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ABSTRACT

The high clamping forces in lap-joints in the body and wings of an aircraft result
in fretting fatigue damage at the contacting surfaces. Shot peening may provide
an efficient technique to delay or eliminate fretting fatigue failures. In this study,
the fretting fatigue behaviour of unpeened and peened aluminium alloy 2024
T351 in flat-on-flat contact with rectangular bridge pads of aluminium alloy 2024
T351 was investigated and compared with results from previous research where
steel pads were used. Contact normal pressure was maintained at a constant
value during the tests while the axial load was cyclic with a stress ratio of -1 and
a sinusoidal waveform of 20 Hz. The friction force acting over the contact area

was measured by strain gauges mounted on the bridges.

There was a considerable reduction in fatigue strength due to fretting, although
improved performance for the peened condition. In all cases, fretting fatigue life
was found to decrease with an increase in the normal pressure, up to a critical
value of normal pressure. Above this critical value, a further increase in normal
pressure tended to increase fretting fatigue life. This behaviour was observed at
three different axial stresses and indicates a changed sensitivity to pressure for
the fatigue damage mechanism. In order to distinguish and quantify the
parameters that control such a phenomenon, both an experimental and an

analytical methodology have been utilised.

Fretting fatigue life was investigated in terms of the contact region and the
specific roles of friction, crack growth and surface modification. The test data
was used to develop and assess a fracture mechanics model based on the
mechanics of the fretting fatigue process, constructed to predict fretting fatigue
life. Components of friction stress estimated from surface roughness profiles,
axial stress and normal stress were combined to account for the biaxiality of the
loading and the benefits of shot peening were modelled by incorporating the

effect of a residual stress.
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CHAPTER

1

INTRODUCTION

1.1 THE PROBLEM IN CONTEXT

On the 28 April 1988, an Aloha Airlines Boeing 737 suffered a catastrophic
failure and consequently the loss of the life of a flight attendant. Corrosion in
and around fastening holes of the lap joints in the fuselage, combined with
concentrated stresses, led to fatigue cracks which linked up, resulting in the

loss of a section of the fuselage [1], see Figure 1.1.

Figure 1.1: Aloha Airlines Boeing 737, flight number 243, flight from Hilo to
Honolulu, at Kahului Airport on 28 April 1988 after a section of its

fuselage was lost during flight [2].
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Fretting fatigue was first documented by Eden et al. [3] in 1911, a specialists’
meeting on fretting in aircraft was held in 1974, but despite being the focus of a
great deal of research [4], [5], [6], [7], [8], [9], the fretting fatigue of bolted joints,
riveted joints and other structural members subject to cyclic loading continues to

be a serious issue in ageing airframes and engines.

Fretting fatigue has also been responsible for failures across a wide range of
industries. Other practical examples of where fretting conditions can be
observed include: in the seating of a turbine disc on a drive shaft in a steam or
gas turbine [10], in railway axles/wheels [11], the dovetailed regions of turbo
machinery [12], orthopaedic implants [13], and wire ropes used in the marine,
mining and power industries [14]. The sites in which fretting fatigue can initiate

fatigue failure really are widespread and diverse [15].

1.2 KEY SUBJECTS

1.2.1 Fretting fatigue

The American Society for Metals defines fretting as:
“..a wear phenomenon occurring between two surfaces having
oscillatory relative motion of small amplitude.” [16]

Fretting fatigue is likely to occur, when a cyclic load is also applied.

A diagnosis of failure by means of fretting fatigue can be made from the
observation of a fracture surface with the naked eye. The presence of debiris,

surface roughening and evidence of multiple cracks are all related evidence

[17].

The mechanisms of fretting fatigue are extremely complex [18] and involve high

stress gradients, non-proportional multi-axial loading and surface finish effects

[19].



Chapter 1: Introduction

A seminal book on the subject was published by Waterhouse in 1981 [20],
proceeded by a paper of the same name in 1992 [17], which has been followed

by reviews periodically, including: Hoeppner [18], Mutoh [21], Hills et al. [22]
and Nowell et al. [19].

From the time when fretting was first identified to the present day, a great deal
of progress has been made in understanding the mechanisms of fretting fatigue,
which in turn has done much to assist the science, engineering and business

communities to deal with this phenomenon. However, much remains to be done
[18].

Since the mechanism of fretting fatigue involves surface contact and relative
movement between two components, much of the work to alleviate the problem

has focussed on the properties and behaviour of the surfaces in contact.

1.2.2 Shot peening

A wide range of surface treatments, coatings and shims have been employed in
attempts to mitigate fretting wear and fatigue, with varying degrees of success
as reviewed and tested by researchers including Gordelier and Chivers [23],
[24]. The success of a palliative is dependent upon specific application [23], [25]
and should be selected with the objective of modifying the fretting process in

some deliberate and controlled way [25].

Interference fitting of fasteners creates stresses that are compressive near the
fastener but becomes tensile near the faying surfaces where fretting cracks are
known to initiate. One surface engineering treatment that ameliorates tensile
residual stresses is shot peening, which is known to extend the fretting fatigue
life of engineering components [26]. Shot peening involves firing large quantities

of small, hard media, or shot, at the surface of a component, which deforms the

material plastically [27].
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Shot peening has a significant effect on the mitigation of fretting fatigue. The
resultant improvement in the fretting fatigue life of a specimen has been

documented to be over 22% [28] and even up to the order of 50% [29].

1.3 AIMS

The primary aim of this work is to investigate fretting fatigue life in terms of the
contact region and the specific roles of friction and surface modification. The
second aim is to consider the effects of shot peening on fretting fatigue, and
finally to develop a life prediction model based on the mechanics of the fretting

fatigue process.



CHAPTER 2

LITERATURE

2.1 FRETTING WEAR

211 An introduction to fretting wear

The fretting phenomenon was first documented in 1911 by Eden et al. [3], on
observing the formation of brown oxide debris between the steel grips and a
steel specimen in a fatigue rig. In 1927, Tomlinson [30] conducted the first
investigation of the process utilising specially designed machinery, which has
been redesigned extensively over the years [31], [32], [33], [34]. It was not until
1950, that Godfrey [35] attempted to characterise the nature of fretting and
define distinct fretting mechanisms and 1953, that sufficient progress had been
made for the first American Society for Testing and Materials (ASTM)
symposium on the subject of fretting to be held. Waterhouse published his
paper on the subject in 1955 [36] and his seminal book in 1972 [37]. In 1983,
Bill [38] published a paper on a comparison between fretting wear and fretting

fatigue, followed by similar works by Berthier et al. [39].
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21.2 A definition of fretting wear

“Fretting is the action which causes fretting damage when two contacting bodies

are subject to a relative oscillatory sliding motion of small displacement
amplitude.” [37]

The relative movement that has to occur for fretting wear to appear was termed
'slip” by Tomlinson [30]. Extremely small amplitudes of slip are sufficient to
cause damage; the threshold amplitude of slip at which fretting damage

becomes apparent is in the region of 0.5 um [40].

Slip is caused by a concentration of shear stresses at a contact. For a Hertzian
contact subjected to normal and tangential loads, Mindlin [41], showed
theoretically that the tangential load produces shear tractions at the interface,
the effect of which is to produce a region of displacement. This region
propagates towards the centre from the edges of the contact, as shown in
Figure 2.1. The two bodies are assumed to have identical material properties

and a constant coefficient of friction is assumed at the interface.

Johnson [42] subsequently conducted experiments creating microscopic
interfacial slip between two spherical surfaces, leading to energy dissipation

and surface damage in the manner Mindlin predicted.

non -sirp
regon

y

Figure 2.1: The Mindlin diagram [41], [17].
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In the stick regime, see Figure 2.2 a), displacement is accommodated by the
elastic deformation of asperities. This occurs at low amplitudes of oscillation,

where no energy is dissipated; there is very little surface damage and an
absence of cracks [43].

Partial slip, see Figure 2.2 b), occurs with an increasing amplitude of oscillation,
where there is still a central region of stick and now an outer region where
plastic deformation of the surfaces occurs, termed microslip, but where there is
no rigid body motion between the bodies in contact. Partial slip can occur under
the action of a normal load alone, when surface particles displace tangentially
by different amounts, resisted by shearing tractions. This can take place if one
body is very much stiffer than the other, either because it is much a greater
bulk, or elastic constants differ [44]. Wear effects are small, but crack growth is

accelerated compared to that in plain fatigue.

When slip occurs only over part of an interface subjected to fretting, the border
between the two elastic bodies in contact may be divided into regions of slip
and non-slip or stick. Boundaries develop between these regions, the position of
which can move, possibly as a result of a change in the coefficient of friction
present, or because of changes in the local stresses accompanying crack

initiation [45]. It is at this point where fatigue cracks are expected to initiate.

Gross slip, see Figure 2.2 c), occurs when the amplitude of oscillation reaches a
critical value and the coefficient of friction drops from the static level to a lower
value corresponding to a kinetic coefficient of friction. The entire contact area is
subject to macroslip and severe surface damage by wear; however, fretting
fatigue cracks are continuously eliminated. The amplitude of slip at which
significant fretting wear occurs is between 10 um and 100 pm, above which the

wear rate is characteristic of unidirectional sliding [46].
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Under a gross slip regime, fretting wear is the prevalent damage mechanism,

whereas under a mixed stick-slip regime, fretting fatigue becomes the dominant
factor [47].
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Figure 2.2: a) Stick, b) Partial slip, c) Gross slip.

21.3 The fretting wear mechanism

In 1970, Hurricks [48] provided an extensive review of the mechanisms of

fretting, identifying the following three common stages:

1. The initial adhesion and transfer of metal:
2.  The production of debris in a normally oxidised state;

3. The steady state wear condition.

This was followed by the most widely accepted theory of fretting, based on the

following assumptions on the mechanical and chemical effects, as according to

Waterhouse [37]:

) Mating surfaces come into contact at high asperity points;

. Oscillatory slip causes cyclic shear stresses, which together with high
Hertzian stresses, induce local plastic deformation at these asperities;

. Micro welding or adhesion and fracture of the asperities results in fretting
debris and material transfer;

o Under corrosion conditions, the debris produced is harder than the base

metal and may cause abrasion.
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Adhesion results immediately from contact in the fretting process, following
which fine particles of debris break loose [35] from a tribologically transformed
layer formed during the very first cycles of fretting loading [49]. Investigations

have shown unusual dislocation structures in very heavily deformed surface
layers [17].

Protective oxide films are continuously abraded [50], hence the term ‘fretting
wear and the structure of the debris changes due to continuous oxidation of
these particles [51]. The formation of oxides accelerates the development of
fretting wear [52] and ultimately, the fretting action of two surfaces in contact will

result in the production of a fretting scar.

The disruption of an oxide film can allow metal-to-metal contact, further metal
transfer [45] and potentially local welding on a scale sufficient to produce high
stresses, due to tangential displacement, in a volume of material large enough

for definitive cracks to be developed [21].

214 Fretting wear damage

Depending on the conditions, fretting can result in the following forms of

damage:

. Pits;

o Oxide and debris;

e  Scratches;

. Material transfer;

. Surface plasticity;

o Subsurface cracking and/or voids;

o Fretting craters [18].
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Fretting can modify the structure of a surface in a number of ways [53]. The
fretting action of two surfaces can result in local welding, adhesion and metal
transfer across the interface between the contacting bodies, involving local
plastic deformation at asperity contacts with consequent surface roughening
[17]. This includes pitting due to the shearing of the welds giving rise to particle

detachment, and pits are known to be highly detrimental in the case of plain
fatigue [45].

As well as modification by means of plastic deformation, fretting can also lead to
attendant work hardening, the generation of heat and the possible over ageing
of age-hardened materials [53]. For ductile materials, a competition also ensues
between the formation of a tribologically transformed structure, particle

detachment and the nucleation of fatigue cracks [54].

Fretting damage ultimately leads to surface and near surface degradation that
produces a fretting scar and causes cracks to become nucleated at various
angles to the surface, which propagate under the appropriate conditions [18]. In
work by Alic et al. [565], no evidence for either delamination type processes or

any role of precipitate particles in initiating cracks was found.

The degradation modes of particle detachment and cracking are generally
achieved simultaneously, but depending on the fretting regime one or other

becomes predominant when comparing the behaviour of different alloys [56].

2.1.5 Influential factors in fretting wear

The amount of wear debris produced and surface fretting damage created by
contacting components, is a function of the contact conditions, including: the
contact pressure, the frequency of the axial load, environmental issues, the

contact geometry, the properties of the component materials and the amplitude

of the interfacial slip [17].

10
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21.5.1 Amplitude

The elimination of wear debris is greater at higher amplitudes, therefore wear
should increase with amplitude [57].

2.1.5.2 Contact

Wear depends largely on how debris is trapped in a contact [58]. It has been
demonstrated that there exists a critical contact size, below which, fretting has

no effect on fatigue life [59]. However, this appears to be affected by the
condition of the surfaces in contact, i.e. friction [60].

21.5.3 Cycles
Particle detachment starts at the first few strokes, but particle elimination can

take much longer depending on the contact conditions [57].

2.1.5.4 Environment

It has been suggested that wearing surfaces reach temperatures locally high
enough to affect properties, including the yield stress, that determine wear rate
[61]. It has also been shown that fretting damage itself is affected by
environmental conditions [62], [63], such as temperature and aqueous
solutions, as these govern the composition and flow of wear debris. At high

temperatures, protective surface oxide films develop; in aqueous electrolytes,

passive films are disrupted [46].

2.1.5.5 Frequency
Fretting is observed over a wide range of frequencies; even extremely low

frequencies can produce appreciable damage [40]. At low amplitudes, partial
stick occurs and material damage by surface degradation and crack initiation is
greatly accelerated by an increase in frequency. The volume of material

removed per cycle is little affected by frequency [64].

11
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2.1.5.6 Friction

A higher value of friction force causes higher shear stresses at the interface,
which can generate delamination cracks. However, an increase in friction can
also cause a decrease in slip, decreasing abrasive wear [65]. In addition, any

wear debris generated may contribute towards a lowered coefficient of friction,
thereby causing an increase in life.

2.1.5.7 Materials

Initial adhesion varies with the combination of the materials in contact, as can
be shown by the initial coefficients of friction observed [66]. The materials in
contact also govern the depth of the tribologically transformed layer and
subsequently the amount of wear debris that forms [58]. With some metals, the
wear debris produced oxidises rapidly and provides an abrasive that promotes
the fretting wear process, this is typical with steel specimens, where fine iron
particles have been found to cause surface damage [45]. However, sometimes
hard debris produced during fretting can actually form a third body between the

surfaces that acts like a roller bearing [17].

The severity of wear damage depends in part on the hardness of the oxides and
the parent materials as well [50]. Increased hardness of a parent material
causes a decrease in wear owing to the improved mechanical strength [65].
However, for any combination of components, surface damage from wear is
greater in the softer material. If metal transfer occurs from one component to

the other in a fretting assembly, then it is invariably from the softer to the harder

material [45].

21.5.8 Normal Load

The conflicting beneficial or detrimental role of oxide debris on wear depends in
part on the magnitude of the normal load. The removal rate of oxide debris
generally increases with increasing normal load, decreasing at higher loads

when the particles become compacted [67].

12
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If debris is retained then it will often occupy a greater volume than the material it
replaces and the contact pressure will also increase [45]. With a flat-on-flat

contact, the distribution of the contact pressure will evolve continuously [68].

21.59 Slip

Material damage is often linked to sliding conditions: generally, wear prevails
when the gross slip regime is established [69]. In the partial slip regime, metal-
to-metal contact is still maintained in the non-slip region; evidence of welding
and plastic deformation in this region has been established, as has proof of
work hardening and in some cases work softening in the surface [37]. With a
small slip range then fretting scars tend to be patchy with little fretting wear;
whereas at higher values of slip range, considerable wear is encountered over

the whole contact area [45].

With increasing slip amplitude, the depth of wear scars increases and wear
damage becomes more severe. At slip amplitudes of 45 um, adhesive transfer
and abrasion occur [70]. Scars on specimens having undergone gross slip tend
to be much deeper than those on generated in the stick-slip regime. In general,
the depth of a fretting scar increases as the relative slip increases under the

partial slip condition [60].

2.1.6 Palliatives and fretting wear

Methods of avoiding the detrimental effects of fretting wear are based on the

following two principles:

1. Avoiding metallic contact by structural design or non-metallic layers;

2 Surface treatment to improve surface wear resistance or to introduce

compressive residual stresses [71].
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2.2 FRETTING FATIGUE

2.2.1 An introduction to fretting fatigue

The effect of fretting on fatigue properties was first investigated in 1941 by
Warlow-Davies [72], who found a reduction in the fatigue strength of a steel of
up to 18% as a result of fretting damage. However, conjoint fretting and fatigue
investigations in 1953 by McDowell [73], showed that this action was much

more dangerous, producing strength reduction factors of more than 5 [17].

Fenner et al. [74] were among others to first present papers on fretting fatigue
at the International Conference on Fatigue in 1956. Fenner and Field [75] went
on to demonstrate that fretting greatly accelerates the crack initiation process,
occurring in only 5% or less of the fatigue life in total. They were among the first
to use the bridge type pad in their experiments [76], later adopted by others
including Edwards [77]. Milestone [78], introduced cylindrical fretting pads,

whereby the elastic stress fields may be calculated analytically.

