris and the formation (or otherwise) of protective debris beds, the limited impact of these 

parameters on the size and composition of debris particles ejected from the contact detailed in 

the previous chapter suggests that, despite the observed change in damage mechanism, wear (i.e. 

material removal) always occurs via a predominantly oxidative mechanism, and at no point is 

there a transition to a severe wear regime in which larger, more metallic debris particles are 

ejected.  

 

5.4 Conclusions 
The effects of displacement amplitude and frequency in fretting wear were investigated, both 

together and separately, and are shown to exhibit a significant degree of interdependence, with 

the impact of each of the two parameters on the wear rate and damage mechanism varying based 

on the magnitude of the other. Two distinct wear regimes were identified, namely (i) at low 

frequencies and displacement amplitudes, an oxide debris bed forms that covers most of the 

worn surface, preventing the development of subsurface damage and adhesive transfer but 

resulting in relatively high wear rates, and (ii) at high frequencies and displacement amplitudes, 

oxide coverage of worn surfaces is relatively sparse and significant metal-to-metal contact occurs, 

resulting in the development of significant subsurface damage and adhesive transfer. It is argued 

that the transitions between the two regimes are associated with changes in fretting frequency 
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and displacement amplitude and are not solely a result of the impact of these parameters on 

frictional power dissipation. It is noted that while both fretting frequency and displacement 

amplitude both influence frictional power dissipation, they also affect a number of other 

processes that are critical to fretting wear; it is proposed that the interacting effects of frequency 

and displacement amplitude arise from the impact of both parameters on three key processes, 

namely (i) ingress of oxygen to the contact; (ii) formation of oxide debris; (iii) expulsion of 

oxide debris from the contact.  

As has been observed previously in fretting experiments utilising the same specimen 

configuration [34], increasing fretting frequency results in a significant reduction in wear rate 

and to result in wear scars becoming more metallic (i.e. reduced coverage by oxide debris beds). 

However, this effect is observed in the present work to be dependent upon the displacement 

amplitude; at smaller displacement amplitude, increasing frequency does not result in scars 

becoming more metallic, but rather results in the formation of a more coherent debris bed, 

attributed to these conditions promoting the retention of debris in the contact and hence its 

tendency to sinter to form a bed.  

Two distinct types of damaged metallic layers were observed to develop, one characterised by a 

porous region of transformed metal, having broadly the same composition as the bulk material; 

the second is characterised by a slightly elevated oxygen concentration relative to the bulk 

material, indicating that material in the layer may have been transferred between opposing 

specimens. Due to the like-on-like nature of the contact configuration employed, it is not 

possible to assess the extent to which such layers may have been formed by adhesive transfer; 

this may be resolved by conducting further work using dissimilar pairs, for example steels with 

similar mechanical properties but different chemical composition, allowing for the origin of 

damaged material to be readily identified. Both types of damaged layers are observed under 

conditions in which a debris bed does not form, namely at elevated fretting frequency when 
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displacement amplitude is sufficiently large, reinforcing the observation that it is the inability to 

form a coherent oxide debris bed that results in the development of these transformed sub-

surface layers.  

Furthermore, the increasingly metallic nature of wear scars formed at high displacement 

amplitudes and fretting frequencies contrasts with the comparatively negligible change in the 

composition of ejected debris over the range of conditions outlined in Chapter 4, in which it 

was observed that the composition and size of particles ejected from the contact does not exhibit 

a significant change over the same range of conditions. This indicates that the metallic debris 

formed under high frequency and displacement conditions is largely retained within contacts. 

The difference between retained and ejected debris indicates that despite the onset of significant 

subsurface damage, including adhesive transfer of metallic particles between first bodies, this is 

not associated with a fundamental change in the mechanism of material removal from the 

contact (i.e. wear) over the range of conditions examined.  

It is noted that the interaction between the effects of frequency and displacement amplitude on 

fretting wear (via interacting effects on oxygen ingress, debris formation and debris ejection) has 

implications regarding the development of predictive models of fretting wear, which are 

explored in the following chapter.
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6 Modelling wear rates and mechanisms in fretting using a rate-determining process approach 

Chapter 6 

Modelling wear rates and 
mechanisms in fretting using a 
rate-determining process 
approach 

6.1 Chapter outline 

The previous chapters have highlighted the critical role of the transport of oxygen and wear 

debris in determining the operative mechanisms of wear, although accounting for the role of 

debris has been a key challenge in the development of accurate predictive models for fretting 

wear [109,117,119,120,122]. In the previous two chapters it has been observed that wear debris 

consists almost entirely of oxide across the range of displacement amplitudes and fretting 

frequencies examined, despite significant changes to the nature of wear scars over these 

conditions; it is therefore proposed that over these conditions wear proceeds by the ejection of 

oxide debris from the contact, that is to say that if oxide is unable to form then wear cannot 

proceed, as metallic debris (formed when oxygen concentration at the interface is too low to 

form a separating layer of oxide debris) is retained within the contact rather than ejected. It 
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therefore follows that transport of oxygen into the contact is also a necessary condition for wear 

to proceed, as this is necessary for the formation of the oxide-based debris. In this chapter, these 

hypotheses based on the experimental observations from the previous chapters are used to 

outline a new model for the prediction of wear rates in fretting wear incorporating the role of 

transport of oxygen and wear debris in determining wear mechanisms. 

When discussing models used for the prediction of wear rates in fretting, a useful reference point 

is that outlined by Archard [40], which is widely used in numerical models of fretting 

[12,86,108–110,150], as discussed in detail in Section 2.2.5. Originally derived for sliding wear, 

the Archard wear equation relates the wear rate (defined as volume of material loss per unit 

distance slid) to parameters that are mostly readily determined, namely the applied normal load 

and indentation hardness of the softer of the two bodies; however, the model also requires a 

wear coefficient, which must be determined experimentally, to account for various complex 

interacting processes that vary between different wearing systems. Moreover, the sliding wear 

configuration for which the Archard equation was originally derived differs from fretting wear 

in several ways, which must be considered and justified if an Archard-type formulation is to 

accurately predict wear rates in fretting; in addition to the formation of debris particles, two key 

processes are restricted in fretting contacts relative to sliding contacts due to the fact that the 

contact remains largely closed (i.e. the amplitude of motion is normally much less than the size 

of the contact), namely:  

(i) Transport into the contact of any environmental species involved in debris 

formation (e.g. oxygen).  

(ii) Transport of the debris out of the contact so that wear can continue. 

Both of the above processes are more restricted in fretting contacts than in sliding contacts (i.e. 

those with significantly larger displacement amplitudes) and therefore have a significant impact 

on wear rate. The Archard equation in its original form does not contain any terms relating to 
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either of these two processes; consequently, whilst the Archard wear equation and the energy 

wear approach derived from it [80] are suited to the prediction of the rate of formation of debris 

particles, they cannot account for the role of oxygen availability in the formation of oxide debris 

or for the role played by debris particles once detached from surfaces and their subsequent 

ejection from the contact. It is therefore important to consider the distinction between particle 

detachment and debris ejection (i.e. wear) when looking to develop improved models for the 

prediction of fretting wear.  

A model developed by Zhu et al. [134] demonstrated the potential value of this concept in wear 

modelling, applying the core principles of the third body approach to derive an analytical model 

for wear rate in fretting contacts based upon a simple hypothesis. In this model, the overall wear 

rate is assumed to be controlled by the slowest of two critical “rate-determining” processes, 

these being: (i) debris formation within the contact; (ii) flow of debris out of the contact (debris 

ejection). It was postulated that the rate of ejection of debris from the contact is inversely 

proportional to the size of the contact (specifically, its dimension parallel to the direction of 

fretting), and as such (with a non-conforming contact geometry) the relative rates of the rate-

determining processes may change over the course of a test as the contact size increases. This 

relationship is illustrated in Figure 6.1, in which the overall wear rate is controlled by the slowest 

of the two rates (i.e. the lowest of the two lines). The wear volumes calculated using the model 

exhibited good fit with experimental data over a range of contact geometries and test durations 

(number of fretting cycles).  

The apparent validity of such a model, in which wear rate is determined by the relative rates of 

internal processes, which in turn are dependent on the physical size of the contact, has significant 

implications for predictive modelling of fretting wear; as fretting tests are conducted with non-

conforming contact configurations (that is to say contacts for which size increases as wear 
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proceeds), the relative rates of rate-determining processes may vary considerably, which must 

therefore be taken into account if wear rate is to be predicted accurately.  

 

Figure 6.1. Schematic diagram illustrating the proposed dependence of wear rate upon the relative rates of debris 

formation and ejection with increasing wear scar width presented by Zhu et al. [134]; it was proposed that wear 

rate is controlled by whichever of the two processes is rate-determining (i.e. the lower of the two lines) at a given 

scar width. 

In the previous chapter of this thesis, it has been demonstrated that the rate of oxygen flow into 

the contact may restrict the rate at which oxide debris may be formed under certain conditions, 

namely at high fretting frequencies and large displacement amplitudes. However, the model of 

Zhu et al. [134] does not address the role played by flow of oxygen into the contact (a necessary 

precursor to the formation of oxide debris) and the potential for this to be the rate-determining 

process. As such, the model of Zhu et al. [134] cannot accurately model effects such as that of 

fretting frequency on wear rate, which has been attributed by several authors to the exclusion 

of oxygen from the fretting interface [10,25,29,31,33–35].  

A model developed  by Baydoun et al. [32] simulates the flow of oxygen into fretting contacts, 

using this to predict the concentration of oxygen across the wear scar and hence determine 

whether oxygen-deprived “adhesive zones” develop under a given set of conditions, and the 

size of such zones. This model represents a significant step forward in the quantitative modelling 
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of oxygen transport in fretting contacts, although does not model the associated impact of 

restricted oxygen transport on wear rates. 

In this chapter, a novel formulation for prediction of wear rates and mechanisms in fretting is 

outlined, building upon the rate-determining process concept proposed by Zhu et al. [134] 

incorporating the flows of both wear debris and oxygen in fretting contacts in a comprehensive 

framework for modelling the rates and mechanisms of fretting wear. The applicability of the 

formulation to predicting wear rates and mechanisms is demonstrated using a time-marching 

approach, with results being compared to experimental data over a broad range of parameters, 

including the range of fretting frequencies and displacement amplitudes examined in the 

previous two chapters. 