By 1964, Hoeppner was applying his knowledge on the subject to a wide range
of engineering components [18] and from 1968, noticeable works were being
published by Nishioka and Hirakawa [79], [80], [81], [82], [83]. They reported the
existence of non-propagating fretting fatigue cracks and hence crack arrest, the
initial site and direction of fretting fatigue cracks, that a higher mean stress
reduces fretting fatigue life, that the amount of relative slip has an effect on
fretting fatigue life, and ultimately proposing a model for predicting fretting

fatigue life based on a knowledge of the slip amplitude, contact pressure and

materials involved [84].
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In 1971, the first International Conference on corrosion fatigue (the earlier term
for fretting fatigue), was held and in the 1970’s extensive research into the
fretting fatigue of aluminium and titanium alloys was initiated. The effects of the
environment and surface treatments were studied, and Endo and Goto [85]
applied the concepts of fracture mechanics to fretting fatigue. The majority of

the publications at this time were by Hoeppner and Waterhouse.

In 1981 a major book on fretting fatigue was published by Waterhouse [20] and
Edwards [77] published a paper on the application of fracture mechanics to
fretting fatigue. In 1982 another ASTM symposium was held, where papers on
fretting fatigue appeared once again. In 1985, Johnson [86] published his book
on contact mechanics and notable works were being published by Lindley and
Nix [87], [88], [89] on fretting damage formation and the application of fracture
mechanics to fretting fatigue. In 1986, Sato et al. published a number of papers
[90], [91], [92], [93], concluding that fretting accelerates the initial growth of
cracks and in 1987 works by Nowell and Hills [94], [95], were published. In
1988, Nowell [96] published his thesis on an analysis of fretting fatigue, Hattori
[97] published a paper on the application of fracture mechanics to fretting
fatigue, followed by Attia’s [98] summary of his works on thermal aspects of

fretting and testing.

In 1990 an ASTM symposium on fretting fatigue was organised by Attia and
Waterhouse and at the same time, a collaborative research programme began
at the University of Sheffield into the fretting fatigue fracture of artificially aged
BS L65 copper aluminium alloy. A biaxial fretting fatigue test facility was
developed, unique in its ability to directly control and maintain the normal
contact load on fretting pads despite any wear of the bridges or any material

deformation to a specimen to which a cyclic axial load was applied [99].
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The importance of friction in predicting fretting fatigue life was highlighted by
Faanes and Fernando [100], who also subsequently demonstrated that mode |
crack growth described fretting fatigue crack growth behaviour well, but
suggested that investigations of the influence of mixed mode crack growth be
carried out [101]. Meanwhile, Sheikh et al. [102] developed elastic stress
intensity factors for fretting fatigue using the finite element method. These works
were presented at the International Symposium on Fretting Fatigue held at the
University of Sheffield in 1994, organised by Waterhouse and Lindley. In the

same year, a comprehensive book on the mechanics of fretting fatigue was
published by Hills and Nowell.

The second ASTM symposium on fretting fatigue was organised by Hoeppner,
Vincent, Hattori, Lindley and Attia. Many analytical techniques had emerged to
assist in estimating fretting fatigue life, but by that time it was and still is,
necessary to conduct experiments to simulate fretting fatigue behaviour.
However, experiments had become more standardised and experimental
techniques had emerged that allowed the characterisation of fretting fatigue in
much greater detail than before. It was recommended that more work be done

in the areas of environmental factors and surface treatments [103].

In 2001, a third ASTM symposium was organised by Mutoh, Hoeppner, Vincent,
Hattori, Lindley and Attia. The process of fretting crack nucleation under fretting
wear was discussed and fretting fatigue life estimations were attempted based
on fracture mechanics, notch fatigue analysis and multiaxial fatigue parameters.
It was stated that small crack problems, especially those related to threshold
and under mixed mode remain [104]. Since then, a special issue of the Journal
of Strain Analysis has been published, with an editorial by Hills [105], noting that
quantification of the function of surface finish effects has yet to be found and
recognising that there has been a shift away from the ‘total life’ approach, to

one in which the two distinct phases of failure, crack nucleation and crack

propagation, are recognised.
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To date, the development of asymptotic methods to characterise the stress
fields found in fretting fatigue has received much attention [106], [107], [108]
and short crack arrest methodologies have been developed [109], which are
able to predict the arrest of fretting fatigue cracks from plain fatigue data.
However, in the future, the importance of microstructure should be realised and

there will be a need to predict fretting fatigue performance in the presence of
residual stress [19].

2.2.2 A definition of fretting fatigue

The surface damage produced by a fretting action can take the form of fretting
wear. However, the more damaging aspect of fretting is fretting fatigue, where
the fatigue strength of the material is also seriously degraded [45], as when one
of the members in contact is subjected to a cyclic stress. A cyclic stress is
required for a failure by fatigue, and a more damaging aspect of fretting is then

observed, namely the early initiation of fatigue cracks [17].

In reality however, the term fretting fatigue encompasses a range of conditions
from the mild contact tractions accompanying bulk stress amplitudes sufficient
to cause failure in plain fatigue, to severe fretting in the presence of relatively

low bulk stresses [110].

2.2.3  The fretting fatigue mechanism

In general fretting fatigue is a combination of two dynamic phenomena: wear
and fatigue [37]. Wear influences fretting fatigue in a number of ways, as
outlined in Section 2.1.3, not least in the alteration it produces in the contact
stresses [58]. However, the simultaneous action of the two phenomena initiates
micro cracks in the fretted region, whereby crack propagation is possible if
supported by an external stress field and may be accelerated by the wedging

action of any fretting debris [37].
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According to Hoeppner [18], the main stages of fretting fatigue are as follows:

Cohesion of the surfaces:;
The breaking of the cohesion:
Slip of the surfaces:
Production of fretting debris:

Corrosion of the fresh surfaces and/or debris;
Third body production:

S A < A

Generation of surface damage such as pits, fretting scars, subsurface
fractures and eventually cracks:

8.  Nucleation of cracks that may propagate at various angles to the surface,

depending on the loading conditions and the material, its microstructure
and texture;

9. Propagation of cracks that may be influenced by either friction forces or
debris or both, in their early stages of propagation, but may become
independent of contact conditions as they become longer in length;

10. Fatigue crack propagation that is independent of the conditions that
produce fretting;

11. Instability.

224 Fretting fatigue damage

Fretting fatigue leads to surface and near surface degradation that causes the

premature initiation and propagation of fatigue cracks [18].

Actual wear damage can be quite small [45]; however, the acceleration of the
formation of cracks near to the surface can decrease the fatigue strength of an

assembly by more than one third [12].

Fretting fatigue can affect significantly both the crack initiation and crack
propagation phases, depending on prevailing conditions. A full understanding of
fretting fatigue thus requires a consideration of the effect of fretting on the both

initiation and propagation phases on crack life [110].
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2.2.41 Crack initiation

The definition of the boundary between the processes of initiation and

propagation is complicated. Miller [111], defined the nucleation of damage as:

. The nucleation of a crack like defect by, for example, debonding of the
matrix inclusion interface:
. The crack whose length is in the order of microstructure size:

. The so called short cracks for lengths below which elastic fracture
mechanics cannot be applied.

From an experimental standpoint, initiation is often taken to encompass that
period of component or specimen life from the beginning of loading until an
observable flaw is detected. However, this is a function of the detection method

employed and of the experience of the user [110].

Crack initiation is a continuous process rather than a discrete event, taking
place over a period of time and involving the gradual accumulation of damage.

There is no specific point in time at which the damage becomes a crack [110].

The initiation of fretting fatigue cracks is a highly complex process and difficult
to determine. However, even visible fatigue cracks are initiated very early in the

life of a component [85] and some grow to be propagating cracks [112].

Fretting greatly accelerates the crack initiation process [45], thus the initiation
phase of fretting fatigue life is often, although not always, quite short [110],

resulting in much shorter fatigue lives.

In 1958, Fenner and Field [75] demonstrated that in fretting fatigue, initiation
could occur in 5% or less of the fatigue life, in 2006, Giummarra et al. [113]

found fretting cracks in the first 1% - 5% of total life.
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Other studies have demonstrated that small fretting fatigue cracks, typically of
up to 0.5 mm in depth, can be initiated rapidly within 5% - 10% of fretting fatigue
life [45] and at stresses considerably below the fatigue limit [114]. In plain

fatigue, crack initiation may account for 90% of the fatigue life in total.

It has been said that it is important to consider contact on an asperity scale
when attempting to describe fretting fatigue crack initiation [115]. This is
because crack initiation occurs on a microscopic scale, taking place at asperity
level in terms of surface roughness [45] within one, two or at most three, grains
of a polycrystalline material [110]. A detailed understanding of crack initiation
may thus only be achieved by a micro mechanics analysis, although some

progress can be made by considering bulk properties of the contact [110].

Another potential crack initiation mechanism is particle or defect induced crack
initiation, which is often observed in plain fatigue tests of high-strength
materials. However, it has been concluded from measurements of fretted
surface geometry, that grooves worn on a fretted surface are too shallow to
exert a notch effect. It has also been reported that fretting corrosion pits are not

stress concentration sites that initiate micro cracks in fretting fatigue [21].

It was once suggested that delamination may contribute to the surface changes
that accompany crack initiation in fretting fatigue. Indeed, in 1980 Gaul and
Duquette [116] concluded that fatigue strength could be reduced as a result of
the fretting wear process and that surface ductility exhaustion led to micro
cracks initiating beneath the surface. These micro cracks link to cause surface
delamination, with some micro cracks propagating in the opposite direction into

the substrate, leading to fatigue failure.
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Other researchers have since reported that fretting fatigue cracking is never
associated with areas of maximum fretting damage. Whilst surface delamination
and associated micro cracking are sometimes seen [117], it is also possible that
the martensitic transformation of the contact surface layer [118] and hardening
of subsurface layers due to delamination induced by fretting [37] may influence,

to some degree, crack initiation behaviour under fretting conditions [21].

Indeed, as fretting fatigue cracks generally initiate and propagate in specimens
where surface wear damage is minimal, it has been concluded that crack
initiation and growth in fretting fatigue is a process controlled by high alternating
shear stresses along persistent slip bands, on a contact surface [114],
promoted by combining tangential forces along the contact surface and
alternating bulk stresses. Shear stress amplitude appears to be a good
parameter for predicting the initiation of fretting fatigue cracks, although not of
ultimate failure [119]. Test evidence indicates that the stress concentration due
to tangential force in fretting fatigue is significantly higher compared to those

due to particles or defects [21].

Fretting fatigue damage is thus significant when combining fretting motion and
alternating bulk stresses, whilst a reduction of fatigue strength due only to
fretting wear is negligible [21]. In that respect, the dependence of crack initiation

on the surface or near surface stress state mirrors the behaviour observed in

plain fatigue [110].

A large degree of scatter in the initiation angle has been found along the length
of a contact by Proudhon et al. [120] using x-ray micro tomography and it is
suggested that the initiation angle of a fretting crack is strongly influenced by
the local microstructure. However, crack length measurements and micrographs
made of different aluminium alloys have indicated that there is no significant

difference in the fretting response of alloys based on their micro structural

characteristics [113].
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One method of determining the number of fretting cycles required to initiate a
crack that will propagate to failure is the completion of a two-stage test. In this
type of investigation a fretting device is applied for a certain number of cycles in
a fatigue test after which each specimen is then cycled to fracture or run out

under the same alternating stress without the applied normal force [17], [121],
[122].

A variation on this experiment is the test where a group of specimens are fretted
with the same number of fretting cycles, following which they are ground to
various depths before the test is continued in plain fatigue. Where the fretting
damage has been completely removed, a run out is achieved. In certain cases
removal of the fretting device leads to earlier failure by fatigue than if the device
were applied continuously. The reason for this is that the clamping pressure on
the fretting device results in compressive stresses at the tip of a crack which

retards its progress. The retardation is a function of the clamping load [17].

2.2.41.1 Sites
In mechanical joints with bolted or rivet fasteners, there are three main regions
of contact, i.e. between the fastener and surface of the hole in the panel,

between the two panels themselves and between the fastener head and surface

of the panel itself [5].

Different contact geometries have been employed in fretting fatigue tests,
including bridge type pads [76], [77], [99], cylindrical pads [123], [78], [96] and

variations of these.

No matter what the shape, crack initiation in fretting takes place at the surface
of the component. The presence of a contact imposes a severe stress
concentration at the surface, this being so localised, that the location of initiated

flaws such as micro cracks can often be predicted with some considerable

degree of certainty [110].
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In each case, the distribution of the pressure at the contact renders certain
locations in a contact area to be preferred sites for fretting damage, these

usually being at or near the edges [77], [123], [124]. Examples of initiation
locations with a flat-on-flat contact are shown in Figures 2.2 a) and 2.2 b).

Contact pad Contact pad

Snp . Nonslp - Slip

" ;hp% Nons“‘i*—**lt Slip |

Wear debris

Specimen
Specimen

Crack
Crack

Figure 2.2: Crack initiation locations for flat-on-flat contacts [21].

Microscopic studies conducted by Taylor and Waterhouse [125] showed that
the origin of fretting fatigue cracks is in the boundary between the slip and non-
slip region of the contact area. Alic et al. [55] also examined fretted regions by
means of scanning electron microscopy and found that cracks initiate at or near
the boundary of the fretted region where it is presumed that the highest stresses

and strains exist.

Wright and O'Conner [126] showed, by means of a finite element analysis, that
maximum contact pressure did not occur at the edge of the contact pad, but
started from somewhere inside, at the point of the maximum tangential force, a
factor of two or three times the average tangential force. Use of photo elasticity
techniques has also revealed a concentration of tangential forces in this region
[127]. Their conclusion was that the crack initiates at the point of the maximum

tangential force where the slip amplitude is also the largest [21].
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The s ; .

hape of a specimen also has an influence on the site of initiation. Where a
speci :

pécumen has a rectangular cross-section, the 90° corners themselves will have
regions of stress concentration associated with them and it is therefore to be

expected that cracks will initiate from these regions if the fretting pad extends

beyond the edge of the specimen, leading to a corner crack [17].

2242 Crack propagation

In fretting fatigue, the presence of intense cyclic surface friction forces virtually
eliminates any crack initiation period and considerably accelerates the early
phase of micro structural-dependant crack growth. The major part of fretting
fatigue life is therefore considered to be spent on the propagation of fatigue
cracks of the order of one grain size or more in length [128]. Visible cracks have
been detected as early as within 10% of fretting fatigue life [99], which clearly
indicates that the fretting fracture process is dominated by progressive stable
growth of cracks and that crack propagation constitutes the major part of fretting
fatigue life [85], [112].

The propagation rate of an initiated crack is greatly enhanced in the initial
stages of fretting fatigue crack growth. Indeed, fretting fatigue cracks grow
much faster in the early stages, than would be expected based on cyclic fatigue
stresses and material characteristics alone [129]. Thus propagation is much

increased by the fretting action [130].

The stresses induced by the contact can decay rapidly and the stress intensity
factor range may fall during the early stages of crack growth [119]. However,
this depth of influence of fretting on cracks and hence accelerated rate of crack
growth has been found to exist up to a length of 30 um — 60 pm [17], 100 pm
[85] and even up to depths of a millimetre [129]. The depth of influence does
depend upon test conditions such as environmental conditions, the materials

used and different nominal contact pressures applied.
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|n . . .
any case, it is these lengths up to which acceleration of the crack growth rate

due to tangential stress Is negligible and after which fretting has no influence on
any subsequent propagation [17].

Fretting fatigue cracks subsequently follow a distinctive path, growing to a given
depth by tangential stress combined with repeated stress and then propagate
with repeated stress alone prior to failure [85], as is shown in Figure 2.3,
utilising nomenclature recommended by Forsyth [131].

Contact pad

- ¥ : S ]
Specimen f “tége
Mixed mode { éﬁnég:'%‘ogtgge }
Mode | Stage i
{Opening mode)
Crack

Figure 2.3: Crack propagation paths [21].

2.2.4.21 Stagel
In Stage |, a crack will normally be quite short and will be making the transition

from the initiation phase, to the development of a proper crack straddling more
than one grain [99]. Stage | growth is normally associated with very localised
plasticity and the ratchetting of dislocations along persistent slip bands near the
tip of the crack, this process being primarily controlled by shear, the shear
stresses being predominant [45]. It is thus usually found that Stage | cracks
grow along planes of maximum shear, or near maximum if the preferred planes

are not oriented ideally, which for surface cracks lie at + 45° to the free surface

[110].
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In fretti ' :

. hret.tlng fatigue, cracks showing predominantly Stage | or shear mode
? aviour propagate in or near heavily deformed fretted regions, but show a

mixture of shear and tensile mode growth [77]. Stage | development of a crack

Initiated by fretting is also much prolonged compared with other fatigue failures
[17].

2.2.4.2.2 Stagell

Once a crack has reached a few grain diameters in size, the transition from
stage | to stage Il behaviour eventually takes place. It is Stage Il behaviour
which often dominates crack life, no endurance limit being obtained at 10’
cycles [85]. It is here that fracture mechanics techniques are often applied to
predict crack growth rates [110], as shown in Figure 2.4; Paris’ equation is
widely used [110].
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Figure 2.4: The threshold and stable stages of crack growth [110].

In fretting fatigue, small cracks initially propagate obliquely at a shallow angle to
the surface of a specimen under the combined action of tangential fretting
forces and cyclic body stresses, controlled by a combination of contact
conditions [45]. At depths of less than 300 pm, this fretting crack propagation
angle shows a weak correlation with the local microstructure. This behaviour is

related to the high stresses generated by the contact conditions [120].
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It is often reported that these cracks propagate at angles with respect to the
surface inclined at between 35° - 5Q¢ to the normal to the surface [17]. This
angle is often found to be smaller than 45° when using optical micrographs

[120] and when using X-ray micro tomography, stabilisation of the crack

orientation has been observed with a mean value of 25° [120].

The angles of these oblique cracks depend on factors such as the combination
of bulk alternating stress and contact pressure, contact width and contact
material, which all influence tangential stress and hence the stress state near
the contact region [21]. Oblique cracks growing to lengths of over 300 um [120]
and up to one mm [21], without turning perpendicular to the surface have been

reported. This early stage of crack propagation is significantly faster than the

speed of equivalent mode | cracks [99].

In Stage I, the characteristics of the plastic deformation within the process zone
ahead of the crack tip are controlled by a surrounding elastic field described by
stress intensity factors, and thus propagation in Stage Il is governed purely by
stresses [110]. These cracks are said to grow primarily as a result of mode |
loading, see Figure 2.5, at the crack tip. The stress intensity factor, K; or rather
the range of the stress intensity factor, AK; is used extensively to evaluate crack

propagation under mode | loading conditions.

The reported increase in the crack propagation rate of fretting fatigue cracks
may be due to the presence of a mode Il component. However, it is
acknowledged that there is a discrepancy in the fact that although a mode |l
component has been identified theoretically, one has yet to be determined
experimentally. The angled cracks could be due to a change in the principal
stress field, as under non-proportional loading the directions of the principal
stresses rotate, and the ratio between the principal stresses varies. Both the
choice of crack angle and coefficient of friction, will affect the principal stress

direction and hence mode | crack growth.
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For mixed-mode loading, the fatigue crack growth rate may also be expressed
by the Paris law, but the stress intensity factor range, AK; is replaced by an

equivalent stress Intensity factor range AK. see Equation 2.1. C and n are
material dependent constants.

da "

prvie C(AK,) Equation 2.1

Many methods for defining the equivalent stress intensity factor range AK, for
mixed-mode loadings have been proposed, but no universally accepted
approach exists. However, for a known, fixed angle, based on the addition of

Irwin’s elastic energy release rate parameters, AK. may be defined as shown in
Equation 2.2, substituting the often described Equation 2.3;

1

AK, = (GE)% = [AK,2 +AK,* +(1+0)AK,, P Equation 2.2

i

AK, i =Y, ymAoNm Equation 2.3

Here, G is the shear modulus, E is Young's modulus and AK,, AK; and AKj,
correspond to the range of the stress intensity factors for the three modes of

loading. Y,, Y, and Y); are geometrical factors which are functions of the crack
aspect ratio, the parametric angle defining the crack, Poisson’s ratio, v and the
loading conditions; Ao is a representative applied stress range and a is the

crack half-length.

Hills et al. [132] have used experimental data to calculate K; and K, factors for a
crack at a cylinder/flat contact and presented the information in terms of contour
maps; Sheikh et al. [102] utilised finite element techniques. The maximum value
of K, occurs when the crack is inclined at an angle of about 45° to the free
surface and from this aspect, growth under the contact is clearly favoured. The

calculated K; reaches a maximum for a crack approximately at right angles to

the free surface [45].
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Figure 2.5: The three modes of loading of a crack tip [110].

However, these fretting fatigue cracks propagate under the influence of a
contact stress field, which is limited in extent, having dimensions of the same
order as the contact itself [110]. Thus eventually, when a crack reaches a
certain depth, having grown beyond the immediate neighbourhood of the
contact, the influence of the contact stress field will diminish to such a level that
the crack will change direction under the contact, at which point tensile forces
will predominate, the situation will be essentially one of plain fatigue [110] and
further crack propagation will thus occur perpendicular to the applied stress
since the friction forces will then be insignificant [45]. Under fatigue propagation,
the crack path is observed to become very tortuous, exhibiting several straight

branches, which show that the propagation here is strongly influenced by the

local crystallography again [120].

2.2.4.2.3 Stage lll
Eventually a fretting fatigue crack, just as a plain fatigue crack, will become so

long that the crack tip plasticity zone will start to dominate the response. This
signals the third stage of its life when the high AK values cause acceleration in
the crack growth rate towards failure, as the maximum stress intensity in the

cycle approaches the fracture toughness [110].
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2.2.4.3 Crack closure

If the level of bulk stress in system is relatively low, a stress intensity factor
will fall with increasing crack length. In fretting fatigue, AK will reduce as a crack
grows away from a contact and the propagation rate will be reduced. In some
circumstances AK can fall below AKin so that the growth of the crack ceases

and the phenomenon known as self-arrest takes place [110].

For an inclined crack growing under a contact under mixed mode /| loading as
in fretting fatigue, a predicted crack closure condition is always a possibility. If
the transition from mode Il to mode | growth does not occur at an early stage in

life, then closure and a non-propagating crack are likely to result [45].

2.2.5 Influential factors in fretting fatigue

Depending on the parameters that influence fretting fatigue, a significant
reduction in fatigue life may occur as a result of fretting [18]. It has been
reported that up to fifty variables may influence the magnitude and rate of the
fretting fatigue process [133]. Since however, they are perceived to be the
parameters of greatest importance, the roles of frictional force, contact pressure
and slip have received particular attention [45]. Successful predictions of fretting
fatigue life have been made using only a few parameters including: the external
load, contact pressure, coefficient of friction and amplitude of slip.
Consequently, the concept of a primary set of variables has been proposed,
with a secondary set of variables being those which affect the fretting process
through changes these variables effect in the primary set [134]. Indeed, fretting
fatigue involves a highly complex interplay between mechanical, metallurgical

and environmental factors, their individual contributions being quite different

from those operative in plain fatigue [45].
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Although a wide range of factors affect the number of cycles required for

damage to accumulate, they can conveniently be grouped into three categories:

1. Mechanical factors such loads, the amplitude of micro slip,
coefficient of friction, etc.

2. Material factors, including the contact, surface finish and micro
structural properties of the material(s) in addition to ‘bulk’ properties
such as yield stress or fracture toughness;

3. Environmental factors, including the background temperature and

whether there are any corrosive agents present [110].

2.2.51 Mechanical factors

2.2.5.1.1 Axial load

Fretting fatigue tests with a fully reversed axial stress have resulted in longer
fretting fatigue lives, than those of tension-tension counterparts at a given
relative slip, tangential force range and axial stress range [135]. Mean stress
also has a much greater effect on fretting fatigue strength than on fatigue
strength. The effect of mean stress is more concerned with the propagation of

fatigue cracks than with the initiation of cracks by fretting [17].

The majority of investigations carried out on fretting fatigue make use of
constant amplitude stress cycles. It has been shown however, that the greater
the degree of randomness, the more damaging the results. It has also been
demonstrated that no non-propagating cracks are observed in fretting fatigue
tests where random stress cycles are applied, whereas such cracks are not

uncommon under conditions of constant amplitude [17].

A specific test on variable amplitude loading, has found that increasing the

contact pressure at low frequencies, reduces fretting fatigue life, but does not

have any effect at high frequencies [136].
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Also, the superposition of small amplitude, high frequency cycles on a low
frequency, large amplitude cycle, produced no definitive detrimental or

beneficial impact on fretting fatigue resistance, when compared with a high
frequency, constant amplitude test [137].

2.2.51.2 Frequency

Fretting fatigue lives at higher frequencies have been found to be less than
those from tests conducted at lower frequencies, with a larger difference being
noted at higher ratios of axial load [137].

Fretting fatigue failures in high performance turbo machinery are focussing
attention on to the effects that high cycle fatigue/low cycle fatigue tangential
load waveforms have on the surface mechanics and near surface stresses of
fretting contacts. A relationship has been found between the number of low
cycle fatigue cycles to failure and the relative high cycle fatigue frequency and
amplitude [138]. The fact that a reduction in fatigue strength is lower, the lower
the frequency, may be illustrated by the fact that in turbo generators, most

fretting damage is thought to occur whilst running up and running down [17].

2.2.5.1.3 Friction

There are two phenomena induced by fretting between two contacting surfaces:
wear and friction [21]. The coefficient of friction has been identified as the main
variable in the fretting process, with the effect that other variables have on the

fretting process being explained by the changes that these variables cause in

the value of the coefficient of friction itself [134].

The mechanisms of friction involve the fine geometric configurations of the
surfaces, as well as the physical, chemical and mechanical properties of the
transient layers. This complexity is increased by the changing character of the

friction phenomenon and the continuous changing of the surfaces due to wear

[139].
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An increase in the amplitude of the friction coefficient at a contact can intensify
the process of spalling [140]. Friction also has a significant influence over the
very early stages of crack growth [25]. Edwards [77] has shown that the

presence of friction forces can be important in determining the rate at which
short cracks grow.

Fretting fatigue damage is caused by the combination of friction stresses and
repeated stresses [141]. In fretting fatigue, an alternating stress in one of the
components of the contact results in an alternating strain and the only restraint
on the resultant fretting movement is the level of the coefficient of friction [17].
The significance of friction forces during fretting therefore primarily arises from
their effect on stresses near the contact zone [142]. The reduction in fatigue
strength due to fretting has been shown to be due to the added shear stress
which arises from the friction force between a pad and specimen [143].
Furthermore, as fretting fatigue cracks initiate at the highest point of tangential
force on a surface in the very early stages of fatigue life and as the frictional
behaviour between two components in contact controls the tangential force at
the surface interface, it is said that this is the dominant factor influencing crack

initiation and propagation and hence in reducing fatigue strength [21].

Under fretting conditions, stress changes exhibit some peculiarities that arise
from the non-linear nature of the friction involved [142]. In most cases, the
coefficient of friction is low initially, but within the first few hundred to thousands
of cycles, rises and then is maintained at a steady-state [143], [124], [144]. This
increase in friction has be quantified as increasing by over 300% during the first

50 cycles, whereas at 10° cycles, the coefficient of friction exceeded the first

cycle value by a lesser 180 - 240% [145].
However, the rate at which this increase is achieved and the values involved,

depends on the materials in contact [141] and an increase in the roughness of

the contacting surfaces from the fretting action [144].
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The plateau is due to a modification in the contact geometry and a balance of
wear debris [146]. Test results for a contact between aluminium alloy 2024

T351 have indicated that the steady state coefficient of friction ranges from
between 0.65 and 0.70 [147].

Friction logs are three dimensional graphs that present the variation in the
coefficient of friction versus displacement and time or number of cycles and
reveal the development of the coefficient of friction during a fretting fatigue test.

This allows the coefficient of friction to be correlated with other influencing
factors [148].

Friction is influenced by a number of other factors. The component materials
and the condition of the mating surfaces determine the variation of the friction
coefficient with the amplitude of slip and tangential stresses [5]. The degree of
adhesion that occurs between different combinations of materials can also be
shown by the initial coefficients of friction [66]. Thus the condition of mating
surfaces, their composition, surface roughness, residual surface stresses and
oxide or other surface films are important [17]. The number and size of any
surface asperities and the strength of interfacial debris particles are also
important [99].

Relative slip and normalised friction force are directly related to one another
[144]. An increase in the applied relative slip as well as the applied bulk stress,
and hardness of the contact materials results in an increase in the friction force
[144], [149]. The position of the boundary between regions of slip and non-slip

may move as fretting develops, in part because of changes in the coefficient of

friction as debris is formed [17].
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Friction stresses also depend on frequency [141]. An increase in contact load.
frequency and temperature decreases the normalised friction force [144]. The
coefficient of friction being smaller at higher frequencies is attributed to the
behaviour of oxide debris [150]. The magnitude of friction forces is controlled by

the cyclic variations in the applied loads, rather than the absolute magnitude
[151].

In general, as far as the damage is concerned, the higher the roughness of the
contact, the higher the coefficient of static friction that is observed [144] and the
depth of the damaged layer formed in the initial stages of fretting fatigue is
larger with a larger friction force [150]. Lowering the friction in a system is thus
one of the best approaches to alleviating fretting fatigue [25]. Contact materials

that contribute low friction coefficients are beneficial for fretting fatigue strength
[21].

2.2.5.1.4 Normal load

Normal load is an important parameter in fretting fatigue, as it has a direct
influence on life. According to results reported by Waterhouse [17], as the
clamping load is increased from zero, there is a dramatic fall in the fretting
fatigue limit. The fretting fatigue strength initially decreases with increasing
contact pressure, but at pressures greater than some critical value the fretting
fatigue strength is approximately constant. Switek [152] further demonstrated an
increase in fatigue strength at higher clamping pressures due to crack closure,

resulting from the introduction of compressive stresses at a crack tip, which

retards progress.

Faanes and Fernando [100] observed an increase in fatigue life for contact
loads above a certain level and through measurement of the friction in the

contact zone predicted the effect by a crack growth model.
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Nakazaw et al. [153] have shown that there is a minimum in the curve at low
clamping pressures, followed by a maximum, which has been attributed to the
stress concentration at the slip/non-slip boundary, which is greater when the
stick region is narrow, i.e. at lower clamping stresses [17]. A normal pressure
threshold in fretting fatigue was reported by Adibnazari and Hoeppner, where

there is a value after which increasing the pressure does not affect life [154].

Generally speaking however, the lower the clamping load, the lower the total life
[17], but below a critical normal pressure, fretting fatigue life increases as the
contact load decreases and so reducing the contact pressure in a system is one
of the best approaches to alleviating fretting fatigue [25], [124), [85]. For some
values of normal pressure, varying the shape of a load waveform has been

found to enhance the resistance of a material to fretting fatigue [155].

2.2.5.1.5 Residual stresses
Compressive residual stresses have a beneficial effect on fretting fatigue life,
reducing the rate of wear [156] and slowing down the propagation of micro

cracks which can lead to particle detachment [156].

Studies have shown an evolution of residual stresses in specimens initially free
of residual stresses with an increasing number of cycles. Initially, higher contact
loads resulted in higher residual stresses at the surface, but as the number of
fretting fatigue cycles increased, compressive residual stresses increased and
then stabilised. The fretting action in the contact region can thus be regarded as

having the same deformation mechanism as low plasticity burnishing [157].

However, studies on specimens in which a layer of compressive residual
stresses has been introduced prior to testing, have shown that stress relaxation
of 20% at less than 10,000 cycles is achieved [156]. Indeed, Nowell et al. [19]

have acknowledged that there is a need to predict fretting fatigue performance

in the presence of residual stresses.
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2.2.5.1.6 Slip

Under the influence of cyclic stresses, cyclic strains result in slip occurring
between contacting surfaces. In fretting fatigue, it is the partial slip regime that
is of importance and it so happens that this is the most likely situation for fatigue

cracks to initiate [17]. It has been shown that full slip takes place in the first few
hundreds of cycles of a fretting test [77].

The amplitude of slip between two surfaces has a significant influence on the
initiation process [158]. At low amplitudes of slip, fretting is mild and long fatigue
lives are recorded and the wear rate is correspondingly low [110]. When total
slip occurs, wear is the predominant feature, but the initiation of a propagating
fatigue crack is less likely [17]. One possible explanation for this is that any
crack nuclei are being continually worn away and the accumulation of debris

may act as a solid lubricant [159].

Generally speaking, fretting fatigue strength decreases with an increase in
relative slip amplitude [21], [160], [149], with a critical slip range, at which
fretting fatigue life is shown to be a minimum [124], sometimes observed in the
region of 50 — 60 um [161], [162]. Fretting fatigue life then increases with a
further increase in the relative slip range due to the transition in the fretting
regime from partial slip to gross slip [160] and associated material removal

[161].

This effect however, is dependent on the magnitude of the normal pressure
applied. For example, for one given normal pressure, the fretting fatigue life for
one steel has been shown to decrease with increasing slip amplitude, whilst for
another steel, the fretting fatigue life changed little with the amplitude of slip. At
a lower normal pressure though, a minimum fretting fatigue life was observed in
both materials at a slip amplitude of 20 um [70]. Under certain load conditions

the critical amplitude for an aluminium alloy has been shown to be

approximately 8 um [37].
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Controlling slip is said to be a valid method of improving fretting fatigue strength
[25]. It has been reported that crack formation can be prevented or retarded by

ensuring that slip occurs over an entire contact [163].

However, whilst it has been shown that slip displacement can have an effect for
a sliding contact [108], when fretting fatigue takes place under full slip, the
contact stress distributions are uniform, hence there is no correlation between

slip amplitude and the mechanical loading and thus crack growth behaviour
[146].

If mechanical loading in terms of the stress intensity factor of a fretting crack
varies with the degree of partial slip in the contact, then this is because the
distribution of contact shear stress changes with different sizes and locations of
the stick zone. The slip amplitude should thus be seen as a secondary effect

and not as a direct cause to changes in fretting fatigue crack behaviour [146].

It has recently been stated by Dini and Hills, that if the primary variable
controlling crack propagation is the state of stress and that nucleation is also
controlled by the range of stress suffered, then there is no clear reason why the

range of slip displacement should be relevant at all [108].

2.2.5.2 Material factors

2.2.5.2.1 Contact
The distribution of contact stresses across a contact is dependent on the

geometry and material properties of the components in contact and [146] the
distribution of contact stresses has a significant effect on fatigue life [77]. The
type of contact involved is also an important fretting fatigue parameter, as it

governs the confinement of debris [58].
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Bramhall [59], showed that the fretting fatigue strength of an aluminium alloy
was doubled when a pad with machined grooves was used as a fretting contact.
The position where cracks develop depends on the nature of a contact too [17].

Cracks invariably initiate at the edge of a contact zone [124], or a slip/non-slip
boundary within the contact region [17].

The geometry of the fretting pads utilised in fretting fatigue tests and models
has been varied. Flat [76], [77], [99]; nominally flat with rounded corners [164],
[162]; conical [164]; cylindrical [162]; and spherical [165], the latter two being
the most popular in recent years. Flat contacts are unpopular nowadays, due to
the singularity which appears at the edges, where the stresses are theoretically
infinite; furthermore, the friction force produced on the surface of the pad
generates a moment in the bridge, which can result in the uneven distribution in
the contact stress [165]. Flat ended fretting surfaces may be modified by wear
though [146], as due to high stress concentrations at the edges of the fretting
pad, the surface of either the specimen or the fretting pad, or both, may be
worn, so that concentration of stress is reduced. Neither of these issues arises
when employing a cylindrical or spherical pad. There are however, few real

cases of fretting fatigue where this type of contact actually exists.