6.2 The basis for a new model for fretting wear 
 Predicting wear volume as a function of wear scar width 

In developing the model, reference is made to the recent paper of Zhu et al. [134], where 

fretting of a cylinder-on-flat, high strength steel specimen arrangement was investigated and 

modelled, the same geometry and material combination as that used in this thesis (detailed in 

Section 3.1). In this, it was demonstrated that the total wear volume, 𝑉 of the specimen pair is 

very well described by a simple geometrical relationship, namely the volume of intersection of 

the plane and cylinder, as illustrated in Figure 6.2. As such, the width and volume of wear scars 

developed in this specimen configuration were determined to be related to each other by the 

relationship described by Equation 6.1: 

𝑉 = 𝐿 (𝑅2arcsin (
𝑏

𝑅
) − 𝑏√𝑅2 − 𝑏2) 

Equation 6.1 

where 𝐿 is the length of the line contact, 𝑅 is the radius of the cylindrical specimen and 𝑏 is the 

contact semi-width. It is argued that in order to preserve this geometrical relationship, the 

instantaneous rate of wear (in terms of recession of the surface) must be the same at all positions 
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within the wear scar. Moreover, this geometrical relationship between the scar semi-width and 

the scar volume was shown to be valid over a wide range of scar widths, and for cylinders of 

two very different radii , as can be seen from the alignment between model predictions of wear 

volume and dissipated energy with experimental data shown in Figure 6.3 

 

Figure 6.2. Schematic diagram illustrating material removal between the two specimens of the pair where the 

combined wear on the two specimens results in a total worn volume equivalent to the minor cylindrical segment 

of intersection. 

 

Figure 6.3. Measured wear volume plotted against wear scar width for a cylinder-on-flat fretting pair with cylinders 

of two radii (R = 6 mm and R = 160 mm), originally presented by Zhu et al. [134]; lines plotted alongside the 

measured values represent the predicted relationships based upon Equation 6.1.  

 The rate-determining process 
In the previous chapter (Section 5.3), three processes were proposed to govern the overall 

process of wear, restated here as follows: 
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1. Wear debris consisting primarily of oxide is generated as a result of the relative motion 

between the bodies in the contact under load; the rate at which material is detached 

from the surfaces is governed by the Archard wear rate. 

2. Oxygen flows into the contact so that the newly exposed metal surfaces can be oxidised 

(which then allows for the oxide removal to form debris to occur as described in stage 

1); this rate of oxide formation is governed by oxygen transport. 

3. The oxide debris formed flows out of the contact, allowing the two first bodies to come 

into contact (i.e. they are no longer separated by an accommodating bed of debris), thus 

allowing the wear process to continue.  

The overall process of wear depends on the relative rates of these three processes (oxygen ingress, 

debris formation and debris egress); indeed, the observed rate of wear will be that controlled by 

the smallest of the three rates described, with that process being termed the rate-determining 

process. Later in the chapter, it will be argued that the rates of oxygen ingress and debris egress 

are dependent upon the contact width, illustrated schematically in Figure 6.4, with the rate-

determining process being identifiable as the one with the smallest rate (i.e. the lowest of the 

three lines). In this illustration, the rate determining process can be seen to change as scar width 

increases, from an Archard-wear rate to a debris-egress controlled wear rate and finally to an 

oxygen access-limited wear rate. 
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Figure 6.4. Schematic diagram illustrating the variations in the three rate-determining processes that control the 

overall rate of wear as a function of contact width; the observed rate of wear at a given contact width is equal to 

that of the operative process, namely that with the lowest of the three rates.  

 

6.3 Derivation of rate equations 
 Rate of debris formation as described by the Archard wear equation 
(or similar) 

As discussed previously, the Archard wear equation [40] is a widely used model for the 

prediction of wear rate (i.e. rate of change of wear volume with the distance slid at the interface) 

in sliding contacts, which is based on the supposition that the rate of wear depends upon the 

properties of the materials which make up the couple, which in turn influence the real area of 

contact under a given set of conditions. In the present work, wear rates are expressed as energy-

based wear rates (i.e. change in wear volume per unit energy) as per the formulation proposed 

by Fouvry and co-workers [80] that is functionally equivalent to that proposed by Archard [40]. 

This wear rate will be termed (
𝑑𝑉

𝑑𝐸
)

𝐴𝑟𝑐ℎ

𝑚𝑎𝑥

 with the subscript “Arch” referring to “Archard”, and 

the superscript “max” indicating that this is the maximum rate of Archard wear assuming that 
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no other constraints operate. It is proposed that this rate (
𝑑𝑉

𝑑𝐸
)

𝐴𝑟𝑐ℎ

𝑚𝑎𝑥

 is a constant in accord with 

the original proposal of Archard and subsequent researchers.  

 Rate of debris formation controlled by oxygen transport into the 
contact 

As mentioned previously, in order for oxide to form, oxygen must first penetrate the contact 

from the surrounding environment, and hence the maximum wear rate that can be sustained at 

a given set of conditions may be derived, based on the process of transport of atmospheric 

oxygen from the edge of the contact to the centre (i.e. the entire width of the contact). The 

concentration of oxygen at the edge of the contact will be that of the environment (and 

therefore can be directly measured), while the concentration within the contact itself becomes 

depleted as oxygen is consumed in the formation of oxide debris; as such, there will be a 

concentration gradient in oxygen across the contact, resulting in flux of oxygen into the contact 

from the surrounding environment. In order for oxide-based debris to form, there must be 

sufficient concentration of oxygen present to facilitate this process; given that the rate of wear 

is assumed to be constant at all points across the contact (originally proposed by Zhu et al. [134] 

and restated in Section 6.2.1), it follows that the rate at which oxygen is consumed in the 

formation of oxide must also be the same at all points across the contact. Consequently, the 

point within the contact with the lowest oxygen concentration will be along the centreline of 

the contact; a schematic diagram illustrating the proposed variation in oxygen concentration 

along the width of the contact is presented in Figure 6.5. 

In cases where the rate of oxygen transport exceeds the rate of oxygen consumption (in the 

formation of oxide), the oxygen concentration remains positive across the whole scar, as 

represented by the blue line in Figure 6.5, whereas if a high rate of debris formation results in 

the rate of oxygen consumption exceeding the rate at which oxygen can be transported through 

the interface, then oxygen concentration at some points in the scar may fall to zero, preventing 
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the formation of oxide debris (and thus the progress of wear); a case in which the rate of debris 

formation is limited by oxygen starvation is illustrated by the grey line in Figure 6.5. The orange 

line in Figure 6.5 represents the critical rate of oxygen transport, at which oxygen concentration 

reaches zero at the centreline but remains positive at all other points in the contact; if the rate 

of oxygen transport is lower than this critical rate, wear ceases to occur, and this condition is 

associated with the maximum wear rate limited by oxygen transport, termed (
𝑑𝑉

𝑑𝐸
)

𝑜𝑡

𝑚𝑎𝑥

 with the 

subscript “ot” referring to “oxygen transport”.  

 

Figure 6.5. Diagram illustrating the proposed variation of oxygen concentration across the contact for three different 

rates of debris formation; 𝐶𝑎𝑡𝑚 is the atmospheric oxygen concentration. 

The equation describing this rate (used in the rest of this work) is derived as follows. 

As mentioned previously, the consumption of oxygen within the contact gives rise to a 

concentration gradient in oxygen across the interface, and at steady state, there is no change in 

concentration of oxygen with time at a given point in the contact. This approach to modelling 

the flow and consumption of oxygen is illustrated in Figure 6.6 for a given element within the 

interface between two fretting bodies; from this it is clear that there is balance between the 
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oxygen flux in to the element, the rate of oxygen consumption in the debris formation process, 

and the oxygen flux out of the element (towards the contact centreline).  

 

Figure 6.6. Illustration of oxygen flow and consumption in an element of the fretting contact interface; the interface 

is of length, 𝐿 (in the direction into/out of the page), thickness, 𝑧, and the element under consideration has a width 

∆𝑥. 

An equation describing this can be written as follows: 

𝑧 𝐿 𝐽𝑖𝑛 =  𝑧 𝐿 𝐽𝑜𝑢𝑡 +  𝑚̇ 𝐿 ∆𝑥 Equation 6.2 

where 𝐿 is the length of the fretting contact and 𝑧 is the thickness of the interface, 𝐽𝑖𝑛 and 𝐽𝑜𝑢𝑡 

are the oxygen fluxes (kg m-2 s-1) in and out of the element, respectively, and 𝑚̇ is the 

consumption rate of oxygen (kg m-2 s-1) by reaction with the surface to make oxide at the rate 

required by the wear process, which must be the same across the whole contact (as argued in 

Section 6.2.1).  

Equation 6.2 can be rewritten as follows: 

𝐽𝑖𝑛 =  𝐽𝑜𝑢𝑡 +  
𝑚̇

𝑧
 ∆𝑥 Equation 6.3 

As the width of the element, ∆𝑥, tends towards zero, this can be rewritten as follows: 

 
𝑑𝐽

𝑑𝑥
= −

𝑚̇

𝑧
 Equation 6.4 

Assuming that Fick’s first law of general diffusion applies to oxygen transport through the contact 

interface, we can write: 
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𝐽 =  −𝐷 
𝑑𝐶

𝑑𝑥
 Equation 6.5 

where 𝐶 is the oxygen concentration (kg m-3) and 𝐷 (m2 s-1) is the appropriate diffusion 

coefficient for transport of oxygen through the interface. The derivative of this yields:  

𝑑𝐽

𝑑𝑥
=  −𝐷 

𝑑2𝐶

𝑑𝑥2
 Equation 6.6 

Combining Equation 6.4 and Equation 6.6 yields: 

 

𝑚̇

𝑧
=  𝐷 

𝑑2𝐶

𝑑𝑥2
 Equation 6.7 

Taking into account the geometry of the specific specimen configuration to be modelled 

(namely a cylinder-on-flat fretting contact as has been used in the experimental work presented 

in the previous two chapters), we are able to define boundary conditions; in this case, the contact 

is symmetrical about the contact centreline (see Figure 6.2), and oxygen transport into the 

contact occurs from both contact edges. There can thus be no net flux of oxygen across the 

centreline of the contact, and therefore no gradient in oxygen concentration at this point. With 

reference to Figure 6.5, we can therefore define boundary conditions as follows:  

1. when 𝑥 =  𝑏 (i.e. at the scar edge), 𝐶 =  𝐶𝑎𝑡𝑚 where 𝐶𝑎𝑡𝑚 is the atmospheric 

concentration of oxygen; 

2. when 𝑥 =  0  (i.e. on the scar centreline), 
𝑑𝐶

𝑑𝑥
= 0  

Integrating Equation 6.7 with these boundary conditions yields: 

𝐶 =  𝐶𝑎𝑡𝑚 −  (
𝑚̇

2 𝑧 𝐷
) (𝑏2 − 𝑥2) Equation 6.8 

Oxygen starvation in the contact is defined as being when the oxygen concentration falls to zero 

at any point within the fretting contact (which means that the oxygen supply for oxide debris 

formation cannot be sustained); the lowest oxygen concentration anywhere in the system will 
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be when 𝑥 =  0, and therefore to avoid oxygen starvation the oxygen concentration on the 

centreline must be greater than or equal to zero. This constraint can be combined with Equation 

6.8 to yield the following requirement for avoiding oxygen starvation: 

𝐶𝑎𝑡𝑚  >  (
𝑚̇

2 𝑧 𝐷
) 𝑏2 Equation 6.9 

Now, the consumption rate of oxygen required for debris formation, 𝑚̇, will be proportional 

to the observed time-based rate of wear in the contact as follows: 

𝑚̇ = 𝐴 
𝑑𝑉

𝑑𝑡
 Equation 6.10 

where 𝐴 is a constant (kg m-5).  