Fretting fatigue life has been shown to be independent of the contact
configuration though, although this is not true of the surface profile of the fretting
scar [162]. However, fretting fatigue life has been found to vary with contact size
[109]. Nowell and Hills [158] emphasised that fretting fatigue crack initiation will
only occur when a critical contact width is exceeded [17]. It has been shown
that the wider the contact width at a given normal pressure, the shorter the
fatigue life at a given alternating stress. Furthermore, the value of the normal
pressure required to initiate a crack is lower the broader the contact width [37].
Another critical contact size is also said to exist, whereby fatigue lives are

longer than 10’ cycles [109]. The effect of contact width appears to be affected

by the surface condition, i.e. coefficient of friction [60].
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According to lyer [166], the contact semi-width is a function of the contact

preéssure and does not itself have any effect on fretting fatigue life. However,
this work has been disputed by Hills and Nowell [167].

2.2.5.2.2 Materials

An awareness of changes in material properties, including strain hardening and
a reduction in toughness during testing is necessary to understand changes

observed in material behaviour during fretting fatigue [58].

Microstructure is a major factor in the fretting fatigue behaviour of a material,
particularly the microstructure of the surface. However, the fretting process itself
can modify that structure since both plastic deformation with attendant work
hardening, as well as the generation of heat, with the possible over ageing of

age-hardened materials can occur [53].

Different degrees of surface damage are possible with different contact
materials [17]. In general, alloys which derive their enhanced mechanical
properties by work hardening or age hardening are likely to suffer greater
reduction in fatigue strength in fretting than cast or annealed materials [53].
Alloys with the highest stress-life fatigue properties exhibit a greater reduction in
fatigue strength due to fretting, the total fretting fatigue life being primarily

determined by the fatigue crack propagation resistance of the alloys [113].

In most cases, a good choice of material can only delay or modify the formation
of fretting damage, but cannot do away with it completely [58]. Reactive metals
rely on protective oxide films to provide lubrication; however, fretting continually
disrupts such layers, giving a much enhanced effect in conditions normally
considered non-corrosive [17]. Low notch sensitivity and a high degree of
fracture toughness can also be important. Materials that are less prone to
fretting damage in this respect are cast or annealed components; however, the

low strength of these materials makes them unsuitable structurally.
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Materials in contact with steel that are likely to cause the least damage included
pure aluminium and copper. Part of their usefulness is thought to be their high

thermal conductivity, which dissipates the heat generated in the contact region
[17].

The conventional method of establishing the important variables which can
affect fretting fatigue has been to generate S-N curves, with and without fretting,
thereby allowing fretting fatigue strength reduction factors to be established.
This method is particularly important for ranking various combinations of
materials in terms of fretting fatigue performance; an indication being given of
material combinations where significant fretting problems will arise or which
should be avoided altogether [17].

As far as ceramics and polymers are concerned, there is limited information on
their fretting fatigue performance. The static and cyclic fretting fatigue strengths
in ceramics are almost coincidental when the friction force is the same [149]
and data on fretting wear suggests that they are very wear resistant, this being
due to their hardness and very low reactivity [168]. The elastic moduli of fibre
reinforced polymers are far lower than those of metals. Amplitudes of slip
recorded in fretting fatigue experiments conducted with these polymers can be

as high as 700 um and thus any damage may therefore be associated with

wear [17].

2.2.5.2.3 Surface finish
Nominally flat surfaces are never so in fact, the contact between them is likely

to be discontinuous, probably macroscopically due to waviness of the surfaces
and microscopically owing to the texture of the surfaces [169]. Depending on
the surface finish, the contact area may be made up of a large number of
discrete small areas, or a few large regions [37]. Therefore, local regions of

contact between high spots are likely to behave as spherical surfaces in contact

[169]. o
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It is said that it serves no useful purpose to specify the state of a surface as this
will change from the first few cycles [139]. However, as analysis of a rough
contact predicts a larger value of overall apparent contact size, the difference
diminishing as pressure increases and a rough contact tends towards a smooth
model. Furthermore, as pressure increases, the average asperity spacing falls

while the average asperity size increases, which affects the slip [115].

In plain fatigue, the fatigue strength of a specimen decreases with increasing
roughness, whereas the contrary is true in fretting fatigue [170]. This may be
explained by the fact that a rough surface will have a lower surface strength in
shear than a smooth surface, the reduction in fretting fatigue strength therefore
being dependent on the radii of the asperities [171]. However, Proudhon et al.
[172] report that crack initiation appears very sensitive to surface quality, a
higher roughness leading to a lower value of the tangential force needed for

crack initiation.

An increase in surface roughness is observed in specimens subjected to fretting
fatigue under conditions of stick-slip, but surface roughness does not show an
appreciable change under gross sliding. However, in order for a surface
roughness methodology to be more acceptable as a means of evaluating
fretting fatigue damage, more measurements to cover the whole of a fretting
scar and further investigation of specimens under different fretting fatigue

conditions is necessary [173].

Eddy current and ultrasonic wave techniques are used to detect cracks due to
fretting fatigue damage. However, major problems with these methods are the

presence of surface roughness and irregularities caused by fretting fatigue

[173].
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2.2.5.3 Environmental factors

Friction and wear behaviours have been shown to be affected by environmental
factors. In fretting fatigue, materials have a much greater sensitivity to their

environment compared with plain fatigue [53]. The environment is a contributory

factor in the initiation and propagation of cracks.

The effects an environment may have on the development of fretting fatigue

cracks and their propagation to failure can be summarised as follows:

. The effect on the coefficient of friction between two contacting surfaces.
Reducing a coefficient of friction renders crack initiation less likely, this
being achieved, for example, by encouraging the growth of protective
corrosion products as in high temperature oxidation.

) The effect on the propagation of any cracks that are formed. In protective
atmospheres, including a vacuum, or where cathodic protection has been
applied, propagation will be retarded, despite the fact that in some cases a

coefficient of friction may have been increased [17].

2.2.5.3.1 Aqueous electrolytes

In fretting, oxide films are continuously disrupted and rapid attacks can occur.
The reduction in the strength of such materials in a corrosive environment such
as sea water may be not much greater than in air, because the corrosive

agents, oxygen and water vapour, are present in both environments [17].

In sea water a coefficient of friction will be lower and there will be a cooling
effect, both of which will have an influence on crack initiation. However, once
initiated by fretting, cracks grow at a faster rate in sea water than in air [174].
Entrapping liquid in a crack can enhance growth rate, keeping the faces of the
crack apart under load [173]. An application of cathodic protection can reduce
the propagation rate of a crack and can even retard it, this prevention of crack

closure being due to the deposition of calcareous deposits within it [17].
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2.2.5.3.2 Atmosphere

In tests conducted both in a vacuum and in air, the average friction coefficient,
the surface roughness and wear rate were all lower in a vacuum [176]. There

have been reports of a tenfold increase in fatigue life in a vacuum [177].

2.2.5.3.3 Humidity

Aluminium alloys are extremely sensitive to humidity, an increase in water
vapour accelerating both the initiation and propagation of fretting fatigue cracks
[128]. The effect of humidity on fretting fatigue has been attributed to its own
influence on coefficients of friction, which are related to the shear strength of an
oxide under high contact pressure, which in turn, is related to the heat of
formation of the oxide [178]. In dry air the number of cycles required to initiate a
propagating crack can be increased by several factors and the total life of a
specimen increased significantly, when compared with those results achieved

under normal operating conditions [17].

2.2.5.3.4 Temperature

The fatigue properties of materials are generally reduced as their temperatures
are raised because of decreases in yield strength. However, exposing metals to
high temperature oxidising atmospheres may promote the formation of a
protective oxide on certain high temperature alloys, which brings about a large
reduction in the coefficient of friction and the wear of the surfaces [179]. This

more than compensates for any reduction in fatigue strength incurred.

The effect of low temperatures on the mechanical properties of metallic
materials can be significant. From investigations into the fretting wear of copper
and stainless steel, it is known that at low temperatures the coefficient of friction
that exists between two surfaces will rise to a very high value because of the
effects of severe adhesion. No loose wear particles are produced, but the

considerable surface damage can be attributed to the absence of oxide films

[180].
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2.3 SHOT PEENING

2.3.1 An introduction to shot peening

Hand peening was undertaken to improve the durability of battle helmets,
armour and weaponry thousands of years ago, as has been highlighted in
review papers by Longhorn [181] and Cary [182]. However, the use of peening
to improve specifically the material properties of components does not appear in
the literature until the 1920s, by which time the peening of automotive
components had become common practice [183]. In the mid 1920s it was
observed that automotive castings that had been sand blasted clean showed
increased fatigue resistance. It was not until 1927 that shot peening as a
process was first documented, Herbert [184], describing the ‘cloudburst
process’ which was used to increase the hardness of metals by raining steel
balls down onto them. A German patent on steel shot blasting was
subsequently published in 1929 [185].

The use of shot peening to improve fatigue resistance was first documented in
1935 by Weibel [186], who described an increase in life of shot blasted steel
wire. The first systematic study of the many process parameters involved was
undertaken in 1940 by Zimmerli [187], who investigated the influence of
variables including: time and the diameter of the shot, on the fatigue behaviour
of shot blasted steel springs. The influence of shot blasting on the fatigue
resistance of aluminium alloys was first undertaken by Wiegand [188] and in
1943, Almen [189], [190], [191], introduced a device for measuring the intensity

of a shot peening treatment, regardless of the input parameters, which has

become the standard process control.
The residual stresses in shot peened parts were determined quantitatively for

the first time in 1945 by Milburn [192] and a book on the relationship between

residual stresses and fatigue was published by Almen and Black [193] in 1963.
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Almen also formed the Society of Automotive Engineers’ committee on shot

peening; the first international conference on shot peening was held in 1981

and has occurred every three years ever since.

2.3.2 The shot peening mechanism

In the shot peening process, shot is accelerated by means of compressed air
for example [194] and is then projected onto a component, striking the surface
at a high velocity and imparting up to 90% of its kinetic energy to the target
material [195]. The degree of deformation undergone by the target material is

related to this transfer of energy and the material properties involved.

At the surface beneath the shot, the material deforms permanently, plastically.
Further below the surface, an elastic response is observed and further still
below the surface there is no effect. The elastically deformed layer
subsequently attempts to relax as the shot rebounds, but is restrained by the
plastically deformed material, the result being that a compressive residual
stress is established at the surface, decaying with depth until a point at which
they become tensile, as the material has to achieve a state of equilibrium in

terms of internal forces and moments.

2.3.3 Shot peening effects

Shot peening deforms material plastically, leaving small craters [27]. This
surface mechanical treatment results in three key changes in the surface and
subsurface of the target material, related to the shot peening parameters and
material conditions [196]. The performance of shot peening in terms of fatigue

depends on the balance between these beneficial and detrimental effects.
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2.3.3.1 Micro hardness

An increase in micro hardness has been observed due to shot peening [197],
which has been attributed to changes in the microstructure [198], including
distorted grains and an increase in dislocation density [199]. Micro hardness is

not seen as being particularly influential on fatigue life.

2.3.3.2 Surface roughness

The dents sustained by shot peening lead to a change in surface roughness, a
measure of which is given by the depth and average spacing of the indentations
incurred [200]. Generally, a rougher surface yields a shorter fatigue life [71] and
the level of roughness created by shot peening does affect how much gain is
otherwise made as a result of the process [201]. It has been shown that a
similar improvement in fatigue life achieved by shot peening can be achieved by
means of burnishing, where the resultant compressive stress is less, but there

is @ smoother surface finish [202].

2.3.3.3 Residual stress

The plastic deformation and subsequent restrained elastic material caused by
shot peening results in compressive residual stresses. The scale and depth of
these compressive residual stresses have an influence on fatigue [203].
Residual stresses are believed to be the dominant factor in improving fatigue
life through shot peening [196], inhibiting crack propagation [204]. Solis-Romero
[197] has analysed the influence of shot peening parameters on the creation of

residual stresses and required fatigue lives.
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2.3.4 Influential factors in shot peening

There are six primary process parameters which are used to describe a shot
peening condition [205]. The angle of incidence, media and velocity are
controlled directly and adjusted to obtain the desired values of the coverage,

intensity and saturation, which need to be measured in calibrating test runs.

The selection of shot peening parameters will depend on factors such as: the
residual stress field desired in the subsurface layers, the geometry and material

of the component and the system of forces to which the component will be
subjected.

2.3.41 Angle of incidence

The angle at which shot impacts the surface material, has an effect on the
surface finish, including the shape of the dents incurred. When the shot is fired
at an angle of 90° to the surface, the resulting degree of plasticity is greatest
and the indentations the deepest [206], with circular contours. If this angle is

reduced, then the plasticity decreases and the dents become more elongated.

2.3.4.2 Media

Shot peening media varies in size and should be spherical to avoid sharp dents;
there are specifications in industry which govern this [207]. An extensive range
of materials are used, including: glass or ceramic beads, steel wire and cast
iron or steel balls [208], the latter being the most widely used due to favourable
material properties, including a high elastic modulus and hardness, which

increase the transfer of energy from the shot to the surface.
Glass and ceramic beads are less dense, but their use results in a good surface

finish, which is preferential for fatigue resistance, but costly in terms of

breakages. There is a need for high quality shot in peening [209].
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However, all types of shot can wear or fracture and it is suggested that peening
can then be detrimental to fatigue performance [210]. It is not recommended to

use steel shot to peen aluminium, as iron pick up ruins the corrosion resistance.

2.3.4.3 Velocity

The velocity at which media travels to the surface material is very important, as
it governs the kinetic energy transferred to the material on impact. The
component of the velocity normal to the surface material controls the intensity
[211], see Section 2.3.4.5. However, although the velocity of shot can be
controlled by air pressure, measuring the velocity of shot is difficult and a

parameter has not yet been established for process control.

2.3.44 Coverage

Coverage is a description of the percentage of a surface area covered by shot
in a given time. Complete coverage is deemed to have occurred when coverage
reaches that maximum which is achievable theoretically, 98% [212] and
coverage quoted at over 100% refers to the condition where a multiple of the
time taken to achieve 98% coverage has been applied. At least 100% coverage
is recommended for improved fatigue performance [213], but 200% coverage is

preferable to ensure the saturation of residual stresses.

2.3.45 Intensity

The amount of kinetic energy transferred by a given particle of shot to a target
material is referred to as the intensity [214]. The intensity in peening is
measured using Almen strips and an Almen gauge [215]. Strips of nominally flat
spring steel, or more recently, an aluminium alloy [212], are peened and the
resultant arc height measured in the gauge. The level of intensity is given as a
measure of the height, together with a letter denoting the type of strip used, as

these come in three different thicknesses.
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However, the same level of intensity can be achieved using a heavy shot at a
low velocity and a lighter shot at a higher velocity, with differing consequences
In terms of surface features and therefore for fatigue resistance. Also, different

residual stress distributions can be obtained for the same level of intensity
measured [213].

2.3.4.6 Saturation

Almen intensity is defined as the point at which saturation occurs [207], i.e. the
point at which doubling the exposure time produces a less than 10% increase in
the arc height [208]. However, saturation may be attained before 100%

coverage is achieved, in which case further peening may be desirable.
24 SHOT PEENING AND FRETTING FATIGUE

241 An introduction to shot peening and fretting fatigue

Shot peening has been widely used as a palliative in fretting fatigue [23] for
many years [216], being one of the most effective methods of reducing fretting
damage [28]. As it should always provide alleviation of a fretting fatigue
problem, shot peening is also often used in conjunction with other palliative
treatments [23]. The resultant improvement in the fatigue life of a specimen can
be over 22% [28] and it has been reported as being as much as 300 % [217].
However, the effects of shot peening on fretting fatigue have yet to be fully

understood or quantified.

In 2001, de los Rios et al. [218] utilised the fretting fatigue test facility at the
University of Sheffield to begin work on investigating the mechanisms of crack

initiation and failure in unpeened and peened specimens.
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24.2 The mechanism of shot peening and fretting fatigue

In designing against fretting fatigue, two strategies may be adopted, either the

conditions under which cracks are initiated must be suppressed or conditions of
self-arrest must be contrived [219].

Beard [25] has concluded that the increase in the fretting fatigue durability of
components achieved by shot peening, is either due to the influence of peening
over the principal fretting factors or a result of the improvement of resistance to
crack nucleation. Gordelier and Chivers [23], agree that crack propagation is not
significantly affected, as the residual surface compressive stresses are only
introduced to a depth of some 0.3 mm [220]. Rather, the compressive stresses
in and close to the surface offset the tensile part of the stress cycle and hence

inhibit crack initiation.

Von Tein and Seibert [221] have shown that shot peening returns titanium to a
previously unfretted strength. Waterhouse et al. [29] have shown that shot
peening restores the fretting fatigue strength at 10" cycles to the value of the
normal fatigue strength without fretting as well and it was thus concluded that
shot peening does not prevent the initiation of cracks by the fretting action, but

markedly inhibits their propagation.

Fouvry et al. [222] agreed that the introduction of compressive residual stresses
appears pertinent against crack propagation, but ineffective against crack
nucleation due to the activation of surface relaxation phenomena. de los Rios et
al. [223] reported that the resultant increase in fretting fatigue life achieved by

shot peening is caused by both retarding crack initiation and decreasing the

crack propagation rate.
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de los Rios et al. [218] have ascertained that the mechanisms of crack initiation
and failure are different between peened and unpeened conditions in fretting
fatigue. In unpeened specimens fretting fatigue cracks always take the form of
three-dimensional, semi-elliptical, surface cracks and at low contact pressures

only one crack initiates and propagates to failure, whereas at high contact
pressures multi-crack initiation occurs [218].