The rate at which energy is dissipated in the contact per unit time can be described as follows: 

𝑑𝐸

𝑑𝑡
= 4 𝛿 𝜇 𝑃 𝑓  Equation 6.11 

where 𝛿 is the displacement amplitude, 𝑃 is the applied load, 𝑓 is the fretting frequency, and 𝜇 

is the coefficient of friction. 

Equation 6.11 can be rewritten in the form of a time-based wear rate as follows: 

𝑑𝑉

𝑑𝑡
=

𝑑𝐸

𝑑𝑡
 
𝑑𝑉

𝑑𝐸
= 4 𝛿 𝑓 𝑃 

𝑑𝑉

𝑑𝐸
  Equation 6.12 

Combining Equation 6.9, Equation 6.10 Equation 6.12 yields an inequality that defines when 

wear can proceed without oxygen starvation as follows: 

𝐶𝑎𝑡𝑚  >   (
2 𝐴 𝛿 𝜇 𝑃 𝑓 𝑏2

𝑧 𝐷
) (

𝑑𝑉

𝑑𝐸
)

𝑜𝑡
 Equation 6.13 

where (
𝑑𝑉

𝑑𝐸
)

𝑜𝑡
 is the rate of wear controlled by oxygen transport. Assuming that the interface 

thickness, 𝑧, is constant, Equation 6.13 can be rewritten in terms of a maximum wear rate 

controlled by the oxygen transport, (
𝑑𝑉

𝑑𝐸
)

𝑜𝑡

𝑚𝑎𝑥

. 
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(
𝑑𝑉

𝑑𝐸
)

𝑜𝑡

𝑚𝑎𝑥

=  𝐵
𝐶𝑎𝑡𝑚 𝐷

 𝛿 𝜇 𝑃 𝑓 𝑏2
 Equation 6.14 

where 𝐶𝑎𝑡𝑚 is the oxygen concentration in the atmosphere, 𝐷 is the appropriate diffusion 

coefficient for transport of oxygen through the interface, and 𝐵 is a constant (with units of kg 

m-6) in which other constants are subsumed. As mentioned previously, the subscript “ot” refers 

to “oxygen transport” and the superscript “max” indicates that this is the maximum rate of at 

which oxide can be formed without oxygen starvation assuming that no other constraints 

operate. It can be seen from Equation 6.14 that if wear is controlled by oxygen starvation, then 

the maximum rate of wear that can be sustained is proportional to both 𝐶𝑎𝑡𝑚 and 𝐷, and is 

inversely proportional to 𝛿, 𝜇, 𝑃, 𝑓 and  𝑏2.  

 Rate of wear controlled by debris egress from the contact 
Once formed, oxide-debris must leave the contact in order for wear to take place. It is proposed 

that in each cycle, debris particles move towards the edge of the contact with a net displacement 

proportional to the slip amplitude. The flow of particles within the contact will also be 

influenced by the tendency of the debris particles to sinter into debris beds, which will tend to 

significantly restrict the flow of debris out of the contact; the sintering of debris will be strongly 

affected by temperature, which will in turn be controlled by several factors, with the most 

significant factors being those of the temperature of the environment and the local temperature 

increase due to frictional power dissipation (controlled by fretting conditions). However, the 

present work focuses on fretting behaviour at room temperature, and it is therefore assumed 

that glaze layers do not form over the range of conditions examined and that the role of debris 

sintering may be neglected. 

The rate of wear controlled by the rate at which debris can be lost from the contact (i.e. the rate 

of wear per unit energy dissipated in the contact) (
𝑑V

𝑑E
)

𝑑𝑒

𝑚𝑎𝑥

 where the subscript “de” refers to 

“debris egress” and (as with the rate equations already outlined) the superscript “max” indicates 
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that this is the maximum rate of wear associated with debris egress assuming that no other 

constraints operate.  

As argued previously, the rate at which wear proceeds at any time within a test must be the 

same at any point within the fretting scar. Due to the non-conforming nature of the cylinder-

on-flat specimen configuration employed, wear scar width increases as wear proceeds, 

continually bringing new surface into the wear scar in the process; newly exposed surfaces will 

experience an initial transient as they are brought into the scar, but then will continue to wear 

in steady state. The thickness of the debris bed also experiences a transient stage in which 

thickness increases in the early stages of a test, but it too reaches a steady state condition; in 

steady state, the rate at which wear debris is created is equal to the rate at which it is expelled 

from the contact, and there is therefore a steady flow of debris out of the contact from the 

position at which it was formed. 

The nature of debris flow out of the contact is a complex process which is not comprehensively 

understood, in particular its dependence upon parameters such as displacement amplitude [26]; 

as such, in order to derive an equation to describe this process, some aspects of the dependence 

of debris egress on fretting parameters must be assumed; an advantage of the modelling approach 

presented in this thesis (namely that the overall rate of wear is determined by competition 

between rate-determining processes) is the ability to readily revise the exact derivations of the 

individual rate equations as knowledge around these fundamental processes develops over time. 

A reasonable starting point for the flow of debris out of a fretting contact might be that of 

rheology, which is consistent with assumptions made in works in the area of third body flows 

[122,151]. It is therefore assumed that the debris flow rate will be proportional to the slip 

amplitude, 𝛿 and the length 𝐿 of the line contact (since the volume flow rate will simply scale 

with the length of the contact) and the applied pressure (which in the case of the cylinder-on-

flat contact is simply (𝑃 2𝑏𝐿⁄ ); these assumptions align with previous work where the flow rate 
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of debris in a cylinder-on-flat contact was shown to be proportional to the wear scar width 

[134]. It may also be assumed that the rate of debris volume loss is proportional to the rate of 

wear (loss of metal from the first bodies) with a constant of proportionality given by the Pilling-

Bedworth ratio, 𝑅𝑃𝐵. These assumptions can be combined to yield an expression for the 

maximum wear rate per cycle that can be sustained under a given set of conditions as limited by 

debris egress as follows: 

(
𝑑𝑉

𝑑N
)

𝑑𝑒
=  

𝐹 𝐿 𝛽 𝛿

𝑅𝑃𝐵
 

𝑃

2 𝑏 𝐿
 Equation 6.15 

where 𝐹 is a constant, and 𝛽 is the ratio of the net displacement of a debris particle per cycle 

and the slip amplitude; it is noted that 𝛽 will depend upon the cohesive forces between particles 

within the debris bed.  

In a similar fashion to Equation 6.11, the frictional energy dissipated per cycle can be derived as 

follows: 

𝑑𝐸

𝑑𝑁
= 4 𝛿 𝜇 𝑃  Equation 6.16 

Equation 6.15 and Equation 6.16 can then be combined to derive the limiting wear rate in 

terms of volume of material loss per unit energy, given by Equation 6.17:  

(
𝑑V

𝑑E
)

𝑑𝑒
=  

𝐺 𝛽

𝜇 𝑏 
 Equation 6.17 

where G is a constant in which the other constants are subsumed and having units of m4 J-1.  

 The observed wear rate 
It is argued that the observed rate of wear is controlled by whichever of the three key processes 

outlined above is slowest at a given point in a test; as such, the wear rate observed in the system 

is given by the following: 
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(
𝑑𝑉

𝑑𝐸
)

𝑜𝑏𝑠
= min [(

𝑑𝑉

𝑑𝐸
)

𝐴𝑟𝑐ℎ

𝑚𝑎𝑥

, (
𝑑𝑉

𝑑𝐸
)

𝑜𝑡

𝑚𝑎𝑥

, (
𝑑𝑉

𝑑𝐸
)

𝑑𝑒

𝑚𝑎𝑥

  ] Equation 6.18 

where the subscript “obs” indicates “observed” and “min [𝑥, 𝑦, 𝑧]” indicates that the smallest of 

the three values is selected.  

It is noted that whilst (
𝑑𝑉

𝑑𝐸
)

𝐴𝑟𝑐ℎ

𝑚𝑎𝑥

is a constant for a given system, both (
𝑑𝑉

𝑑𝐸
)

𝑜𝑡

𝑚𝑎𝑥

 and (
𝑑𝑉

𝑑𝐸
)

𝑑𝑒

𝑚𝑎𝑥

 are 

functions of the wear scar width, 𝑏; the significance of this dependence for fretting wear testing 

is described as follows: 

1. If the wear rate is controlled by the Archard wear equation throughout a test, the 

observed wear rate will be a constant. However, if the observed wear rate is controlled 

at any point during the test by either oxygen transport into the contact or by debris 

egress from the contact, the wear rate will not be a constant and will fall as the test 

proceeds (i.e. as the wear scar width, 𝑏 increases).  

2. Since the wear scar width, 𝑏, increases throughout a test for the cylinder-on-flat 

geometry considered in this study, and (
𝑑𝑉

𝑑𝐸
)

𝑜𝑡

𝑚𝑎𝑥

 and (
𝑑𝑉

𝑑𝐸
)

𝑑𝑒

𝑚𝑎𝑥

 are both functions of 𝑏, 

then the rate determining process may change throughout a test.  

3. The evolution of the wear volume with energy dissipated is therefore dependent upon 

the history of the process, and can only be determined by a time-marching method.  

 Structure of a suitable time-marching model 
As the overall rate of wear is dependent upon the history of wear throughout the test up to a 

given point (resulting from the dependence of rate-determining processes on wear scar width), 

a time-marching method is necessary to implement the model to calculate wear rates. The 

structure of a suitable simple time-marching method is illustrated in Figure 6.7 
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Figure 6.7. Basic process flow chart for the evolution of the wear scale volume as a function of energy dissipated 

in the contact. 
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An appropriate energy increment, 𝑑𝐸, must be selected to step through the model, with this 

having an impact both on the computational cost of the model and the observed wear rate (as 

this is dependent upon the wear scar width. This increment does not need to be constant 

throughout the test, allowing for a smaller increment to be used in the early stages of the test 

(when the contact grows rapidly relative to the initial contact size) and for larger increments to 

be used in later stages of the test (when changes in contact size represent a much smaller 

proportion of the contact size at a given instant). For the work of this chapter, the increment is 

defined as a proportion of the overall energy dissipated, 𝐸𝑑, (calculated as a function of slip 

amplitude, normal load and coefficient of friction, shown in Equation 6.16, summed over the 

total number of cycles), with the energy increment, 𝑑𝐸, initially being defined as 10−7𝐸𝑑, later 

being stepped up to  10−6𝐸𝑑 and then to 10−4𝐸𝑑 over the course of the test. 

6.4 Tuning the model against experimental data 
The model is based upon three equations which describe the various competing rates; whilst 

each of these equations indicates the dependence of the particular process upon the fretting test 

parameters and conditions (including the instantaneous contact width, 𝑏), each equation also 

depends upon constants, the definitions of which are outlined in this section.  

In defining the constants, it is noted at this stage that this model is not currently in a form where 

it can be fully predictive. Instead, the model seeks to identify how the fretting test parameters 

and conditions (including the instantaneous scar size, 𝑏) influence the relative rates of the key 

physical processes, and thus influence which of these processes is rate-determining in a given 

situation. The constants will therefore also influence the prediction of the wear volume under 

a given set of conditions, shifting the rates of the three processes relative to each other in a way 

that will critically influence which of the processes is the controlling (operative) process at any 

time.  
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In this chapter, the constants are tuned against experimental data related to the fretting wear of 

a high strength steel in a cylinder-on-flat specimen geometry conducted at the University of 

Nottingham, including the experiments presented in the previous two chapters of this thesis. It 

is important to note that in this test facility, it is the applied far-field displacement amplitude 

(Δ*) as opposed to the slip amplitude in the contact itself (δ*) which is controlled, with the 

latter being derived from fretting loops. Consequently, the stiffness of the system (S), which 

incorporates the contact stiffness as well as compliance in the testing rig, is critical in determining 

the actual slip amplitude, which must be incorporated into the model. The relationship between 

the slip amplitude and displacement amplitude is given in Equation 6.19: 

𝛿∗  =  ∆∗ −  
𝜇 𝑃

𝑆
 Equation 6.19 

Based on an analysis of fretting loops, namely analysing the gradient of the regions at the ends 

of the displacement cycle over which no slip occurs (see Section 2.1.3, Figure 2.3), a stiffness 

value of 40 N µm-1 was determined to be the most representative of tests over the range of 

conditions employed, and is henceforth used in tuning the model.  

It is recognised that the coefficient of friction, µ, is dependent upon the conditions of the test, 

and in some cases, varies within a test. However, the range over which µ varies is relatively 

small over a wide range of conditions. Given that there is currently no physical basis for the 

prediction of µ dependent upon the test conditions, a constant value of 0.7 has been selected 

for the model predictions which is applied for all the test conditions.  

The three key equations and the values of the associated constants are presented in Table 6.1; 

the details of how the constants were derived are outlined in the following sections (Sections 

6.4.1 to 6.4.3). 
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Table 6.1 Summary of the competing rate equations and the evaluated and defined constants. 

Physical 
process 

Equation 

Constants to be 
defined or 
requiring 
evaluation 

Value employed in the 
model 

Debris 
egress 

(
𝑑V

𝑑E
)

𝑑𝑒

𝑚𝑎𝑥

=  
𝐺 𝛽

𝜇 𝑏 
 (𝐺 × 𝛽) 23.6 ×  10−18 𝑚4 𝐽−1 

Archard 
wear 

(
𝑑𝑉

𝑑𝐸
)

𝐴𝑟𝑐ℎ

𝑚𝑎𝑥

= 𝐴 
𝐴 90 ×  10−15 𝑚3 𝐽−1 

Oxygen 
transport 

(
𝑑𝑉

𝑑𝐸
)

𝑜𝑡

𝑚𝑎𝑥

=  𝐵
𝐶𝑎𝑡𝑚 𝐷

 𝛿 𝜇 𝑃 𝑓 𝑏2
 

(𝐵 × 𝐷) 186 × 10−21 𝑚8 𝑘𝑔𝑂2

−1 𝑠−1 

𝐶𝑎𝑡𝑚 0.3  𝑘𝑔𝑂2
 𝑚−3 

 

 The debris egress constant (𝑮 × 𝜷) 
Previous work from the University of Nottingham, namely that of Zhu et al. [134] has addressed 

the dependence of the instantaneous wear rate on the width of the fretting scar for fretting in a 

cylinder-on-flat specimen pair arrangement. In that work, fretting tests with two different 

cylinder-on-flat geometries were employed (cylinders with radii of both 6 mm and 160 mm) 

over a range of test durations. Wear volumes and associated dissipated energy values from the 

fretting tests in that work are shown in Figure 6.8.  

All fretting tests in the work of Zhu et al. [134] were conducted at 20 Hz, and as such it can be 

assumed that under these conditions the oxygen-access limited rate of debris formation, 

(
𝑑𝑉

𝑑𝐸
)

𝑜𝑡

𝑚𝑎𝑥

, was never rate limiting (i.e. was never the smallest of the three rates); this was never 

considered or addressed in the paper of Zhu et al. [134], although the formation of oxide-

dominated wear scars at the longer test durations was interpreted as being indicative of a debris-

egress controlled wear mechanism (as opposed to one of oxygen exclusion resulting in metallic 

wear scars). A schematic diagram is presented in Figure 6.9 to describe the assumptions made in 

that work, showing the rates of the three key processes as a function of energy dissipated in a 
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test; the limiting rate of oxygen ingress is the highest of the three lines over the range shown, 

and therefore does not affect the operative wear mechanism.  

 

Figure 6.8. Experimental data from fretting tests with cylinder-on-flat geometry with cylinders of 6 mm (R-6) and 

160 mm (R-160). Alongside the data are calculated rates of wear for the two geometries based upon the assumption 

that the wear rate is directly proportional to the inverse of the wear scar width with the same constant of 

proportionality being employed for the two cases [134].  

In that previous work, the total test duration was large (5 × 106 cycles) and therefore, the authors 

assumed that the initial period where the Archard limited rate of debris formation would be 

operative (i.e. was the lowest of the three rates) was negligible. Moreover, at the start of the test, 

the scar semi-width, 𝑏, is the elastic contact width, 𝑏𝑒𝑙 (i.e. 𝑏 is never zero) and so the debris 

egress limited rate of debris formation, (
𝑑V

𝑑E
)

𝑑𝑒

𝑚𝑎𝑥

, is never infinite. As such, it was assumed that 

the behaviour over the whole test was debris egress limited and therefore the behaviour could 

be described by: 

(
𝑑V

𝑑E
)

𝑑𝑒

𝑚𝑎𝑥

=  
𝛼

𝑏
 Equation 6.20 

with the same value of 𝛼 describing the behaviour for the two different test geometries.  
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The success of this approach (and therefore the validity of the assumptions made) is illustrated 

in Figure 6.8 where a value of 𝛼 of 3.4 × 10-17 m4 J-1, (i.e. 3.4 × 10-2 mm4 kJ-1) results in a very 

satisfactory fit to the experimental data for the two different geometries.  

The relationship described by Equation 6.20 is effectively a simplified form of the equivalent 

rate of debris egress derived in the present work (Equation 6.17), although in the former the 

test parameters and constants indicated in Equation 6.17 were subsumed into a single constant, 

𝛼; knowing the test conditions under which the previous work was conducted allowed the 

debris egress constant (𝐺 × 𝛽) to be evaluated as 23.6 × 10-18 m4 J-1 (23.6 × 10-3 mm4 kJ-1).  

 

Figure 6.9. Schematic diagram illustrating the evolution of the rates of the three governing processes with energy 

dissipated in a test. 

 The Archard wear constant (𝑨) 
As discussed in Section 6.4.1, in the work presented in Figure 6.8, the assumption was made 

that the initial period where the Archard limited rate of debris formation was operative (i.e. was 

the lowest of the three rates) was negligible. This assumption becomes less valid for tests of 

smaller duration (i.e. where smaller values of energy are dissipated over the course of the test). 

In the test programme reported in Figure 6.8, tests had been conducted over a very wide range 
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of durations; however, the quality of the fit between the experimental data and the predictions 

is difficult to gauge at the smallest test durations, which is precisely the region where any 

influence of the Archard limited rate of debris formation would be most pronounced. As such, 

the data for the fretting tests with the 6 mm radius cylinder presented in Figure 6.8 are re-

presented in Figure 6.10 on a log-log scale (with test durations spanning the range 2000 cycles 

to 5 × 106 cycles), enabling the quality of the fit at the small test durations to be better discerned.  

As can be inferred from Figure 6.10, the effect of the Archard wear constant will be more 

significant at smaller values of energy dissipated (indeed, for tests of short enough duration, the 

rate-determining process throughout the whole test could be that of Archard wear). However, 

in all tests, if the Archard limited rate of debris formation is ever operative, this will only be the 

case at smaller values of energy dissipated. Using the time-marching methodology presented in 

this chapter, the evolution of the wear volume with energy dissipated has been evaluated for 

various values of the Archard wear constant; five examples are presented in Figure 6.10 where 

comparisons can readily be made with the experimental data across the range. It can be seen 

that the fit with experimental data is good at the higher values of energy dissipated, irrespective 

of the value of the Archard wear constant selected; however, at the smaller values of energy 

dissipated (where the effect of the Archard wear constant is most significant), the data fit best 

with values of the Archard wear constant of between 0.08 mm3 kJ-1 and 0.1 mm3 kJ-1. Values of 

0.04 mm3 kJ-1 and 0.06 mm3 kJ-1 result in under-predictions of the wear volume at lower values 

of dissipated energy, whilst a value of 0.15 mm3 kJ-1 results in an over-prediction. As such, it is 

proposed that a value of the Archard wear constant of 0.09 mm3 kJ-1 (90 × 10-15 m3 J-1) will 

provide an appropriate fit to the data, and this value will be employed for the remainder of the 

analysis as a constant for this material system.  
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Figure 6.10. The data from Figure 6.8 for the R-6 pair presented on a log-log scale along with the predicted 

relationship between wear volume and energy dissipated using the time-marching technique with a range of values 

of the Archard wear constant as indicated.  

 The oxygen transport constant (𝑩 × 𝑫) 
Oxygen transport into the contact will become the rate determining process when the rate 

becomes the lowest of the three rates (i.e. the orange line becomes the lowest line in a 

representation such as that in Figure 6.9). The form of the equation for (
𝑑𝑉

𝑑𝐸
)

𝑜𝑡

𝑚𝑎𝑥

 (Equation 

6.14) indicates that low values are promoted by high frequencies, applied loads and slip 

amplitudes in the fretting test.  