Bignonnet [28] has found that shot peening shifts the fretting fatigue crack
initiation point from the surface to an internal defect, thus improving the fatigue
strength at the surface. de los Rios et al. [218] determined that in peened
specimens, cracks initiate both at the surface and at the subsurface of
components and failure is always associated with a single subsurface crack
originating from the corner and propagating as a quarter elliptical crack. All
surface cracks are subsequently substantially retarded or arrested by the effect

of the compressive residual stresses left after shot peening [218].

The difference therefore, in crack propagation in unpeened and peened
conditions, is that while in the former, surface cracks soon join to form a
common front and propagate as a through thickness crack, in peened
specimens they are so significantly retarded by the compressive residual
stresses, that they seldom join before a failure crack subsurface overtakes
[218]. Shot peening therefore, is effective in preventing the growth of fretting
fatigue cracks up to a critical size, where the stress intensity factor would

otherwise be high enough to propagate the crack to failure [28].
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243 Influential factors in shot peening and fretting fatigue

As was stated in Section 2.2.5, it has been reported that up to fifty variables
may influence the magnitude and rate of the fretting fatigue process [133].
Since, however, they are perceived to be the parameters of greatest

importance, the roles of frictional force, contact pressure and slip have received
particular attention [45].

2.4.3.1 Friction

The coefficient of static friction increases during the earlier part of a fretting
fatigue test and then reaches a constant value due to an increase in the
roughness of contact surface from the fretting action; the higher roughness of a
surface from shot peening increases the coefficient of static friction still further
[144].

Controlling the surface finish by means of shot peening can control the
coefficient of friction to some degree and changes in the interfacial friction can
be beneficial, but whether this parameter should be increased or decreased
depends on a number of factors [23]. Gordelier and Chivers [224] have
considered how changes in the coefficient of friction influence fretting fatigue
performance, but the conflicting results, dependent on the type of contact and
loading applied, only go to highlight the complexity of the problem. This

phenomenon warrants further investigation.

2.4.3.2 Normal load

de los Rios et al. [218] determined that shot peened components have a similar
dependence on normal load conditions as unpeened components. However, the
increase in the fretting fatigue durability of components is particularly marked at
low contact stresses, while at high contact stresses, the difference between

peened and unpeened specimens is not as discernible.
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2433  Slip

Lee and Mall [160] discovered that shot peened specimens have longer fretting
fatigue lives than unpeened specimens for a given range of relative slip, but the

minimum fatigue life found is at the same value of relative slip for both
conditions.

244 The effects of shot peening on fretting fatigue

As was stated in Section 2.3.3, shot peening results in three key changes in the
surface and subsurface of the target material [196] and the performance of shot

peening in terms of fatigue depends on the balance between these beneficial

and detrimental effects.

2441 Micro hardness

Shot peening increases surface hardness and increasing surface hardness is
an advantage in fretting fatigue, if it implies an increase in the strength of the
surface layers [17]. Increasing the hardness of a surface means that the
material will be better able to resist the high strains arising locally from the
fretting action [29]. However, it has been shown that work hardening really has
only a minor role in improving fretting fatigue life [29], Mutoh et al. [225] among
others stating that as cracks are known to initiate in the very early stages of

fretting fatigue life, the effect of hardening of the surface layer is really rather

insignificant.

2.4.4.2 Surface finish

The success of using shot peening as a palliative to improve fretting fatigue life
can be attributed in part to an increase in surface roughness [226], [26],

although the increase in surface roughness produced by the process is

considered to be of secondary importance [28].
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Waterhouse and Trowsdale [170] have found that surface roughness reduces
fretting fatigue strength when compared with a polished surface, but that the
greater the roughness thereafter, the higher the fatigue strength. This increase
in fretting fatigue strength with increasing surface roughness has also been
observed by Watanabe et al. [226], and Harris [227] has shown that in the case

where especially heavy peening is applied, plain fatigue strength can be

reduced, whereas fretting fatigue performance is still improved.

de los Rios et al. [218] have shown that the difference between the fretting
fatigue durability of peened specimens with a rough finish compared with
peened and polished specimens is dependent on the normal pressure applied.
The durability of rough peened specimens is higher than that of polished
peened specimens when a contact pressure of medium magnitude is applied.
One possible explanation for this is that for a rough surface the contact area is
reduced and with it, the possibility of crack initiation. However, when the contact
pressure is low, the fretting fatigue life of a polished specimen is significantly
higher, indeed approximately twice as great as that for a roughly finished
component. One possible explanation for this result is that test conditions
incorporating low contact pressures are close to those for plain fatigue tests,

where a high surface roughness decreases fatigue durability.

On the other hand, an experimental programme to separate the effect of
residual stress and surface roughness carried out by Bignonnet [28], showed

that when residual stresses are relieved, fretting fatigue behaviour is similar to

that observed with ground specimens.

Mutoh et al. [225] have found that when steady state wear is attained, the

roughness of fretted surfaces of both polished and as peened specimens

becomes almost identical; in the region of 6 pm to 8 um. Therefore, the

increase in surface roughness by shot peening can not have an important role

in improving fretting fatigue strength.
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Benrabah et al. [156] have stated that the beneficial effect of a residual stress
induced by shot peening is in fact limited by the opposite effect of a modification
to surface roughness also due to the shot peening process. A shot peened
surface, will ensure that lubricants are retained more successfully than with a

smooth surface though, thus enhancing the effectiveness of such applications
[25].

2443 Residual stress

The success of using shot peening as a palliative to improve fretting fatigue life
can largely be attributed to the introduction of a compressive residual stress

induced by the shot peening process [29].

Surface compressive stresses act to reduce the initiation and early propagation
of cracks generated by imposed fatigue and fretting induced cyclic loads [23].
Introducing a compressive stress into the surface layer will offset the tensile
stress generated by the sliding contact [23] and will result in less wear than
where the stresses are tensile [170]. The initiation of fatigue cracks requires the
attainment of a critical magnitude of local cyclic plasticity at the crack initiation
site and the critical level required depends on the mean stress. This is more

difficult to achieve at a shot peened surface, primarily due to the compressive

residual stresses induced [218].

Compressive residual stresses can reduce the magnitude of the far field stress
[28], [29] and block the growth of small surface cracks [28]. de los Rios et al.
[218] have stated that crack propagation through the peened depth is also

hindered due to the crack closure effect of compressive residual stress.
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However, the magnitude and depth of compressive residual stresses varies
immensely in line with varying shot peening conditions. Mutoh et al. [225]
recorded a maximum residual stress of 420 MPa at a depth of just 0.1 mm and
Chivers and Gordelier [24] have concluded that crack propagation is not

significantly affected by shot peening, when residual surface compressive
stresses are introduced to depths of only 0.3 mm [220].

In any case, it is necessary to adapt the shot peening conditions in relation to
the distribution of the loads applied. The larger the contact size for the shot
impact, the deeper the compressive stress field must be [222]. An optimum
peen depth for a component that undergoes fretting will exist and be affected by
the bulk and contact loads and the coefficient of friction, which affect the
stresses at the edge of the contact, as well as the material properties and peen
conditions [228].

Care should be taken in employing any shot peening technique. Chivers and
Gordelier [24] found that by only peening two faces of a rectangular test section,
a flow of material around the corner of the specimen gave rise to a re-entrant
stress raiser from which cracks initiated, although when fretting pads were put
in place, the associated contact stresses dominated the failures. It is also

important that any compressive residual stresses are not relieved [228].

Whether or not shot peening is employed, most surfaces contain residual stress
fields, but these are frequently ignored in the analysis of fretting fatigue and

there is a need to predict fretting performance in the presence of residual

stress, if the stress is significant [19].
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25 OBJECTIVES

It is proposed that a comprehensive experimental and analytical study of shot
peening effects on fretting fatigue is conducted, to develop of a mathematical
model to predict fretting fatigue life.

In order to quantify the parameters that control the fretting fatigue phenomena,
it is proposed that an experimental programme be carried out first. This work
will involve conducting a series of constant normal load tests, at varying axial
loads, which will provide an insight into the fretting behaviour of aluminium alloy
2024 T351, which is widely used in the aerospace industry, and aid in
developing a full understanding of the influence of fastener clamping forces on

fretting fatigue.

Few have investigated the true mode by which a palliative influences fretting
damage and the effectiveness of palliative treatments reported are often
contradictory or misleading [25]. The repetition of these tests under shot peened
conditions will then quantify the effects of the surface condition. Shot peening
produces a roughened surface texture. The effect that this has on the friction

forces involved is not yet fully understood and residual stress is frequently

ignored in the analysis of fretting fatigue [19].

The data from the test programme will aid in the testing of a model constructed
to predict friction and fretting fatigue life and the benefits of shot peening: a

change in surface roughness and the introduction of a compressive residual

stress.

The development of general methods is important [22] and so the ultimate aim

is to develop a model with simple, accessible inputs that will not require the

detailed instrumentation on an aircraft.
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The objectives for this research are thus to:

1. Investigate the fretting fatigue life of aluminium alloy 2024 T351 in contact
with aluminium alloy 2024 T351 as a function of normal pressure and
cyclic axial stress for unpeened and peened components;

2. Investigate the friction forces developed by aluminium alloy 2024 T351 in
contact with aluminium alloy 2024 T351 as a function of normal pressure
and cyclic axial stress for unpeened and peened components;

3. Investigate the evolution of the surface damage incurred by fretting for
unpeened and peened components;

4. Explore the relationship between surface roughness and friction, with a
view to predicting friction force from fretting damage;

5.  Further develop the work of Faanes and Fernando [101] and predict
fretting fatigue life of unpeened and peened components using Linear
Elastic Fracture Mechanics for a crack normal to a surface, by
incorporating the mode | and mode Il stress intensity factors for fretting
fatigue cracks devised by Sheikh et al. [102] by means of a finite element
procedure;

6. Further develop the work of Faanes and Fernando [101] and predict
fretting fatigue life of unpeened and peened components using Linear
Elastic Fracture Mechanics, by incorporating a model for the friction
component;

7 Further develop the work of Faanes and Fernando [101] and predict the
fretting fatigue life of shot peened components using Linear Elastic

Fracture Mechanics, by incorporating a model for the residual stress

component.
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EXPERIMENTAL METHODOLOGY

3.1 INTRODUCTION

The aim of the experimental programme was to conduct fretting fatigue tests on
aluminium alloy 2024 T351 under closely controlled conditions, to aid in the
understanding of fretting behaviour of this material, the influence of fastener
clamping forces on fretting fatigue and to determine the benefits obtained by
shot peening the contact surface. A comprehensive test programme with
specimens and pads of aluminium alloy 2024 T351 was completed for a range
of six constant normal loads and three fully reversed axial loads for the

unpeened condition and three constant normal loads and three fully reversed

axial loads for the peened condition.

Friction forces were measured and the number of cycles to failure recorded for
each combination of normal and axial load administered. Once an
understanding of fretting fatigue life for both types of specimen had been
established, a series of tests was also then performed for proportions of those
lives, so as to study the evolution of the fretting scar. The extent of the surface
damage was explored using a laser profilometer, the resultant surface profiles

were then analysed utilising a program written in Visual Basic, from which

maximum notch widths and depths were determined.
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Studies of the fracture surfaces themselves were carried out using a Scanning

Electron Microscope (SEM). The results achieved were compared with those
from other test programmes [99], [218].

Historically, an experimental set-up for fretting investigations involves cyclically
loading a specimen, whilst pressing symmetrically placed bridge type pads to
either side of the test surface, providing a constant normal force by means of a
proving ring, but neglecting the Poisson’s effect and the effect of wear. When an
elastic material is subjected to tension, the diameter of the material decreases,
conversely, increasing when subjected to compression. Thus the applied

normal load can only be approximately constant.

In 1989 a collaborative research programme began at the University of Sheffield
into the fretting fatigue fracture of artificially aged BS L65 copper aluminium
alloy and a biaxial fretting fatigue test facility was developed. This was unique in
its ability to directly control and maintain the normal contact load on fretting
pads despite any material deformation to a specimen to which a cyclic axial
load was applied or any wear of the bridges [99]. Importantly, friction and slip
associated with the contact of individual pad feet could be measured which
enabled a thorough study of the damaging effect of friction in fretting crack

growth for both micro-slip and macro-slip regimes [99].
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3.2 THE FRETTING FATIGUE TESTS

3.2.1 Test rig

The fretting fatigue tests were performed on a Mayes BI-AX 200 biaxial
machine, Figure 3.1, in the Lea Laboratory at the University of Sheffield. This
machine has a rigid, vertical frame, which incorporates four servo-controlled
hydraulic actuators, two on the horizontal axis for axial loading and two on the
vertical axis. The vertical actuators provided a normal load to bridge pads via
steel ball bearings, loading blocks and rollers. The BI-AX 200 is capable of a
maximum dynamic load of £ 200 kN and maximum stroke length of 50 mm; the
dynamic performance is such that at 200 kN a 0.4 mm stroke can be achieved
at 22 Hz. A single servo valve controls each pair of actuators, so that
symmetrical loading may be applied. However, to ensure this is achieved on the
vertical plane a counterbalance was employed to support the weight of the

lower actuator rod and grip, previously equated to a load of 786 N [229].

1;' ¥ 1

Figure 3.1: The BI-AX 200 Mayes.
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3.2.2 Grips

The specimens were fixed in line between the two horizontal actuators, in grips
screwed to the ends of the actuator rods, Figure 3.2. The specimens were
clamped between two plates at each end, preloaded to a bolt torque of 60 Nm,
creating the necessary friction to apply a maximum cyclic load of + 80 kN [229];

the specimens were aligned with two locating pins.

Figure 3.2: The grips.

The grips were constructed in such a manner as to eliminate backlash, and
machined from EN24 (T) steel so as to sustain a maximum cyclic load of + 200
kN whilst ensuring against fatigue failures. Sacrificial plates were inserted
between the grips and the specimens to protect the grips from fretting damage.
Guide plates on each horizontal actuator ensured that the specimens always
stayed on the vertical plane and displacement stoppers were set to ensure thét
the centre of the specimens always remained in line with the vertical axis, as in

load control the actuators tended to settle back against either one of the

actuator ends [229].
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The experimental set-up was designed in such a way as to aid the alignment of
the normal load applied. Loading was applied to the bridge pads positioned on
either side of the specimens by means of flat blocks set into grips screwed on to
the upper and lower actuators, identical to those used on the horizontal axis.
These pressed on to steel ball bearings cupped in loading blocks on the
underside of which were seated a pair of rollers, which in turn rested on the
bridges themselves. The rollers allowed for a symmetrical distribution of the
normal load to each pad foot, but had to be aligned with each of the pad feet to
avoid any bending of the bridges. Finally, Pressurex® film was used to check
the distribution of the normal load; the colour of the film inserted under the
bridge feet had to be the same colour under all four bridge feet and that colour
uniform along the length of each strip. A schematic illustration of the loading

arrangement is depicted in Figure 3.3.
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Figure 3.3: The loading arrangement.
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The axial stress, o,, on the specimens was measured from a load cell attached
to one of the actuators on the horizontal plane. The normal stress, o, on the
bridge pads was controlled from a load cell attached to the upper actuator on

the vertical plane and monitored by means of more sensitive, independent load
cells sited in each of the grips.

At a range of 20 kN, the gain of the feedback loops was found to be sufficient to
correct the vertical load changes caused by minute transverse displacements of
the test frame experienced in previous test programmes, which meant that a

constant normal load was ensured [229].

3.2.3 Control and acquisition

Each axis of the Mayes BI-AX 200 has a separate hydraulic power supply, load
cell, displacement monitor and digital control unit, such that independent
management of the axes can be achieved under either modes of load or

displacement control.

The digital control system was specially commissioned for this research and
supplied by the Denison Mayes Group. Two Rubicons, one for each axis, were
used to supply command signals and control the test conditions, ensuring, for
example, the magnitude of the normal load exerted by the upper and lower
actuators on the vertical axis. Although independent, these controllers were

synchronised so that there were no phase difference errors between the axial

and normal loads.

Specially designed software, XYPlot+, was utilised to control the inputs and
outputs, with settings being made via a graphical user interface on a pair of
computer monitors and a shut down procedure being automatically initiated

when the distance between the horizontal actuators became greater than the

length of the specimen held.
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Real time information was visible on the computer screens. Data was typically
sampled at a rate of 250 or 350 points over a period of between 25 to 75 cycles
for every input every 300, 600 or 1,800 seconds and was recorded on a pair of

hard drives for ease of processing; this could be viewed in specially designed
software, XY Plot+ and da/dN.

Real time information provided included: a) the number of cycles administered;
b) the displacement of each of the actuators on each axis; c) the load applied
on each plane; d) the distance maintained between two actuators on the same
plane; and e) via a series of independently calibrated strain gauges and bridge

amplifiers, the friction associated with the upper and lower bridge pads.

The raw data files generated by the Rubicons were subsequently processed to
extract the minimum, maximum and average values over the 250 to 350 data
points recorded every 300 to 1,800 seconds. A programme was written in
Microsoft Visual Basic specifically for this task, see Appendix B, utilising

Microsoft Excel as the user interface, an icon being added to the toolbar when

run.

On initialisation, the user is presented with an instruction sheet and is prompted
to open one of the ASCI files generated by the Rubicons. A series of forms
necessitates the entry of the number of data points recorded per cycle, the
location of key data on the worksheet, including the location of the first row of
data and the column containing time and the number or numbers of the
columns to be analysed. Another then informs the user of what calculations are
being carried out and points to where the results are being saved; a calculations
worksheet is added to the workbook. For every data set from each test, the start

and end times, cycle numbers, and maximum, minimum and average friction

forces were thus listed, with the last line in the file being the final number of

cycles to failure.
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3.3 THE SPECIMENS

3.3.1 Design

A specimen is depicted in Figure 3.4: the geometry of the specimens in Figure
3.5. These were of a flat, hourglass design, selected to fit the existing test
apparatus and with a test section such that the cross-sectional area was the

same as that used in previous experiments [99].

Enlarged cross sections at either end of the specimens meant that the nominal
axial stresses experienced in these regions were approximately 47% of those in
the centre section. This reduction in stress should be sufficient to ensure that
fatigue failures would not occur in the grips. Reamed holes at either end
provided a means for locating the specimen in the grips of the test rig and the
fillet radii from here to the test section were such that stress concentration
factors in these areas were sufficiently low so that failure would always initiate
from the fretting pads. The nominal length of the specimens was 190 mm,; the

test section was of rectangular cross-section, 8 mm x 20 mm in size [229].

The specimens were cut from the centre of a thick aluminium plate, the tensile
axis machined along the direction of rolling. It was of great importance that flat
surfaces were achieved to tolerances as depicted in Figure 3.5, as this was

essential for proper pad contact. The specimens were also wiped clean with

acetone before any testing took place.
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Figure 3.4: The specimen.
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Figure 3.5: The specimen (all dimensions are in mm).
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Normal load was applied to the specimens by means of two symmetrically
placed bridge pads. A bridge pad is depicted in Figure 3.6; the geometry of the
bridge pads in Figure 3.7. The dimensions of these were selected so as to be

identical to those used in the majority of previous experiments.

Figure 3.6: The bridge pad.

Each bridge had two feet 1.27 mm in width and 1.00 mm in height and a pad
span of 16.5mm. Ensuring the same cross section for both the specimens and

the pads was necessary in order to maintain the same slip amplitude under

identical loading conditions.
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Figure 3.7: The bridge pad (all dimensions are in mm).

Strain gauges were bonded to the upper and lower surfaces of the bridges, in
between the bridge feet, see Figure 3.8, the signals from which were used to
measure the friction forces. Each bridge was independently calibrated utilising a

Hounsfield Tensometer; example calibration curves for a top and bottom bridge

pad pair are shown in Figures 3.9 and 3.10.

Figure 3.8: A strain gauge on the upper surface of a bridge pad.
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Figure 3.9: The calibration curve for a top bridge pad.
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Figure 3.10: The calibration curve for a bottom bridge pad.
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Bridges were reused over several tests; however, the bridge feet were reground
to remove any fretting debris and ensure a flat surface and cleaned with

acetone between tests. Each bridge was used approximately five times.

3.3.2 Materials

The material investigated was aluminium alloy 2024 T351, a material widely
used in the aerospace industries for its good strength to weight ratio. The major

alloying element for alloy 2024 is copper; the chemical composition of alloy
2024 is given in Table 3.1.

Table 3.1: The chemical composition of aluminium alloy 2024 [230].

Si Fe Cu Mn Mg Cr Zn Ti Unspecified Al
(%) (%) (%) (%) (%) (%) (%) (%) (each) | (total) | (min)
0.5 05 |[38-49]|03-09(12-18| 0.1 0.25 0.15 0.05 0.15 rem

Code T351 refers to the means by which the alloy has been tempered. The
prefix T3 indicates that the alloy has been solution heat treated, cold worked
and naturally aged to a stable condition; digits 5 and 1 indicate that no
straightening has been applied to the product after it has been stretched to

relieve any stresses. The resultant mechanical properties of aluminium alloy

2024 T351 are located in Table 3.2.

Table 3.2: The mechanical properties of aluminium alloy 2024 T351 [230].

Tensile strength |  Yield strength Elongation Hardness Shear strength | Fatigue strength
(MPa) (MPa) (%) (HB) (MPa) (MPa)
470 325 20 120 285 140

Figure 3.11 is of the microstructure of aluminium alloy 2024 T351 from [231]
and clearly shows the elongated grains and second-phase particles as well as a

dispersion of finer precipitate which form during the aging treatment.
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Figure 3.11: Microstructure of aluminium alloy 2024 T351.

The contacting bridge feet were manufactured from BS S98 steel or aluminium
alloy 2024 T351. The former of the resultant material combinations has been
used extensively in fretting experiments [232], [99] and the latter has been

previously documented as well [233].

3.3.3 Shot peening parameters

All four sides of the rectangular test section were shot peened for the constant
normal load test programme for peened specimens; none of the bridge feet was
treated, as the deformation caused would have been too great. The shot
peening parameters utilised are shown in Table Table 3.3 and were selected as
a result of a concurrent investigation being carried out at the University of

Sheffield [197], these were described as being optimum for the fatigue

performance of aluminium alloy 2024 T351.

Table 3.3: Shot peening parameters.

Shot Angle Mass Flow Rate|Traverse Speed Hgight Pressure Cov?rage
(type code) (°) (Ib/min) (mm/s) (in) (Mpa) (%)
S110 45 10 125 6 50 200
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The majority of the parameters were selected based on observations of residual
stress profiles, Figure 3.12, work hardening Figure 3.13 and surface roughness.
The residual stresses were determined using an incremental hole drilling
method and then utilising the incremental strain method to determine the

residual stress profile from the measured strains [197].
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Figure 3.12: The residual stress profile for 2024 T351 optimised shot peening
° parameters of spherical cast steel shot type S110 [205] at 200%
coverage and an angle of incidence of 45° [197].
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Figure 3.13: The micro hardness profile for 2024 T351 optimised shot peening
parameters of spherical cast steel shot type S110 [205] at 200%
coverage and an angle of incidence of 45° [197].

3.4 THE TEST PROGRAMMES

341 Test conditions

In this test programme the specimens were subjected to a sinusoidal cyclic axial
stress with a stress ratio, R (omin/omax), Of -1, at a frequency of 20 Hz. This

meant that 1.0x10° cycles took almost 14 hours. However, the control of the

loading was proven at this frequency.

The amplitude of the axial stress applied to the steel bridges was 100 MPa and
ranged from 70 MPa to 125 MPa for the aluminium bridges. The normal
pressure was maintained at a constant level during each test within the range of
10 MPa to 120 MPa for the steel bridges and 10 MPa to 100 MPa for the

aluminium bridges. All testing was performed at room temperature.
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3.42 Loading

3.4.21  Control test programme

A series of three fretting fatigue tests was carried out with bridge pads
machined from BS S98 steel in flat-on-flat contact with specimens machined
from aluminium alloy 2024 T351 whilst the test facility was being established.
Details of these tests can be found in Table 3.4.

Table 3.4: The load conditions for the fretting fatigue tests on aluminium alloy
2024 T351 in contact with BS S98 steel.

Specimen Normal stress Normal load | 1/2 normal load| Axial stress Axial load
(no.) (MPa) (kN) (kN) (MPa) (kN)
17 40 0.813 0.406 100 16
13 80 1.626 0.813 100 16
14 120 2.438 1.219 100 16

Failure was defined as the fracture of the specimens, rather than the

achievement of a given crack length.

3.4.2.2 Constant normal load test programme

A constant normal load test programme for the unpeened specimens was
devised for a total of eighteen tests, with six different normal pressure and three
different axial stresses. However, in practice a total of thirty-nine tests was
performed either for reproducibility or from repeating tests that suffered
equipment failure. Details of the twenty-eight tests completed successfully can
be found in Appendix B in tables B.1a, B.1b and B.1c. The axial and normal

stresses given are obtained assuming a uniform stress distribution.

Once the constant normal load test programme for the unpeened specimens
was completed, a similar, but reduced programme was devised for the shot
peened specimens. A total of nine tests, with three different normal pressures

and three different axial stresses was carried out. Details of these tests can be

found in Appendix B tables B.2a, B.2b and B.2c.
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3.4.23  Fretting fatigue crack measurement

A significant amount of time was spent in attempting to measure fretting fatigue
crack growth employing a direct current, potential drop technique as used in
previous work [234]. Using this method, the resultant increase in the electrical
resistance of a cross sectional area as a crack extends is monitored. The
potential difference between two points set either side of the crack rises and this

potential increase is compared with a reference potential and thus crack length

determined from suitable calibration curves.

Previously designed jigs [234] were mounted onto the grips, whereby four pairs
of spring loaded lead wires were pressed onto either side of the specimen
directly under each bridge foot. A current was passed through the specimens,
insulated from the grips and the change in the electrical potential was measured
in turn at each potential crack site. Since a total of sixteen pairs of leads was
used on a specimen, it was necessary to switch between these signals
appropriately to measure the required outputs, this being achieved by using a
Time Electronics 9812 24-channel programmable switch unit. The resultant

readings were disappointing due to the degree of noise.

The usefulness of the measurements taken was limited by a number of other
factors as well. The application of a suitable calibration curve is an issue for
example, particularly in fretting fatigue. There are a number of theoretical
calibration curves based on: solutions to Laplace's equation for specific
boundary conditions of a given specimen geometry, Johnson's formula applied
to compact tension, centre cracked tension and single edge notched bend

specimens and Gilbey and Pearson’s solution, not to mention calibration curves

produced by means of finite element analyses.
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However, the shape of a crack front is not considered in any of these models
and is random in fretting fatigue. The complex load arrangement and interaction
of wear and failure mechanisms in fretting fatigue also means that experimental
calibration is necessary and there was insufficient time to complete this process
satisfactorily for every condition observed in this programme. In any case, the

development of a fretting scar makes monitoring short cracks very difficult.

3.5 THE FRETTING FATIGUE SCARS

3.5.1 Evolutionary tests

In order to understand better the evolution of the fretting scar, a series of
seventy-two interrupted fretting fatigue tests was devised for a tenth, quarter,
half and three quarters of the total fretting fatigue lives found for both the
unpeened and peened specimens. These were conducted at three normal
pressures, 10 MPa, 40 MPa or 60 MPa and 100 MPa, these being the minimum
previously applied, the maximum previously applied and that which yielded the
shortest life for each axial stress. Three axial stress amplitudes, 70 MPa, 100
MPa and 125 MPa, were tested as before and all other test conditions were
maintained. A new specimen and pair of bridges were used for every test so as
to avoid issues of realignment and the disturbance of fretting debris. The details
of the tests successfully completed with unpeened specimens can be found in

Appendix C in Tables C.1a, C.1b and C.1c and with peened specimens in
Appendix C in Tables C.2a, C.2b and C.2c.
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3.5.2 Surface roughness measurement

Fretting scars have been studied using white light interference profilometry
[235], hence an ADE Phase Shift MicroXAM™ surface mapping microscope
was initially applied to gain three dimensional images of the wear scars.
However, due to limitations of the technique due to variations in reflectivity, a
Mitutyo Surftest model 301 with a mechanical stylus was used to measure the
surface roughness profiles of the fretting scars, the objective being that
dimensions of resultant wear features be extracted from the data. Traces from
profilometers have been utilised to understand better the effect of initial surface
roughness on fretting fatigue life [170] and to accommodate rough contacts in

fretting fatigue analyses [115].

Although surface roughness profiles are relatively simple and inexpensive to
obtain, errors inherently occur when using a mechanical stylus. The radius of
the stylus in this case was 5 um, which meant that no information was gathered
on the geometry of features with an aperture of less than 10 um in diameter. It
was for this reason that after an initial test period, a laser profilometer was
sought, Figure 3.14. A laser profilometer allows for non-contact characterisation
of surfaces in the ranges of micrometres, with a wider scan area than with a

standard confocal microscope, which typically has a resolution of between 0.2

pm and 0.5 pm.
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Figure3.14: The UBM laser profilometer at the Materials and Engineering
Research Institute, Sheffield Hallam University.

Each specimen resulting from the evolutionary test programme was
subsequently placed on a stage under a laser beam with a spot size of 1 ym, 2
mm from the lens and was moved by the stage while the sensor transmitted
data on the relative heights to a measurement control unit. The data from each

scan were saved to a computer file for later analysis using the data

manipulation software UB Sofft.

For each specimen, twelve scans were conducted. This was because each
specimen had four scars, two from the upper contacts and two from the lower
contacts and for consistency, each scar was traced in three different places, at
the front, middle and back of each test section. This resulted in a total of 144

profiles for the unpeened specimens and 144 profiles for the peened

specimens.
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3.5.3 Surface roughness analysis

Specially developed software was subsequently used to analyse the profiles
generated by the profilometer; whereby significant features were identified. This
programme was written in Microsoft Visual Basic and utilises Microsoft Excel as
the user interface. This code can be found in Appendix D. Data on the
maximum notch depth found, the length of that notch and the height of the
highest peaks either side of that notch were recorded. These measurements

were taken from a base line of 0 mm.

First, the profiles were levelled about a centre line. Each measurement, yy, was
considered to made up of two parts: the ‘true’ measurement, yr and the ‘error’ in
the measurement resulting from the fact that specimens lying on the bed of the
laser profilometer were not level, ye. The true measurements were therefore

determined by means of Equation 3.1.

Yr =Yu — Vi Equation 3.1

It was assumed that y7 was not a function of x and that therefore any change in
yum as a function of x was as a result of the error ye. The error, yg, was therefore
estimated by performing a regression of the measurement yy against its row
number to determine the values of m and ¢ in Equation 3.2, where x is the

horizontal measurement in units of rows. The value of mx+c was then simply

subtracted from measurement ym.

y=mx+c Equation 3.2

The last step was to standardise the measurements such that the average
measurement was zero. To do this, the average difference of the

measurements from zero was found and this number subtracted from each

measurement.
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Next, Gaussian smoothing of the data, Equation 3.3, was conducted for several
different standard deviations, 4, 8, 12, 16, 20, 24 and 30; the higher the
standard deviation, the smoother the curve. To calculate the smoothed value of
x at point /, a weighted sum was used over all the points in the range of / - 120
to i + 120. Each point was weighted by a Gaussian function such that the further

a point was from x, the less it contributed to the smoothed value of x:

27

i+120
,\',- =
-1

X

- exp(—(x; — xj)2 /26%) Equation 3.3
20 o

j=i

A smoothing constant, o, of 20 produced smooth profiles, but which did not hide
any major features in the data, see Figures 3.15 and 3.16. For consistency, a

value of 20 was used to smooth every data set.
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Figure 3.15: A surface roughness profile using a smoothing constant, o, of 30.
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Figure 3.16: A surface roughness profile using a smoothing constant, o, of 20.

To locate the maximum depth of a scar, the most negative value in the data
after smoothing was selected. To find the width of a scar, the last point at which
the curve crosses the x-axis before the minimum value and the first point at
which the curve crosses the x-axis after the minimum value were located and
the distance between these values calculated. The maximum value of the data

before the scar and the maximum value of the data after the scar were also

recorded.

The program collated these values and produced a set of individual records,
including plots of the smoothed profiles and close ups of the areas of interest;

the means and medians for every combination of load and proportion of life

were saved to a separate file.
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3.6 THE FRACTURE SURFACES

3.6.1 The Scanning Electron Microscope

Once the fretting fatigue tests were complete, the fracture surfaces were
sectioned off from the main body of the specimens, cleaned in an ultrasonic
bath and mounted on to backing plates; these were subsequently examined
using the CAMSCAN MK II, Scanning Electron Microscope (SEM) in the
Portobello Centre at the University of Sheffield, Figure 3.17.
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Figure 3.17: The CAMSCAN MK 1, Scanning Electron Microscope.

A SEM creates images by focusing a high energy beam of electrons onto the

surface of a sample and detecting signals from the interaction of the incident

electrons with those of the surface of the sample. The type of signals gathered

in a SEM varies and can include secondary electrons, characteristic x-rays and

back scattered electrons [236].
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In this research secondary electron imaging was used, this being the standard
mode for this SEM, the resulting signals being rendered into two-dimensional
intensity distributions producing high-resolution images of the fractured surfaces

at a range of magnifications from 20 to 5,000 times; these were viewed and

saved as digital images on a computer.

The characteristic three-dimensional appearance of these images was useful in
aiding an understanding of the surface features of and damage to the
specimens; indeed the use of scanning electron microscopy in the investigation

of the fractography of fretting wear and fretting fatigue is well documented [237].
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RESULTS

4.1 INTRODUCTION

Forty fretting fatigue tests were completed in the constant normal pressure test
programme. The fretting fatigue life of aluminium alloy 2024 T351 in contact
with aluminium alloy 2024 T351 was determined as a function of normal
pressure and cyclic axial stress for unpeened and peened components. In all
cases there was a considerable reduction in fatigue strength, although less so

for the peened condition. These results are presented in Section 4.2.

The sections that follow detail the subsequent analyses performed to explore
some of the other influential factors. Some data on the friction forces developed
as a function of normal pressure and cyclic axial stress were recorded and
relationships between normal pressure and friction force and normal pressure

and the friction ratio were established for the unpeened condition.

Following a further seventy-two fretting fatigue tests, surface roughness profiles
of two hundred and eighty-eight wear scars were obtained. The surface damage
was explored and the widths and depths of the wear scars were determined.

There was a difference between the surface damage incurred by fretting for the

unpeened and peened condition.
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Subsequent examination of the free surfaces using a scanning electron
microscope, revealed further detail of the considerable wear due to the surface

contact. The wear scars indicate regions of stress concentration that could be
responsible for the fast initiation and propagation of fatigue cracks.

4.2 FRETTING FATIGUE TEST RESULTS

4.2.1 Life

A total of forty fretting fatigue tests were conducted in the constant normal
pressure test programme, with the primary aim to investigate the effect of a
normal pressure on fatigue life. The influence of normal pressure on life was
clear, as in all cases there was a considerable reduction in fatigue strength due

to fretting.

4211 Control

At the start of the test programme, three tests were conducted using a BS S98
steel bridge with a pad span of 16.5 mm, in flat-on-flat contact with aluminium
alloy 2024 T351 specimens; this was to validate the experimental set-up. The

resulting cycles to failure are shown in Table 4.1.