In the previous two chapters, fretting tests were conducted using the same material combination 

as employed by Zhu et al. [134] over a range of fretting frequencies and displacement amplitudes 

for tests of 1 x 106 cycles in duration, and it was observed that increases in both of these 

parameters over the range examined inhibits the formation of oxide debris beds, resulting in 

metallic wear scars; significant subsurface damage was observed under these conditions where 

an oxide debris bed did not form, and it was proposed that this was due to changes in the relative 
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rates of oxygen ingress to the contact and the egress of oxide, resulting in oxygen exclusion 

from the centre of the interface.  

The wear volumes measured over this range of frequencies and displacement amplitudes are 

shown as a function of energy dissipated in Figure 6.11 (presented earlier in this thesis, namely 

Figure 4.1 and Figure 5.24 in Sections 4.2.1 and 5.2.3, respectively), where it is seen that (i) the 

wear volumes as a function of energy dissipated are very similar for tests conducted at 20 Hz 

and 100 Hz; (ii) the wear volumes as a function of energy dissipated are significantly different 

for tests conducted at 100 Hz and 200 Hz. The fact that at 20 Hz and 100 Hz the behaviour is 

very similar (despite the changes in (
𝑑𝑉

𝑑𝐸
)

𝑜𝑡

𝑚𝑎𝑥

 associated with differences in the displacement 

amplitude and fretting frequency) indicates that under these conditions, (
𝑑𝑉

𝑑𝐸
)

𝑜𝑡

𝑚𝑎𝑥

 is not strongly 

rate determining (i.e. the rate of wear controlled by debris egress is either lower or very similar 

in magnitude).  

 

Figure 6.11. Wear volume after 106 fretting cycles as a function of dissipated energy for the three fretting frequencies 

examined as indicated; the three values of dissipated energy for each fretting frequency relate to the three 

displacement amplitudes employed in the tests (namely 25 μm, 50 μm and 100 μm). 

It is proposed (with reference to the schematic diagram in Figure 6.4) that when the rate 

associated with oxygen transport is not rate-limiting (i.e. the orange line is not the lowest of the 
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three lines at any point), then there is sufficient oxygen at the interface to sustain the formation 

of oxide debris, and metal-metal contact (which results in the development of significant 

subsurface damage) will not occur. Conversely, it is proposed that when oxygen transport is the 

rate-determining process, the formation of oxide debris is inhibited, and thus a protective debris 

layer does not form, resulting in the subsurface deformation associated with metal-metal contact 

and the formation of a metallic transfer layer. The oxygen transport constant (𝐵 × 𝐷) can 

therefore be tuned based on these observations of oxygen exclusion. 

Using a volume fraction of oxygen in air of 21% and a molar volume of 22.4 × 10-3 m3 at 

standard temperature and pressure, the oxygen content in the atmosphere (𝐶𝑎𝑡𝑚) can be 

calculated to be ~ 0.3 kg m-3. To ensure that all of the four cases identified in which subsurface 

damage develops have (at least) the final stages of the test being oxygen-transport limited (i.e. 

the lowest of the three rates) results in a requirement that (𝐵 × 𝐷)  ≤ 186 ×

 10−21 𝑚8 𝑘𝑔𝑂2

−1 𝑠−1. Higher values of (𝐵 × 𝐷) up to about 300 ×  10−21 𝑚8 𝑘𝑔𝑂2

−1 𝑠−1 do 

lead to some improvements in the accord between the experimentally measured wear volumes 

and the predicted wear volumes but above this value, the predicted behaviour begin to deviate 

more markedly from the experimental data (see Figure 6.12); moreover, using a higher value of 

(𝐵 × 𝐷) means that oxygen transport is never rate-determining for the case with ∆∗ = 50 µm 

and 𝑓 = 100 Hz, meaning that sub-surface damage observed following testing under these 

conditions cannot be readily rationalised. As such, it is proposed that a value of (𝐵 × 𝐷) of 

186 ×  10−21 𝑚8 𝑘𝑔𝑂2

−1 𝑠−1 will provide an appropriate fit to the data and other experimental 

observations, and this value will be employed for the remainder of the analysis as a constant for 

this system. 

To more clearly compare the accord between the wear rates predicted by the model and those 

generated experimentally three graphs are presented in Figure 6.13, one for each fretting 
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frequency, in which the experimental data are plotted alongside values predicted with a value 

of (𝐵 × 𝐷) of 186 ×  10−21 𝑚8 𝑘𝑔𝑂2

−1 𝑠−1 over the range of displacement amplitudes. The 

predicted values can be seen to be in relatively good agreement with corresponding 

experimental data across the range of frequencies and displacement amplitudes, broadly 

capturing the trends associated with changes in the parameters at all conditions; however, the 

differences between the experimental and predicted values are significant at many of the 

conditions examined, indicating that there are some issues with the model that must be 

examined in order to improve its alignment with experimental observations. 

 

Figure 6.12. Wear volume expressed as a function of dissipated energy as predicted by the model using the same 

test conditions as the experimental data in Figure 6.11 and a value of the debris egress constant (𝑩 × 𝑫) of (a) 

𝟏. 𝟖𝟔 ×  𝟏𝟎−𝟏𝟗 𝒎𝟖 𝒌𝒈𝑶𝟐

−𝟏 𝒔−𝟏; (b) 𝟑. 𝟎 ×  𝟏𝟎−𝟏𝟗 𝒎𝟖 𝒌𝒈𝑶𝟐

−𝟏 𝒔−𝟏. 

 

Figure 6.13. Comparison of predicted values and experimental measurements for the extent of wear as a function 

of dissipated energy in fretting with applied displacement amplitudes of 25 µm, 50 µm and 100 µm with a fretting 

frequency of (a) 20 Hz; (b) 100 Hz; (c) 200 Hz (P = 450 N; N = 106 cycles; L = 10 mm). 
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6.5 Employing the model to analyse the effects of frequency 
and displacement amplitude on rate-determining 
processes 

In addition to the alignment of the model with experimentally measured wear rates, the 

dependence of the relative magnitudes of the three key processes upon fretting parameters can 

provide useful insight into the operative mechanisms of wear that result in the overall wear rate 

observed. As such, the model can be used to analyse the wear mechanism transition investigated 

in Chapter 5, namely a transition from a regime associated with oxide-dominated wear scars and 

limited subsurface damage (despite significant levels of wear), termed “Regime I”, to one 

associated with predominantly metallic wear scars and the development of significant subsurface 

damage, termed Regime II. Regime I was observed at low displacement amplitudes and fretting 

frequencies, while Regime II behaviour is associated with increases in both parameters; the role 

of fretting frequency and displacement amplitude in this transition is difficult to deconvolute in 

a purely qualitative manner due to both parameters acting upon many of the same processes, 

and as such, in this section the effects of these parameters on the operative mechanism of wear 

is examined using the more quantitative framework outlined already in this chapter. The rates 

of processes predicted by the model and the associated overall wear rates are discussed in light 

of the experimental results presented in the previous chapters over the same conditions, namely 

those shown in Table 6.2. 

The evolution of rate-determining processes predicted by the model over the range of 

frequencies and displacement amplitudes investigated in Chapters 4 and 5 are presented in Figure 

6.14, in the same format as top surface and cross-section SEM presented in Figure 5.28 and 

Figure 5.30. It should be noted that the total energy dissipated is dependent upon displacement 

amplitude, although not upon fretting frequency, and as such the horizontal axis of the graphs 

presented in Figure 6.14 is constant across each row, and increases down each column. The 
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difference in overall dissipated energy between the different displacement amplitude conditions 

is reflected in the spacing between the vertical gridlines, which in all cases is fixed at 10 kJ, with 

closer spacing therefore representing larger overall dissipated energy. In all of the graphs 

presented, the range of dissipated energy on the horizontal axis is greater than the total energy 

dissipated at each condition, which is identifiable as the dissipated energy at the point where 

each of the three rate lines end.  

Table 6.2.  Test conditions for which experimental and predicted values are compared in this section, namely 

the range of displacement amplitudes and fretting frequencies investigated in the previous chapters of this thesis. 

Frequency, 𝑓 (Hz) 20, 100, 200 

Applied displacement amplitude, ∆∗ (µm) 25, 50, 100 

Applied normal load, 𝑃 (N) 450 

Test duration, 𝑁 (cycles) 106 

Temperature, 𝑇 (°C) Room temperature 

 

It should be noted that, due to the rates of both oxygen ingress and debris egress being dependent 

upon the contact width, b, the rates of both processes are influenced by the overall wear rate as 

an indirect effect of the overall wear rate on wear scar width; as such, small variations in the rate 

of debris egress can be seen across the range of frequencies and displacement amplitudes arising 

as a result of the indirect effect of overall wear rate on scar width as opposed to a direct effect 

of the parameters upon the rate itself.  
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Figure 6.14. Evolution of rate-determining processes over the range of displacement amplitudes and frequencies 

studied experimentally in this thesis; gridlines are spaced by 10 kJ in each of the graphs, highlighting the difference 

in total dissipated energy associated with changes in displacement amplitude (P = 450 N; N = 106 cycles; L = 10 

mm). 

At low displacement amplitude (Δ* = 25 µm) and low frequency (f = 20 Hz), wear is predicted 

by the model to be limited by the rate of debris egress from an early stage and to remain so 

throughout the duration of the test; the rate of debris egress remains constant across all three 

frequencies, and as such the wear rate is predicted to be equal between all three of these 

conditions. Increasing frequency can be seen to result in the limiting rate of oxygen ingress 

falling significantly, although never becoming rate-determining at any point in the test, and as 

such the model predicts that in all of these cases there is sufficient oxygen ingress to the contact 

to form oxide throughout the full width of the interface. Likewise, at low frequency (f = 20 

Hz) wear is predicted to be controlled by debris egress from the contact across the range of 
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displacement amplitudes examined; again, the rate of debris egress is consistent across the range 

of conditions (up to the respective dissipated energy at each condition). The limiting rate of 

oxygen ingress can be seen to fall significantly as displacement amplitude is increased, although 

it does not become rate-determining in any of the tests over this range of displacement 

amplitudes at this frequency. This response aligns with the experimental observations reported 

in the previous chapter for the same range of conditions, namely that wear occurs in Regime I 

across the examined range of either frequencies or displacement amplitudes when the other 

parameter is held at a low value. 

With increases in both frequency and displacement amplitude, the rate of debris egress remains 

broadly constant across the range of conditions, while the rate of oxygen ingress can be seen to 

fall significantly, so much so as to become the rate-determining process; this is predicted to 

occur in tests with the two largest displacement amplitudes (Δ* = 50 µm  Δ* = 100 µm) at the 

two higher frequencies (f = 100 Hz; f = 200 Hz),  although the stage of the test at which oxygen 

ingress becomes rate-determining varies. These conditions were all observed in Chapter 5 to 

exhibit Regime II behaviour, in which a coherent oxide debris bed does not form across the 

entire wear scar surface, which instead is largely metallic in character with this being associated 

with the development of significant subsurface damage. It is noted that at the intermediate 

displacement amplitude and frequency condition (Δ* = 50 µm; f = 100 Hz), the rate of oxygen 

ingress only becomes rate-determining towards the very end of the test, with debris egress being 

rate-determining for the majority of the test duration; as such this is predicted to be a borderline 

case in which oxygen access is severely restricted, although not so much as to limit the overall 

rate of wear. 