Table 4.1: The number of cycles to failure for the fretting fatigue tests with a BS
S98 steel bridge in contact with an aluminium alloy 2024 T351

specimen.
Specimen Normal stress Normal load | 1/2 normalload| Axial stress Axial load Cycles to failure
(no.) (MPa) (KN) (kN) (MPa) (kN) (no.)
17 40 0.813 0.406 100 16 190,709
13 80 1.626 0.813 100 16 99,232
14 120 2.438 1.219 100 16 238,499
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The results attained were comparable with data reported by Faanes and
Fernando [100] for a BS S98 steel bridge with a pad span of 16.5 mm, in flat-
on-flat contact with BS L65 4 % copper aluminium alloy specimens under the

same load conditions, Figure 4.1, thus negating the need to repeat all previous
tests.
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Figure 4.1: A comparison of the number of cycles to failure determined from this
research and by Faanes and Fernando [100] for fretting fatigue tests
with a BS S98 steel bridge in contact with an aluminium alloy 2024
T351 specimen subjected to an axial stress amplitude of 100 MPa.

4.21.2 Unpeened

Experiments using aluminium alloy 2024 T351 in flat-on-flat contact with
aluminium alloy 2024 T351 were performed after the control test programme.
The fretting fatigue lives for the constant normal pressure test programme of

these thirty-one unpeened specimens are given in Appendix E, tables E.1a,

E.1b and E.1c.
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A summary of the results attained at axial stress amplitudes of 70 MPa, 100

MPa and 125 MPa using unpeened aluminium alloy 2024 T351 in flat-on-flat

contact with unpeened aluminium alloy 2024 T351 is given in Figure 4.2.
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Figure 4.2: The experimental results for fretting fatigue tests conducted with an
aluminium alloy 2024 T351 bridge subjected to a range of normal
pressures in contact with an aluminium alloy 2024 T351 specimen
subjected to axial stress amplitudes of 70 MPa, 100 MPa and 125

MPa.

An analysis of the results presented in figure 4.2 indicates that:

# The results for all three axial stress amplitudes applied exhibit a

characteristic life distribution, whereby the number of cycles to failure

decreases with an increase in normal pressure up to a critical value,

whereupon a further increase in normal pressure leads to an increase in

life;

89



Chapter 4: Results

. The critical normal pressure giving the shortest life for an axial stress
amplitude of 100 MPa is at 40 MPa, 40% of the applied axial stress
amplitude. For axial stress amplitudes of 70 MPa and 125 MPa that
turning point is at 60 MPa, 85% and 50% of the axial stress amplitude
respectively. Indeed the curve for the axial stress amplitude of 100 MPa
appears to shift to the left;

) The difference between the greatest number of cycles to failure and the
least number of cycles to failure for each axial stress amplitude applied is
similar;

o Fretting fatigue life decreases with increasing axial stress amplitude for
any given constant normal pressure;

) Fatigue lives at normal pressures above their respective critical values
are higher for an axial stress amplitude of 100 MPa than they are for an
axial stress amplitude of 125 MPa, whilst the opposite is true below the

critical normal pressures.

Figure 4.3 shows the S-N data determined by Solis-Romero [197], for plain

fatigue tests conducted on unpeened specimens at a stress ratio of R = 0.1.
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Figure 4.3: Plain fatigue S-N data determined by Solis-Romero for aluminium
alloy 2024 T351 for a stress ratio of R = 0.1.
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In order to determine the S-N plain fatigue curve for aluminium alloy 2024 T351
at a stress ratio of R = -1, the mean stresses, o, and stress amplitudes, o,

were calculated from the data recorded by Solis-Romeo [197] for a stress ratio
R = 0.1, utilising Equation 4.1, as is shown in Table 4.2.

R=—on Equation 4.1

Table 4.2: The mean stresses, om, and stress amplitudes, oz, calculated from
the data from Solis-Romeo for a stress ratio R = 0.1

Ny G max R Omin Om Ga
20,227 400 0.1 40 220 180
66,760 350 0.1 35 193 158
140,990 300 0.1 30 165 138
254 920 270 0.1 27 149 122
266,900 264 0.1 26 145 119
721,645 250 0.1 25 138 113

4 640,000 200 0.1 20 110 90
7,000,000 190 0.1 19 105 86

By plotting this data and drawing a series of straight lines between the tensile
strength, oy, of the material at o, = 0 and the data for R = 0.1, the stress
amplitudes for the case of zero mean stress were thus determined at the

intercept of the curve at om = 0, as is shown in Figure 4.4.
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Figure 4.4: Interpolation of the data for R = 0.1 on a constant-life diagram, in
order to determine that for R = -1.
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The fretting fatigue tests were conducted at a stress ratio of R = -1. The values

of o at o = 0, are therefore a direct estimate of the values of oz that would

have been determined had the bridge pads not been applied.

Figures 4.5 and 4.6 show the S-N data for all fretting fatigue tests conducted on
unpeened specimens. Figure 4.5 compares this data with the S-N curve for
plain fatigue derived from the data published by Solis-Romero [197], in contrast
with that published by Dowling [238]. This figure demonstrates fretting fatigue

failures at stresses well below the fatigue strength of aluminium alloy 2024 T351
of 140 MPa.
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Figure 4.5: The S-N data for fretting fatigue tests conducted with an aluminium
alloy 2024 T351 bridge subjected to a range of normal pressures in
contact with an unpeened aluminium alloy 2024 T351 specimen
subjected to axial stress amplitudes of 70 MPa, 100 MPa and 125

MPa.

Figure 4.6 encompasses all data as previously documented in Figures 4.2 and
4.5. A surface plot has been fitted between these points, demonstrating the

scope of the information determined and resulting in a useful reference map.
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Figure 4.6: A three-dimensional representation of the S-N data for fretting
fatigue tests conducted with an aluminium alloy 2024 T351 bridge
subjected to a range of normal pressures in contact with an
unpeened aluminium alloy 2024 T351 specimen subjected to axial
stress amplitudes of 70 MPa, 100 MPa and 125 MPa.

421.3 Peened

A further nine experiments using aluminium alloy 2024 T351 in flat-on-flat
contact with shot peened aluminium alloy 2024 T351 were performed following
those on the unpeened specimens. For each of the three axial stress
amplitudes applied before, the minimum, maximum and critical normal
pressures previously determined were applied. The fretting fatigue test results
from this constant normal pressure test programme are given in Appendix E,
tables E.2a, E.2b and E.2c.
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A summary of the results attained at axial stress amplitudes of 70 MPa. 100
MPa and 125 MPa using unpeened aluminium alloy 2024 T351 in flat-on-flat
contact with peened aluminium alloy 2024 T351 is given in Figure 4.7.
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Figure 4.7: The experimental results for fretting fatigue tests conducted with an
aluminium alloy 2024 T351 bridge subjected to a range of normal
pressures in contact with a peened aluminium alloy 2024 T351
specimen subjected to axial stress amplitudes of 70 MPa, 100 MPa
and 125 MPa.

Two of the tests conducted at an axial stress amplitude of 70 MPa were halted
when over 5x10° cycles was reached and the third resulted in failure, not at the

peened test section, but at an unpeened area in the grips. These tests were not

repeated due to restrictions on time.

The test conducted at an axial stress amplitude of 100 MPa and a normal

pressure of 10 MPa was halted when 5x10° cycles were reached; the other two

test conditions resulted in failure.
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The test conducted at an axial stress amplitude of 125 MPa and a normal
pressure of 0.1 kN was halted by the failure of one of the steel locating pins, the
test conducted at a normal pressure of 100 MPa resulted in failure, not at the
peened test section, but at an unpeened area in the grips, but was not repeated

due to restrictions on time; the test conducted at a normal pressure of 60 MPa
ran to completion.

An analysis of the results presented in Figure 4.7 indicates that:

) The results for axial stress amplitudes of 70 MPa and 100 MPa exhibit a
characteristic life distribution, whereby the number of cycles to failure
decreases with an increase in normal pressure up to a critical value. At
this point, a further increase in normal pressure leads to an increase in
life, whereas for an axial stress amplitude of 125 MPa there is a marked
decrease in life with increasing normal pressure;,

. The critical normal pressure giving the shortest life for an axial stress
amplitude of 70 MPa is at 60 MPa, 85% of the applied axial stress
amplitude. For an axial stress amplitude of 100 MPa that point is
probably around 80 MPa, 80% of the applied axial stress amplitude,
indeed the curve for the axial stress amplitude of 100 MPa appears to
shift to the right;

o Fretting fatigue life decreases with increasing axial stress amplitude for
any given constant normal pressure;

o Fatigue lives at normal pressures above their respective critical values
are higher for an axial stress amplitude of 70 MPa than they are for an
axial stress amplitude of 100 MPa, whilst below the critical normal

pressures the values of these fatigue lives tend together.
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Figures 4.8 and 4.9 show the S-N data for all tests conducted on peened

specimens, demonstrating fatigue failures at stresses still well below the vyield
stress of aluminium alloy 2024 T351.
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Figure 4.8: The S-N data for fretting fatigue tests conducted with an aluminium
alloy 2024 T351 bridge subjected to a range of normal pressures in
contact with an peened aluminium alloy 2024 T351 specimen
subjected to axial stress amplitudes of 70 MPa, 100 MPa and 125
MPa. Both fretting and plain fatigue lives are determined for the
peened condition.

Figure 4.9 encompasses all data as previously documented in Figures 4.7 and
4.8. A surface plot has been fitted between these points, demonstrating the

scope of the information determined and resulting in a useful reference map.
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Figure 4.9: A three-dimensional representation of the S-N data for fretting

fatigue tests conducted with an aluminium alloy 2024 T351 bridge
subjected to a range of normal pressures in contact with an
peened aluminium alloy 2024 T351 specimen subjected to axial
stress amplitudes of 70 MPa, 100 MPa and 125 MPa.

Figure 4.10 shows the S-N data for all tests conducted on both unpeened and
peened specimens, demonstrating a marked improvement in fatigue life due to

shot peening, but with the same dependency on normal pressure.
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Figure 4.10: The S-N data for fretting fatigue tests conducted with an aluminium
alloy 2024 T351 bridge subjected to a range of normal pressures
in contact with both an unpeened aluminium alloy 2024 T351
specimen and a peened aluminium alloy 2024 T351 specimen
subjected to axial stress amplitudes of 70 MPa, 100 MPa and 125
MPa.

4.2.2 Friction

It has been reported that friction force plays a critical role in fretting crack
initiation [155], therefore a primary aim of this test programme was to

investigate the effect of friction on fretting fatigue life.

Data on the friction forces developed were recorded successfully for twenty-six
out of the thirty-one fretting fatigue tests conducted with unpeened specimens.
These included: all three of the control tests conducted using a BS S98 steel
bridge, six out of the nine tests conducted with an axial stress amplitude of 70
MPa, all of the eleven tests conducted with an axial stress amplitude of 100
MPa and six out of the eight tests conducted with an axial stress amplitude of
125 MPa. These results can be found in Appendix F. Due to a corruption of the

data acquisition software, no data is available for the peened case.
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The evolution of the friction forces over the life of each specimen was traced for
the top and bottom fretting pad for every one of these tests, as shown in
Appendix G. An example of such a plot is shown in Figure 4.11, which
demonstrates that the amplitude of the friction forces increased rapidly in the
early part of the test, then decreased with wear and then settled and remained
steady throughout most of the life of the specimen, as was the case for the BS
L6S 4 % copper aluminium alloy when in flat-on-flat contact with BS S98 steel
[99]. The highest amplitude was observed at approximately 13 % of the total life
of the specimen, which is when fretting debris began to appear. This was
slightly later than that previously reported by Fernando et al. [99], where the

highest friction amplitude was observed at approximately 5 — 10 % of the
lifetime.
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Figure 4.11: The evolution of the friction forces for both the top and bottom
fretting pads, over the life of a specimen subjected to a normal
pressure of 40 MPa and an axial stress amplitude of 100 MPa.

In general, stable friction behaviour was observed for both fretting pads during
the major part of each lifetime, although the friction force transmitted by the
bottom fretting pad was marginally greater than that transmitted by the top pad.
The degree of stability of the friction force behaviour did vary from test to test.

Indeed, in some tests a periodic change in mean friction force was noted.
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In most cases though, a significant reduction in friction force was observed,
during the final period before the fracture of the specimen, which could be
attributed to the presence of a growing crack and the subsequent alteration in
slip characteristics. Despite there being only one dominant crack in each of the

specimens, approximately the same friction behaviour was observed for both
the top and bottom fretting pads.

Hysteresis loops of friction force versus axial stress were subsequently plotted
for the top and bottom fretting pad for each of these tests, as shown in
Appendix H. An example of such a plot is shown in Figure 4.12, where the
hysteresis loops at 3 %, 25 %, 50 %, 75 % and 97 % of the total fretting fatigue
life are shown for a specimen subjected to a normal pressure of 80 MPa and an

axial stress of + 100 MPa.
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Figure 4.12: The axial stress versus friction force hysteresis loops for the
bottom fretting bridge, for 3 %, 25 %, 50 %, 75 % and 97 % of the
total fretting fatigue life of specimen number 18.

The hysteresis loops for the early stages of this test, demonstrate classic
distinct micro-slip and macro-slip behaviours, which become less apparent
during subsequent loading, as was the case for the BS L65 4 % copper

aluminium alloy when in flat-on-flat contact with BS S98 steel [99].
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A wider hysteresis loop is observed at the beginning of the test, with a gradual
reduction in the hysteresis as the cycling progresses. In almost all tests, stable
hysteresis behaviour was achieved within a few thousands of loading cycles.
The drastic reduction in the friction force experienced during the tensile part of

the loading cycle towards the final stages of this test may be indicative of
significant cracking.

Figure 4.13 is the corresponding plot for the upper bridge pad in this test. This

shows that the force transmitted by the lower pad was greater than that of the
upper one.
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Figure 4.13: The axial stress versus friction force hysteresis loops for the top
fretting bridge, for 3 %, 25 %, 50 %, 75 % and 97 % of the total
fretting fatigue life of specimen number 18.

From these hysteresis loops, the overall maximum and minimum friction forces
could be determined for both the top and bottom fretting pads when stable
behaviour was observed, and thus the average friction force range and

amplitude for each combination of normal pressure and axial stress. A friction

ratio was also calculated from the normal pressure applied.
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Following the corroboration of results from a control set with data published by
Fernando et al. [99], the relationships between the maximum friction force and
normal pressure and the friction force amplitude and normal pressure were

subsequently investigated for both the top and bottom fretting pads in every
case.

4.2.2.1 Control

The maximum and minimum friction forces determined for the three preliminary
tests conducted using a BS S98 steel bridge with a pad span of 16.5 mm, in
flat-on-flat contact with aluminium alloy 2024 T351 specimens are shown in
Table 4.4, together with the ranges, amplitudes and ratios subsequently

calculated.

Table 4.4: The friction forces, ranges, amplitudes and coefficients for the fretting
fatigue tests with a BS S98 steel bridge in contact with an aluminium
alloy 2024 T351 specimen.

Specimen Normal Axial Friction force max. Friction force min. Friction amplitude Friction coefficient
(no.) stress stress (KN) (kN) (kN) (1)
(MPa) (MPa) Top Bottom Top Bottom Top Bottom Average Top Bottom Average
17 40 100 0.364 0.534 -0.336 -0.441 0.350 0.487 0.418 0.861 1.199 1.030
13 80 100 0.718 0.880 -0.721 -0.695 0.720 0.787 0.753 0.885 0.968 0.927
14 120 100 5.458 0.801 -0.746 -1.203 3.102 1.052 2.077 2.544 0.863 1.703

The results attained were compared with the data reported by Fernando et al.
[99] for a BS S98 steel bridge with a pad span of 16.5 mm, in flat-on-flat contact
with BS L65 4 % copper aluminium alloy specimens under the same load

conditions, and were shown to be in good agreement, apart from the top pad in

test 14, see Figure 4.14.
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Figure 4.14. A comparison of the friction force amplitudes derived from the
maximum and minimum friction forces determined for each test
and by Fernando et al. [99] for fretting fatigue tests with a BS S98
steel bridge in contact with an aluminium alloy 2024 T351
specimen subjected to an axial stress amplitude of 100 MPa.

An analysis of the results presented in figure 4.14 indicates that:

) An increase in normal pressure tends to decrease the coefficient of
friction in the original case, whereas the coefficient of friction is
maintained in the new data set;

o The coefficient of friction for a normal pressure of 80 MPa is
approximately equal to 1 in the original case and also in the new data
set;

. In both cases, the amplitude of the friction forces generally increases
with the magnitude of the applied normal pressure;

. The amplitudes of the friction forces for the steel bridge are greater than

those for the aluminium bridge.
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4.2.2.2 Unpeened

The friction forces for twenty-three of the twenty-eight unpeened specimens in
the constant normal pressure test programme are given in Appendix F, tables
F.1a, F.1b and F.1c. The friction forces were derived assuming a uniform
distribution over the whole contact area: the friction ratios were defined using
the amplitudes of the friction forces and the values of normal load on a pad
applied. However, although coefficients of friction are stated, strictly these may
only be defined when macro slip occurs, such that the values given by ratio of

the friction force, F, between the surfaces in contact to the normal force, N/2 are

true.

For an axial stress amplitude of 70 MPa, data were generally recorded at a rate
of between 250 and 350 data points every 300, 600 or 1,800 seconds. These
data sets are reliable for 3% of life for a normal pressure of 60 MPa, 25% of life
for a normal pressure of 10 MPa, 50% of life for normal pressures of 80 MPa
and 100 MPa and 100% for normal pressures of 20 MPa and 40 MPa. The
dependence of the friction force on the normal pressure applied is shown in
Figures 4.15 and 4.16. This behaviour is in good agreement with previous
results [99].

For an axial stress amplitude of 100 MPa, data were recorded at a rate of 350
data points every 300 seconds. These data sets are complete for all normal
pressures applied. The dependence of the friction force on the normal pressure

applied is shown in Figures 4.17 and 4.18. This behaviour is in good agreement

with previous results [99].