To clarify the impact of displacement amplitude on the relative rates of processes, the observed 

wear rate at any given point in a test (i.e. the lowest of the three rate lines shown in Figure 6.14) 

is plotted on the same scale for all three displacement amplitudes at each frequency in Figure 
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6.15. It can be seen that at low frequency, the rate-determining processes at each displacement 

amplitude overlay one another directly up to the respective dissipated energy of each condition. 

At higher fretting frequency, the effect of displacement amplitude on observed wear rate 

becomes more pronounced; at a frequency of 100 Hz, a reduction in observed wear rate (over 

the shared range of dissipated energy) is only observed as displacement amplitude is increased 

above 50 µm, while at the highest fretting frequency (f = 200 Hz) a reduction in observed wear 

rate occurs with each increase in displacement amplitude above 25 µm. 

 

Figure 6.15. Observed wear rate (i.e. the rate of the rate-determining process at a given dissipated energy) across 

the range of displacement amplitudes examined at a fretting frequency of (a) 20 Hz; (b) 100 Hz; (c) 200 Hz (P = 

450 N; N = 106 cycles; R = 6 mm; L = 10 mm). 

 

6.6 Modelling the effects of parameters not examined in the 
experimental programme of this thesis 

The ability of the model to accurately represent physical behaviours of fretting contacts is further 

investigated in this section by comparing the behaviour predicted by the model to observations 

reported in the literature. The values of proportionality constants used are the same as those 

outlined in Section 6.4 and employed in Section 6.5. 

 Contact geometry and frequency 
Using the same material combination and specimen configuration as the present work, Warmuth 

et al. [34] investigated the effects of fretting frequency and contact geometry (by varying the 
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radius of the cylinder specimen), observing significant interaction between the two parameters 

resulting from changes in the rates of oxygen ingress to and debris expulsion from the interface. 

It was observed that the effect of increasing fretting frequency on wear mechanism is dependent 

upon contact conformity; less-conforming (i.e. smaller cylinder radius) contacts were observed 

to develop oxide-dominated wear scars at both low (f = 20 Hz) and high frequency (f = 200 

Hz), while more-conforming (i.e. larger cylinder radius) contacts developed oxide-dominated 

scars at low frequency (f = 20 Hz) and more metallic wear scars at high frequency (f = 200 Hz). 

This was attributed to oxygen being more effectively excluded from the interface by large 

physical contact sizes (due primarily to the greater distance required for oxygen penetration into 

the interface) and high fretting frequency (due primarily to the reduced time for oxygen 

penetration); as such, at the conditions examined, either high frequency or large contact size 

was not in itself sufficient to result in oxygen starvation, with increases in both parameters being 

required to induce an oxygen-deficient wear mechanism. This observation may be restated 

within the physical framework outlined in this chapter, namely that high frequency and large 

contact width both act to reduce the limiting rate of oxygen transport into the contact such that 

it may become the rate-determining process, resulting in insufficient oxygen at the interface to 

form an oxide debris bed and hence the development of more metallic wear scars; understanding 

of this can be gained by examination of Figure 6.16, which shows the evolution of rate-

determining processes predicted by the model over the same conditions as tested by Warmuth 

et al. [34].  
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Figure 6.16. Evolution of rate-determining processes (as a function of dissipated energy) in fretting with different 

combinations of cylinder radius and fretting frequency, indicating a change in wear mechanism consistent with that 

reported by Warmuth et al. [34] (Δ* = 50 µm; P = 250 N; N = 105 cycles; L = 10 mm; µ = 0.7). 

It can be seen that for the less-conforming specimen geometry (R = 6 mm) and low frequency 

(f = 20 Hz), wear is controlled by either Archard wear or debris egress throughout the duration 

of the tests examined. It should be noted that in both cases the rate of oxygen ingress is too high 

to be represented on the same scale as the other conditions while still being able to see with 

sufficient detail which processes control the overall wear rate. At the high frequency condition, 

the maximum rate of oxygen ingress comes down significantly, although never so much as to 

become rate-determining and thus has no effect on overall wear rate. Conversely, at high 

frequency the more-conforming pair (R = 160 mm) is initially controlled by debris egress but 

becomes limited by the rate of oxygen ingress after approximately 1 kJ has been dissipated in 

the contact. The degradation behaviour predicted by the model is therefore in agreement with 

the observations of Warmuth et al. [34] that at this set of conditions it is only when oxygen 
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ingress is restricted by both high frequency and more conforming contact geometry that wear 

mechanism changes to one in which oxygen starvation occurs and an oxide debris bed does not 

form. 

 Normal load 
Previous work by Pearson and Shipway [26] investigated the fretting behaviour of the same 

specimen configuration and material combination as the present work over a range of normal 

loads, providing useful reference data for the alignment of the model with the effect of normal 

load. Tests were conducted at a fretting frequency of 20 Hz, an applied displacement amplitude 

of 50 m and normal loads of 250 N, 450 N and 650 N. Experimental data are plotted alongside 

the corresponding model predictions in Figure 6.17 with higher dissipated energy reflecting a 

higher normal load. The average wear rates of both the model predictions and experimental 

values can be seen to be in relatively good agreement, exhibiting broadly the same trend as the 

experimental data, although wear volumes are slightly overestimated at the lower two normal 

loads and slightly underestimated at the highest load (650 N). Dissipated energy is slightly 

underestimated in all cases, likely to be due at least in part to a discrepancy in the rig stiffness, 

which was reported in the work of Pearson and Shipway [26] to be 57 MN m-1, significantly 

higher than the 40 MN m-1 used in the present work. 

The associated rates of key processes are shown in Figure 6.18, from which it can be seen that 

in all cases wear is controlled by Archard wear for a brief initial period (approximately the first 

0.6 kJ), and then by debris egress for the remainder of the tests. The rate of oxygen ingress falls 

significantly as normal load is increased from 250 N to 650 N but does not become rate-

determining in any of the test conditions examined.  
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Figure 6.17. Plot of experimentally measured wear volumes (originally presented by Pearson and Shipway [26]) as 

a function of dissipated energy for fretting with applied normal loads of 250 N, 450 N and 650 N, and the 

corresponding predicted values; higher normal loads are reflected by higher dissipated energy (f = 20 Hz; Δ* = 50 

µm; N = 105 cycles; R = 6 mm; L = 10 mm). 

 

Figure 6.18. Evolution of rate-determining processes (as a function of dissipated energy) in fretting over the range 

of normal loads examined by Pearson and Shipway [26], namely (a) 250 N; (b) 450 N; (c) 650 N (R = 6 mm; f = 

20 Hz; Δ* = 50 µm; N = 105 cycles; L = 10 mm; µ = 0.7). 

The observed wear rate at any given point is shown in Figure 6.19 for all three normal loads, 

and it can be seen that each of the cases overlays directly up to the respective dissipated energy 

at each normal load, and as such the increases in wear rate observed as normal load is increased 

are a result of the greater amount of energy dissipated, as opposed to changing the operative 

mechanism of wear. 
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Figure 6.19. Observed wear rate (i.e. the rate of the rate-determining process at a given dissipated energy) across 

the range of normal loads examined, namely (a) 250 N; (b) 450 N; (c) 650 N (Δ* = 50 µm; f = 20 Hz; N = 105 

cycles; R = 6 mm; L = 10 mm). 

 Atmospheric oxygen concentration 
It has been reported in several experimental investigations [1,35,106,152,153] that when oxygen 

pressure in the atmosphere is significantly reduced, such as in vacuum or an inert atmosphere 

such as argon or nitrogen, an oxidative wear mechanism cannot be sustained throughout the 

interface and wear occurs predominantly via an adhesive mechanism, and as such the overall 

wear rate falls significantly. Such a response can be rationalised within the physical framework 

outlined in the present work, as the maximum wear rate that can be sustained by oxygen ingress 

will fall along with the reduced atmospheric oxygen concentration. To the author’s knowledge, 

there is no published data relating to fretting wear of a comparable contact configuration and 

material combination to the present work, and accordingly a direct comparison of model 

predictions and experimental data is not possible. However, the response of the model to 

reduced atmospheric oxygen concentration more broadly can be examined in order to evaluate 

the alignment with that which has been widely reported in the literature for various specimen 

geometries and material combinations. 
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The evolution of rate-determining processes in standard temperature and pressure air and an 

atmosphere in which the oxygen pressure is reduced by a factor of 1000 (simulating vacuum 

conditions) are shown in Figure 6.20. Reducing the atmospheric pressure (and hence the 

oxygen partial pressure) can be seen to result in the limiting rate of oxygen ingress falling sharply, 

becoming the rate-determining process from the beginning of the test and remaining so 

throughout the duration of the test. This is associated with a near total cessation of material 

removal (wear), although in reality significant subsurface damage and adhesive transfer would 

likely occur in the oxygen-limited regime. 

 

Figure 6.20. Evolution of rate-determining processes (as a function of dissipated energy) in fretting in air with a 

pressure of (a) 1 atm; (b) 0.001 atm; (R = 6 mm; f = 50 Hz; Δ* = 50 µm; P = 450 N; N = 106 cycles; L = 10 mm; 

µ = 0.7) 

 Length of line contact 
The length of the line contact is another parameter which would be expected to affect the rate-

determining processes and hence the overall rate of wear in fretting, but for which there is not 

comparable experimental data that the model predictions can benchmarked against. It would be 

expected that increasing the length of the line contact whilst maintaining a constant normal load 

(thereby reducing the load per unit length) would result in a wear scar of smaller width for the 

same total wear volume, and that this in turn would affect the rates of key processes.  

How this change in line contact length affects rate-determining processes can be seen in Figure 

6.21, showing one case in which the length is equal to that of the experimental configuration 
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employed in this work (L = 10 mm), and another under the same conditions except but with a 

line length of 1 m. In the shorter line case (L = 10 mm), the observed wear rate is determined 

by Archard wear for a brief initial period and then by debris egress for the remainder of the test, 

while increasing line contact length to 1 m increases the maximum rates of oxygen ingress and 

debris egress such that the observed wear rate is determined by Archard wear for the duration 

of the test. It can be seen that the same change in contact length raises the oxygen ingress line 

substantially more than the debris egress line, with this being due to oxygen ingress being 

dependent upon b2, while debris egress is only dependent upon b. This is in part due to the 

same normal load being distributed over a longer length, and the commensurately narrower 

wear scar that forms; this increases the rate at which oxygen can penetrate the contact and that 

debris can be ejected.  

 

Figure 6.21. Evolution of rate-determining processes (as a function of dissipated energy) over the first 50 kJ 

dissipated in fretting in which the line contact has length (a) 10 mm; (b) 1000 mm; (R = 6 mm; f = 100 Hz; Δ* = 

50 µm; P = 450 N; N = 106 cycles; µ = 0.7) 

6.7 Discussion 
The previous sections demonstrate the alignment of the model with experimental data over a 

broad range of parameters, including parameters outside the set of frequencies and displacement 

amplitudes against which the values of proportionality constants are tuned. In assessing the 

capability of the model to predict fretting behaviour there are two aspects to consider, namely 
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(i) the total wear volume and dissipated energy (i.e. the wear rate) and (ii) the relative rates of 

key processes and which processes are rate-determining over a given set of conditions (i.e. the 

wear mechanism); it is noted that the accuracy of the model with regard to these two critical 

aspects of fretting behaviour does not necessarily align for a given set of conditions, with the 

values of constants being selected to provide optimum alignment with both the rates of processes 

relative to one another and the overall wear rate (as discussed in Section 6.4).  

The relative rates of key processes (and hence wear mechanisms) predicted by the model exhibit 

good agreement with experimental observations over most of the conditions examined, 

although the difference between experimental and predicted wear rates is generally not 

insignificant, with differences in predicted and experimental wear volumes ranging from 

approximately 3% to as large as 90%; the values of dissipated energy predicted are generally in 

better alignment with experimental measurements, with differences ranging from 0.7% to 23%. 

The accuracy of predicted wear mechanisms and the ability of the model to capture broad trends 

in wear rate over a broad range of parameters provide a promising indication of the predictive 

capability of the proposed framework, although the significant differences in wear rates highlight 

that some of the assumptions involved in the model need to be fully evaluated and tested to 

identify the source of the discrepancies and hence improve the overall framework. As such, this 

discussion will address areas in which the model in its current form predicts changes in key 

processes, and identify areas where further work is needed to refine the approach to improve 

the accuracy of predictions and broaden the range of parameters over which it can be employed.  

 Reasons for error in prediction of fretting behaviour 
While the model broadly captures the reduction in wear rate with frequency over the range of 

displacement amplitudes examined observed in the experiments (Figure 6.13), wear rates can be 

seen to be overestimated at the two lower displacement amplitudes (25 µm and 50 µm) and to 

be underestimated at the highest displacement amplitude (Δ* = 100 µm) at each frequency. Two 



Chapter 6. Modelling wear rates and mechanisms in fretting using a rate-determining 

process approach 

   Page 190 | 212 

factors that are likely to contribute to this effect are (i) the dependence of the rates of oxygen 

transport and debris egress upon the width of the contact, which is in turn dependent upon 

dissipated energy and hence displacement amplitude, and (ii) the assumed relationship between 

displacement amplitude and debris egress. Regarding the former, the narrower wear scars 

associated with smaller displacement amplitudes result in the operative wear rate being higher 

for a greater proportion of the test, as the rate of debris egress being proportional to 
1

𝑏
 and the 

rate of oxygen transport is proportional to 
1

𝑏2
. Conversely, when wider scars form at larger 

displacement amplitudes, the rate of oxygen ingress falls at a faster rate than the rate of debris 

egress resulting in smaller wear volumes, particularly in conditions in which the rate of oxygen 

transport is reduced by other factors such as high fretting frequency. Furthermore, the 

overestimation of wear rates at small displacement amplitudes (for which debris egress is the 

rate-determining process) may be exacerbated by the relationship between displacement 

amplitude and debris egress; in the present work a simple relationship is assumed by which the 

displacement of a debris particle towards the edge of the contact is directly proportional to the 

applied displacement amplitude, although the nature of this relationship is not well understood 

and further work into the effect of displacement amplitude on debris egress may allow for an 

experimentally-derived relationship between the displacement of a debris particle towards the 

edge of the contact and the applied displacement amplitude to be implemented in the model. 

Another possible reason for discrepancies in wear rates relates to the mechanism by which 

oxygen transport into the contact affects the formation of oxide debris; in the present work, 

restriction of oxygen transport to the interface only brings about changes in wear rate when 

oxygen becomes rate-determining; as such, this mechanism does not account for any effects on 

contact oxygenation relating to the impact of fretting parameters on the thickness of oxide films 

formed between asperity interactions (as per the “oxidational wear” model of Quinn [62]). The 

implications for wear prediction are apparent in the comparison to the work of Warmuth et al. 
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[34] regarding the effect of frequency and contact geometry on oxygen exclusion in Figure 6.16. 

Over the range of conditions employed in that work, without changing the values of 

proportionality constants the model accurately predicts that high frequency and large contact 

conformity result in oxygen exclusion from the interface and hence restricts the formation of 

oxide debris beds. However, in the same work of Warmuth et al. [34] where such a wear 

mechanism transition was reported, it was also reported that increasing frequency resulted in a 

reduction in wear rate that was significantly greater in less-conforming pairs than non-

conforming pairs (i.e. increasing frequency was associated with a reduction in wear rate even 

when an oxide debris bed was observed to form). This was attributed to the effect of frequency 

on the time between asperity interactions and hence the thickness of oxide films before being 

scraped off to form a wear particle, an effect which is not accounted for in the rate-determining 

process model. The rate-determining process model is nonetheless well suited to predicting the 

effect of full oxygen exclusion from the interface, further demonstrated by the response to 

fretting in atmospheric conditions other than standard laboratory air, such as vacuum as 

demonstrated in Section 6.6.3, although it is noted that the mechanism of oxygen transport 

implemented in the model may be refined in future work.  

 Modelling approach: whole contact or local condition 
As mentioned previously, the modelling framework outlined is closely related to that proposed 

by Zhu et al. [134], in which wear rate is modelled in terms of competing processes, with the 

observed wear rate being limited by whichever process occurs at the slowest rate (i.e. the rate-

determining process). In this previous work, two processes were proposed to control wear rate, 

namely (i) debris formation as described by the Archard wear law (or equivalent), or (ii) debris 

expulsion from the interface. The wear volumes predicted using this approach were observed 

to exhibit good agreement with experimental data over a wide range of test durations, although 

other fretting parameters such as frequency, displacement amplitude and normal load were not 
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examined. In this chapter a similar framework has been proposed, adopting some of the same 

underlying principles of the model of Zhu et al. [134] such as the dependence of the rates of 

key processes (and hence the observed wear rate) upon the physical size of the contact (namely 

the width of the contact formed between a cylinder and a flat), and the geometric relationship 

used to calculate wear volume as a function of wear scar width. The model outlined in the 

present work incorporates oxygen transport into the contact as a potentially rate-determining 

process, and directly relates the rates of key processes to fretting parameters, allowing for the 

effects of a wide range of fretting parameters on wear rates and mechanisms to be predicted, 

including the test-controlled parameters of frequency, displacement and normal load, along with 

other aspects of the contact configuration (such as the dimensions of the cylinder-on-flat contact 

patch and the concentration of the atmosphere). That the same set of constants can describe the 

effects of such a wide range of parameters with reasonable accuracy is very promising, 

highlighting the potential of the proposed modelling framework to predict fretting behaviour 

over a broad range of conditions based on the underlying physical principles of the model. It is 

relevant to note, however, that due to the assumed geometric relationship used to calculate wear 

volume as a function of wear scar width (and hence the assumption that wear proceeds equally 

at all points in the scar), the model is best suited to modelling of behaviour of the whole contact, 

such as the operative wear mechanism and the overall wear volume, as opposed to modelling 

the evolution of wear scar profiles based on local contact conditions at multiple points across 

the scar. Changes in wear scar shape were noted in the previous chapter to occur due to a wear 

mechanism transition relating to the formation and retention of oxide debris; however, it is not 

expected that these changes in wear scar shape have a significant impact on the overall wear 

volume, and as such the assumption that wear proceeds at the same rate across the contact is not 

expected to negatively impact the accuracy of wear volume predictions. 
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The “whole contact” nature of the model also influences the mechanism by which oxygen 

transport limits wear rates (i.e. oxygen exclusion), as it is assumed that wear proceeds at the same 

rate across the interface, with the rate of wear across the scar falling such that oxygen 

concentration remains above a threshold value (assumed to be zero). This contrasts with the 

contact oxygenation concept of Fouvry and co-workers [10,25,29,31], in which wear rate is 

considered to vary locally within the scar based on oxygen concentration, which may see a 

transition from oxidative-abrasive wear to adhesive wear as oxygen concentration drops below 

a threshold value, with wear rate being lower near the centre of the wear scar and faster  in the 

regions of the scar close to the edge of the contact patch where oxygen concentration is higher. 

Such an approach to modelling oxygen transport has the advantage of potentially being able to 

simulate the formation of W-shaped scars in which oxide-dominated lateral regions border a 

central metallic region, which have been associated with oxygen exclusion in experimental 

investigations [10,25,29], including the previous chapter of this thesis. The approach to oxygen 

transport taken in the present work is a relatively simple model suited to predicting the effect of 

oxygen transport upon overall wear volume, and whether oxygen-deprived regions will form 

anywhere at the interface. As such, the oxygen concentration in the contact is not related to the 

local evolution of the wear scar surface, and the location or dimensions of any adhesive transfer 

or transformed metallic regions that form, although as mentioned previously this is not expected 

to have a significant effect on the accuracy of wear volume predictions.  

6.8 Conclusions 
• Wear rates can be modelled via the competition between three key processes of fretting 

wear; it is the slowest of these which becomes the “rate-determining process” which governs 

the overall rate of wear. 
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• Equations are derived for rates of oxygen ingress and debris egress (identified in Chapter 5 

as being critical to the operative mechanism) which compete with the abrasive wear 

behaviour described by Archard to control overall wear rate. 

• These equations are derived based on current understanding of the physics of fretting wear 

(notably including the observations outlined in the previous two chapters) but may be 

modified in future without disrupting the structure of this modelling approach. 

• The competitive rate-determining method provides a method for modelling the role of 

debris in fretting wear, incorporating the role of oxygen ingress to the interface in debris 

formation, and the rate at which oxide is ejected from the contact, which are both critical 

in enabling wear to proceed. 

• Moreover, the model may be implemented using a simple time-marching method. 

• Due to the assumed geometric relationship used to calculate wear volume as a function of 

wear scar width (and hence the assumption that wear proceeds equally at all points in the 

scar), the model is arguably best suited to modelling the behaviour over the whole contact, 

such as the operative wear mechanism and the associated wear volume under a given set of 

conditions, as opposed to precise evolution of wear scar profiles; this is not expected to have 

a significant impact on the accuracy of predictions of overall contact behaviour, although 

there may be benefit in investigating this in future work in this area.  

• Future developments may include the modification of the model to incorporate the effects 

of temperature (both environmental and local increase due to frictional power dissipation) 

on debris sintering, and hence the formation of glaze layers that have been reported to 

significantly reduce wear rates at high temperatures.
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Conclusions 

The fretting wear response of a high strength steel has been examined over a range of fretting 

frequencies and displacement amplitudes, with emphasis placed on characterisation of wear 

debris, both in the form of compacted beds retained in the contact and particles ejected during 

the wear process. Two distinct wear regimes were identified, namely (i) at low frequencies and 

displacement amplitudes, an oxide debris bed covers most of the worn surface, preventing the 

development of subsurface damage and adhesive transfer but resulting in relatively high wear 

rates, and (ii) at high frequencies and displacement amplitudes oxide coverage of worn surfaces 

is relatively sparse, resulting in metal-to-metal contact and the development of significant 

subsurface damage and adhesive transfer. In either regime, the nature of debris ejected during 

fretting appears to be not strongly dependent upon either the fretting frequency or the 

displacement amplitude, indicating that there is no change in the fundamental mechanism by 

which debris is expelled from the contact, despite significant changes in friction and wear rate 

over these conditions. As such, it is proposed that over the range of frequencies and displacement 

amplitudes examined wear proceeds by a broadly oxidative mechanism (i.e. by the formation 

and ejection of oxide debris), comparable to the regime of “mild” wear in other types of sliding 

wear, with no evidence of a transition to a “severe” wear regime in which a greater proportion 

of large metallic particles are ejected.  

The composition of ejected debris is in line with previous work on fretting of steel contacts in 

air at room temperature with two phases observed in samples, namely haemetite and ferrite, the 

relative proportions of which were quantitatively assessed and, despite a modest influence of 
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both parameters, in all cases debris was found to consist predominantly of haemetite with a small 

(< 6%) fraction of metallic iron.  

Likewise, the overall range of particle sizes is largely independent of frequency and displacement 

amplitude, ranging from approximately 0.4 µm to 50 µm under all conditions tested, and is 

observed to reach a broadly steady state condition at an early stage of fretting tests. The relative 

size of debris particles within samples is found to be somewhat affected by both frequency and 

displacement amplitude, with increasing frequency resulting in a greater proportion of smaller 

particles being ejected from the contact (reducing the average size), while increasing 

displacement amplitude results in a greater proportion of both larger and smaller particles being 

ejected (i.e. a broader size distribution), without having a significant impact on the average size.  

The morphology of particles indicated a significant degree of sintering of submicron oxide 

crystallites, none of which were observed in isolation; the size of the crystallites appears similar 

for debris particles ejected under both large and small displacement amplitude conditions, 

indicating that over the conditions tested, the fundamental mechanism of debris particle 

formation does not change, and rather the development of debris particles depends on the 

formation and breakdown of debris beds, and hence the degree of sintering. Further evidence 

of significant debris sintering is found in the large size of ejected debris particles provides 

occurring within the fretting contact, with the average size of ejected particles ranging from 6 

µm to 17 µm under all conditions studied, and individual particles with diameters of the order 

of 100 µm being observed via SEM imaging, thought to be detached pieces of debris beds (i.e. 

small thickness relative to observed diameter).  

Regarding the two distinct wear regimes observed, it is noted that the effects of displacement 

amplitude and frequency in fretting wear are interdependent, with the impact of either 

parameter on the wear rate and damage mechanism depending upon the magnitude of the other. 

At low frequency, increasing displacement amplitude does not significantly affect the 
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development of oxide debris beds, while at high frequency, increasing displacement amplitude 

results in a transition from an oxidation-dominated wear mechanism to one in which a 

protective oxide debris bed cannot form, resulting in an increase in metal-metal contact and the 

development of severe subsurface damage.  

Displacement amplitude is observed to not significantly impact wear rate over the range of 

conditions examined, while increasing fretting frequency is found to result in a significant 

reduction in wear rate at each of the displacement amplitudes examined. However, displacement 

amplitude has a significant impact on the effect of frequency on damage mechanism which at 

larger displacement amplitudes results in wear scars becoming more metallic (i.e. reduced 

coverage by oxide debris beds), and at smaller amplitudes to result in a more coherent oxide 

debris bed being formed. 

It is argued that whether wear occurs in Regime I or Regime II is a result of the magnitudes of 

the fretting frequency and displacement amplitude, and not solely due to the effects of these 

parameters on frictional power dissipation; while both fretting frequency and displacement 

amplitude influence frictional power dissipation in the contact, they also affect a number of 

other processes that are critical to fretting wear of which power dissipation is only one. It is 

proposed that the interacting effects of frequency and displacement amplitude arise from the 

impact of both parameters on three key processes, namely (i) ingress of oxygen to the contact; 

(ii) formation of oxide debris; (iii) expulsion of oxide debris from the contact.  

On this basis, a model is proposed in which wear rates can be modelled via the competition 

between these three processes, with the observed wear rate being governed by whichever of 

these rates is the smallest, accordingly termed the “rate-determining process”. Equations for the 

rates of the three key processes are derived based on current understanding of the physics of 

fretting wear, enabling the model to be implemented using a simple time-marching method. 

Wear rates and mechanisms (i.e. which processes are operative at a given set of conditions) 
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predicted using this model show relatively good agreement with experimental data over a diverse 

range of fretting parameters, including the effects of frequency and displacement amplitude 

investigated in this thesis as well as reports in the literature employing the same specimen 

configuration and material combination. It is noted that the rate equations in the model are 

based on a number of assumptions, the validity of which must be assessed in future work, 

although these may be readily modified within the proposed model framework as understanding 

of the physical behaviours develops.  
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Future work 

Investigating model assumptions 
The model outlined in Chapter 6 represents a useful step forward in the development of physics-

based predictive models incorporating the role of debris in the mechanisms of wear; however, 

the model is based on several assumptions, all clearly outlined in the model’s construction, which 

must be investigated in detail in order to improve the accuracy of predictions going forward. 

Evidence for some of these assumptions, such as wear being controlled by the ejection of oxide 

debris has been presented in this thesis, while some, such as the relationship between 

displacement amplitude and the ejection of oxide debris are based on broader trends reported 

in literature, which vary between authors and the details of which are still not well understood. 

The impact of displacement amplitude on wear rate and on processes highlighted in this thesis 

as having a significant impact on wear mechanisms, namely oxygen transport and debris 

expulsion, should therefore be targeted in future work. Improving understanding of the effects 

of displacement amplitude on these processes will be critical in refining the modelling approach 

outlined in this thesis, and it therefore an important area for future work; this may be simplified 

by careful selection of fretting parameters to eliminate the influence of selected processes, for 

example by running tests at low frequency so that oxygen transport is not a limiting factor in 

any of the experiments. Fretting response should be investigated over a wider range of 

displacement amplitudes in this thesis (e.g. up to several hundred micrometres) and over a wide 

range of test durations, providing greater insight into the effects of displacement amplitude on 

debris expulsion and oxygen transport in fretting. For the same number of cycles, larger 
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displacement amplitudes result in a greater overall slip displacement, and so examining a range 

of test durations may enable the impact of the amplitude of displacement to be more clearly 

discerned. 

Using the rate-determining process model in conjunction with 
experimental testing 
The rate-determining process model outlined in Chapter 6 states that the rates of key processes 

are dependent upon the wear scar width, and as such the magnitude of rates relative to one 

another varies throughout the duration of a test. The model therefore predicts the evolution of 

these processes over the full duration of the test, allowing for the operative mechanism at any 

stage of the test to be identified. The accuracy of the model may therefore be assessed by 

conducting laboratory experiments of various durations, enabling the operative wear 

mechanisms and overall wear rates predicted by the model to be compared to experimental data. 

Incorporating the effects of temperature 
The robustness of the model may also be improved by incorporating the effects of temperature 

on key processes, most notably the sintering of debris to form protective glaze layers, which 

have been found to significantly reduce wear rates. This could be achieved using a method 

similar to that developed by Dréano et al. [116], in which a “sintering parameter” is introduced 

to incorporate the effects of fretting parameters on local temperature, and thus adjust wear rate 

based on whether the sintering parameter is above or below a threshold value representing the 

critical temperature for glaze layer formation at a given set of conditions, the value of which 

may be based on experimental observations. Moreover, it is acknowledged that the values of 

proportionality constants employed in the present work (particularly the diffusion coefficient in 

the equation for oxygen transport) are expected to be temperature-dependent; in the present 

work, only fretting at room temperature is examined, and as such it is assumed that over the 

range of conditions examined, the effect of temperature on overall wear behaviour is small and 

therefore adequately represented in the tuning of the model to experimental data (Section 6.4), 
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although such an assumption may not be made when considering fretting at elevated 

temperatures. 

Contact geometry 
All of the experimental work presented in this thesis was generated using a cylinder-on-flat 

specimen configuration with a 6 mm radius. Specimen geometry can be modified to increase 

the radius of the cylinder specimen (and hence the conformity of the contact) and potentially 

other dimensions of the specimens such as the width of the flat specimen (and hence the length 

of the line contact). Moreover, the geometric relationship between wear volume and the width 

of the wear scar assumed in the modelling framework outlined in Chapter 6 has so far only been 

developed and validated for a cylinder-on-flat configuration; developing corresponding 

relationships for other common specimen geometries such as sphere-on-flat and cross cylinders 

and applying these in a similar modelling framework would be of great value in enhancing the 

applicability of the model in engineering applications. 

Material combination 
The work of this thesis examines only one material combination, namely self-mating high 

strength steel contacts, which is used as the basis for a new model for fretting wear; however, it 

is clear from the body of fretting research that different materials may exhibit significantly 

different wear behaviour under the same conditions, and as such there would be significant 

benefit to investigating the applicability of the model to other material combinations. These 

may include dissimilar pairs, enabling insight to be gained into the impact on wear mechanisms 

of opposing specimens having either different mechanical properties, chemical compositions or 

both; for example, investigating fretting behaviour of specimens with differing chemical 

composition would be useful in assessing the extent to which the damaged layers observed in 

the present work at high frequencies and displacement amplitudes are formed due to transfer of 

material between specimens. Furthermore, materials such as titanium alloys and nickel- and 



Future work 

Page 202 | 212 

cobalt-based superalloys are particularly relevant to engineering applications in which fretting is 

observed, and so understanding how the behaviour of these materials differs from that observed 

in this thesis for steel pairs is paramount to improving the applicability of models such as that 

outlined in Chapter 6 in industrial applications. 
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