For an axial stress amplitude of 125 MPa, data were recorded at a rate of 350
data points every 300 seconds. These data sets are reliable for 3% of life for a
normal pressure of 60 MPa, 25% of life for a normal pressure of 100 MPa and
100% for normal pressures of 10 MPa, 20 MPa, 40 MPa and 80 MPa. The
dependence of the friction force on the normal pressure applied is shown in

Figures 4.19 and 4.20. This behaviour is in good agreement with previous

results [99].
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Figure 4.15: The maximum friction forces recorded from the upper and lower
bridge pads in fretting fatigue tests conducted with an aluminium
alloy 2024 T351 bridge in contact with an unpeened aluminium
alloy 2024 T351 specimen subjected to an axial stress amplitude

of 70 MPa.
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Figure 4.16: The friction force amplitudes calculated for frettin_g fat@gue tests
conducted with an aluminium alloy 2024 T351 br!dge in cpntact
with an unpeened aluminium alloy 2024 T351 specimen subjected

to an axial stress amplitude of 70 MPa.
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Figure 4.17: The maximum friction forces recorded from the upper and lower
bridge pads in fretting fatigue tests conducted with an aluminium
alloy 2024 T351 bridge in contact with an unpeened aluminium
alloy 2024 T351 specimen subjected to an axial stress amplitude

of 100 MPa.
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Figure 4.18: The friction force amplitudes calculated for frettin_g fat@gue tests
conducted with an aluminium alloy 2024 T351 br!dge in cgntact
with an unpeened aluminium alloy 2024 T351 specimen subjected

to an axial stress amplitude of 100 MPa.
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Figure 4.19: The maximum friction forces recorded from the upper and lower
bridge pads in fretting fatigue tests conducted with an aluminium
alloy 2024 T351 bridge in contact with an unpeened aluminium
alloy 2024 T351 specimen subjected to an axial stress amplitude

of 125 MPa.
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Figure 4.20: The friction force amplitudes calculated for frettin_g fati_gue tests
conducted with an aluminium alloy 2024 T351 bridge In cpntact
with an unpeened aluminium alloy 2024 T351 specimen subjected
to an axial stress amplitude of 125 MPa.
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Analyses of the results presented in figures 4.15 to 4.20 indicate that:

The trends in behaviour between the upper and lower bridge pads are in
good agreement;

The higher friction forces were generally observed with the lower bridge
pads;

The magnitude of the maximum friction forces generally increases with
the magnitude of the normal pressure applied, although some later
reduction in amplitude is observed at high normal pressures with the
upper bridge pad at axial stress amplitudes of 100 MPa and 125 MPa;
The magnitude of the friction force amplitudes generally increases with
the magnitude of the normal pressure applied, although some later
reduction in amplitude is observed at high normal pressures with the
upper bridge pad at axial stress amplitudes of 100 MPa and 125 MPa;

A coefficient of friction of 2 is achieved at low normal pressures;

High coefficients of friction are obtained at low normal pressures, but this
decreases as the normal pressure applied increases;

A coefficient of friction of 0.5 is achieved at high normal pressures for an
axial stress amplitude of 70 MPa and 100 MPa, whereas a coefficient of

friction of 1 is achieved for an axial stress amplitude of 125 MPa.

A summary of all the average results subsequently calculated for axial stress
amplitudes of 70 MPa, 100 MPa and 125 MPa using unpeened aluminium alloy
2024 T351 in flat-on-flat contact with peened aluminium alloy 2024 T351 are

given in Figures 4.21 to 4.28.

Figure 4.21 demonstrates that the friction force amplitude generally increases

with the magnitude of the applied normal pressure, or one half of the applied

normal load per bridge foot, in line with the axial stress amplitude.
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For an axial stress amplitude of 70 MPa, the coefficient of friction at low normal
pressures is approximately equal to 1, dropping down to 0.5 at high normal
pressures. For an axial stress amplitude of 100 MPa, the coefficient of friction at
low normal pressures is approximately equal to 2, dropping down to 0.7 at high
normal pressures. For an axial stress amplitude of 125 MPa, the coefficient of
friction at low normal pressures is approximately equal to 2, dropping down to 1

at high normal pressures.
In all cases, an increase in normal pressure tends to decrease the coefficient of

friction. The rate of this decrease is related to the applied axial stress amplitude,

being greatest at 70 MPa and less pronounced at the higher axial stresses.
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Figure 4.21: A comparison of the friction force amplitudes d_erived from 'ghe
maximum and minimum friction forces determined for fretting

fatigue tests conducted with an aluminium alloy 2024 T351 b(idge
in contact with an unpeened aluminium alloy 2024 T351 specimen
subjected to axial stress amplitudes of 70 MPa, 100 MPa and 125

MPa.
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Figure 4.22 highlights the influence of the axial stress amplitude on the friction
force amplitude. There is a good degree of correlation between the axial stress
amplitude and the normal pressures applied and the resultant friction force
amplitudes observed in all cases: the average friction force amplitude is shown
to be at a maximum for the maximum normal pressures applied and at a

minimum for the minimum normal pressures applied for all axial stress
amplitudes.
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Figure 4.22: A comparison of the friction force amplitudes derived from the
maximum and minimum friction forces determined for fretting
fatigue tests conducted with an aluminium alloy 2024 T351 bridge
in contact with an unpeened aluminium alloy 2024 T351 specimen

subjected to a range of normal pressures.

Figure 4.23 demonstrates a degree of correlation between friction force
amplitude and cycles to failure; the lower the number of cycles to failure, the

greater the magnitude of the friction forces observed.
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Figure 4.23: The relationship between friction force amplitude and cycles to
failure for fretting fatigue tests conducted with an aluminium alloy
2024 T351 bridge subjected to a range of normal pressures in
contact with an unpeened aluminium alloy 2024 T351 specimen
subjected to axial stress amplitudes of 70 MPa, 100 MPa and 125
MPa.

Figure 4.24 shows that a higher total average coefficient of friction was
observed at low normal pressures, the maximum recorded being approximately
equal to 1.8, whereas for the BS L65 4 % copper aluminium alloy when in flat-
on-flat contact with BS S98 steel this value was approximately equal to 2 [99].
The increase in the value of the friction coefficients with axial stress amplitude is

compatible with the reduction in fretting fatigue life observed at the three

different axial stress amplitudes.
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Figure 4.24: A comparison of the total average coefficients of friction calculated
for fretting fatigue tests conducted with an aluminium alloy 2024
T351 bridge in contact with an unpeened aluminium alloy 2024
T351 specimen subjected to axial stress amplitudes of 70 MPa,
100 MPa and 125 MPa.

However, the evolution of the coefficients of friction over the life of each
specimen was also investigated for the top and bottom fretting pad for every
one of these tests, as shown in Appendix |. Figure 4.25 summarises these data,
which shows that the highest average coefficient of friction, 2.7, was observed
at a normal pressure of 10 MPa and an axial stress amplitude of 125 MPa, at
75% of the life of that test, although there is little difference between this
reading and that taken at 3%. In contrast, the next highest average coefficient of
friction was observed at a normal pressure of 100 MPa and an axial stress

amplitude of 100 MPa. There is no clear correlation in the value of the friction

coefficients with time.
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Figure 4.25: A comparison of the average coefficients of friction calculated over
time for fretting fatigue tests conducted with an aluminium alloy
2024 T351 bridge in contact with an unpeened aluminium alloy
2024 T351 specimen subjected to axial stress amplitudes of 70
MPa, 100 MPa and 125 MPa.

Figure 4.26 highlights the influence of the axial stress amplitude on the
coefficient of friction, an increase in axial stress amplitude resulted in an
increase in the coefficient of friction. There is no correlation between the normal
pressure and the coefficient of friction for an axial stress amplitude of 70 MPa,
however, for an axial stress amplitude of 125 MPa, an increase in the normal
pressure applied, led to a decrease in the coefficient of friction and for an axial
stress amplitude of 100 MPa, an increase in the normal pressure applied, led to
a decrease in the coefficient of friction up until a normal pressure of 100 MPa
was applied, where the highest coefficients of friction for that axial stress

amplitude were observed. There is no clear correlation in the value of the

friction coefficients with time in any case.
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Figure 4.26: A comparison of the average coefficients of friction calculated over
time for fretting fatigue tests conducted with an aluminium alloy
2024 T351 bridge in contact with an unpeened aluminium alloy
2024 T351 specimen subjected to a range of normal pressures.

Figures 4.27 and 4.28 demonstrate that there is no correlation between the

coefficient of friction and percentage life.
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Figure 4.27: The evolution, in terms of the number of cycles applied, of
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subjected to a range of normal pressures and axial stress

amplitudes.
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4.3 FRETTING SCARS

4.3.1 Surface roughness analysis

In order to better understand the evolution of the fretting scar, a series of
interrupted fretting fatigue tests were carried out. These were completed for a
tenth, quarter, half and three quarters of the total fretting fatigue lives found for
both the unpeened and peened specimens, at the minimum and maximum

normal pressures applied and at that which resulted in the shortest fretting

fatigue lives for each axial stress amplitude.

A typical pair of wear scars on an unpeened specimen is shown in Figure 4.29;

a typical set of wear scars on a pair of bridges is shown in Figure 4.30.

Figure 4.29: The wear scar from an unpeened bridge with a pad span of 16.5
mm in contact with an unpeened specimen subjected to a normal
pressure of 60 MPa and an axial stress amplitude of 70 MPa for
10% of the total expected life of that specimen.

Figure 4.30: The wear scars from an unpeened bridge with a pad span of 16.5
mm having been in contact with a peened specimen subjected to a
normal pressure of 100 MPa and an axial stress amplitude of 100
MPa for 25% of the total expected life of that specimen.
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Surface roughness analyses were performed, with each of the four scars on
every test specimen being traced utilising a UBM laser profilometer, with a scan
length of 5.6 mm. The objective was that dimensions of resultant wear features
be extracted from the data, to provide an understanding of the development of
the fretting scars on the specimens due to the friction between the bridge pads
and the free surfaces. These measurements included: the depth and width of
the scar about a base line; the height of peaks that were observed to form either
side of the scar; the total peak to valley depth; the total width and the angle of
the notch. These results can be found in Appendix J; definitions in Figure 4.44

and Equation 4.2.

Each scar was traced in three different places, i.e. at the front, middle and back
of each test section, see Figure 4.31. This resulted in a total of 288 profiles for

all of the specimens.

Figure 4.31: The location of the 12 surface roughness scans taken for every test
specimen in the evolutionary test programme.

Figures 4.32 to 4.34, demonstrate that there was no difference between the
greatest peak to valley depths measured and the position of those

measurements taken for each combination of normal pressure and axial stress

amplitude.

Figures 4.35 to 4.37, demonstrate that there was no correlation between the
greatest notch widths measured and the position of those measurements taken

for each combination of normal pressure and axial stress amplitude.
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Figure 4.32: The evolution of notch peak to valley depth over the life of

unpeened specimens subjected to a normal pressure of 10 MPa
and an axial stress amplitude of 70 MPa.
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Figure 4.33: The evolution of notch peak to valley depth over the life of
unpeened specimens subjected to a normal pressure of 40 MPa
and an axial stress amplitude of 100 MPa.
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Figure 4.34: The evolution of notch peak to valley depth over the life of
unpeened specimens subjected to a normal pressure of 100 MPa

and an axial stress amplitude of 125 MPa.
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Figure 4.35: The evolution of the notch width over the life of peened specimens

subjected to a normal pressure of 100 MPa and an axial stress
amplitude of 70 MPa.
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Figure 4.36: The evolution of the notch width over the life of peened specimens
subjected to a normal pressure of 40 MPa and an axial stress
amplitude of 100 MPa.
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Figure 4.37: The evolution of the notch width over the life of peened specimens
subjected to a normal pressure of 10 MPa and an axial stress

amplitude of 125 MPa.
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For each condition the evolution of the surface damage was investigated in
terms of percentage life. The wear scars on two peened specimens are shown
in Figure 4.38. Both specimens have been subjected to a normal pressure of 10
MPa and an axial stress amplitude of 125 MPa, one for 10% of the total life
determined in the constant normal load test programme, the other for 100% of

the total life determined in the constant normal load test programme.

on=" -10MPa
Oa — 125 MPa e -
N=10% = R , Front

Figure 4.38: The evolution of wear scars on peened specimens subjected to a
normal pressure of 10 MPa and an axial stress amplitude of 125
MPa for 10% to 100% of the total expected life of those

specimens.
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The influence of the normal pressure on the surface damage was also

investigated, as is demonstrated in Figure 4.39.
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Figure 4.39: The effect of normal pressure on wear scars on peened specimens
subjected to normal pressures of 10 MPa, 60 MPa and 100 MPa
and an axial stress amplitude of 70 MPa for 100% of expected life.
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The influence of the axial stress amplitude on the surface damage was studied
too, as is shown in Figure 4.40.

Figure 4.40: The effect of axial stress on wear scars on peened specimens
subjected to a normal pressure of 10 MPa and axial stress

amplitudes of 70 MPa, 100 MPa and 125 MPa for 100% of
expected life.

122



Chapter 4. Results

4.3.1. Unpeened

Thirty-six unpeened specimens were analysed in this programme, resulting in a
total of: 12 profiles for each combination of normal pressure, axial stress
amplitude and percentage life, 48 profiles in total for each normal pressure and

144 profiles for each axial stress amplitude applied.

Specially developed software was used to analyse the profiles generated by the
UBM laser profilometer, whereby significant features were identified; this code
is in Appendix D. Specifically, data on the total peak to valley depth of the scar
and the total width of the scar are given in Appendix J, Tables J.1, 2 and 3a,
J.1, 2, and 3b and J.1, 2 and 3c; the maximum and minimum values for each

data set are also given.

However, for axial stress amplitudes of 70 MPa, 100 MPa and 125 MPa, figures
are not given for a number of notch widths, twenty percent, eight percent and
thirty-three percent of the figures accordingly, due to the fact that these profiles

did not cross the x axis in the region specified.

This data was subsequently investigated to establish the relationship between
wear and time. Plots of notch peak to valley depth versus percentage life for
each combination of load are shown in Appendix K and plots of notch width
versus percentage life for each combination of load are shown in Appendix L.

Typical profiles are shown in Figures 4.41 and 4.42.
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Figure 4.41: The evolution of notch peak to valley depth over the life of

Notch width (mm)

Figure 4.42:

unpeened specimens subjected to a normal pressure of 10 MPa
and an axial stress amplitude of 70 MPa.
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The evolution of notch width over the life of unpeened specimens
subjected to a normal pressure of 10 MPa and an axial stress

amplitude of 70 MPa.
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For the greatest notch depths found for each combination of normal pressure
and axial stress and percentage life for the unpeened condition, the resultant
plots together with a corresponding magnified view of the areas of interest
found are shown in Appendix M. A typical profile is shown in Figure 4.43; a
magnified view of the primary notch found on this plot is shown in Figure 4.44.
The grey line is the original trace line; the black line is the profile smoothed for
analysis purposes. These figures depict two primary notches in the centre of the

trace, the deepest of which has peaks of material pushed up on either side.
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Figure 4.43: The surface roughness profile of an unpeened specimen' subjected
to a normal pressure of 10 MPa and an axial stress amplitude of 70

MPa for 75% of the total expected life of that specimen.
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Figure 4.44: A magnified view highlighting the areas of interest on the surface
roughness profile of an unpeened specimen subjected to a normal
pressure of 10 MPa and an axial stress amplitude of 70 MPa for
75% of the total expected life of that specimen.

The notch angle, 6, is defined by:

g= 2tan‘(l) Equation 4.2
2d

The dependence of the notch peak to valley depth on the normal pressure
applied for an axial stress amplitude of 70 MPa is shown in Figure 4.45, for an
axial stress amplitude of 100 MPa is shown in Figure 4.46 and for an axial

stress amplitude of 125 MPa is shown in Figure 4.47.
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Figure 4.45: The notch peak to valley depths resulting from fretting fatigue tests
conducted with an aluminium alloy 2024 T351 bridge in contact
with an unpeened aluminium alloy 2024 T351 specimen subjected
to an axial stress amplitude of 70 MPa.
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Figure 4.46: The notch peak to valley depths resulting from fretting fatigue tests
conducted with an aluminium alloy 2024 T351 bridge in contact
with an unpeened aluminium alloy 2024 T351 specimen subjected
to an axial stress amplitude of 100 MPa.

127



Chapter 4: Results

30

@ ® 10%
® 25%
50% |
75%

25 |

20 -

15 F

10 |+

Notch peak to valley depth (um)
»

o )eeEp( 2

¥4

[ SR B ¢

i
v &
2 " L

0 20 40 60 80 100

Normal pressure (MPa)

Figure 4.47: The notch peak to valley depths resulting from fretting fatigue tests
conducted with an aluminium alloy 2024 T351 bridge in contact
with an unpeened aluminium alloy 2024 T351 specimen subjected
to an axial stress amplitude of 125 MPa.

Analyses of the results presented in Figures 4.45, 4.46 and 4.47 indicate that:

# There is no correlation between notch peak to valley depth and
percentage life for any of the normal pressures applied;

B For an axial stress amplitude of 70 MPa and 125 MPa notch peak to
valley depth decreases with increasing normal pressure;

® For an axial stress amplitude of 100 MPa notch peak to valley depth

decreases a little with increasing normal pressure and then increases

again.

The formation of the scars over the life of a specimen was also investigated.
Plots for an axial stress amplitude of 70 MPa are shown in Figures 4.48 and
4.49, which show that for a normal pressure of 10 MPa, notch peak to valley
depth increases with the number of cycles applied and these values are above
those resulting from the other two normal pressures applied. The greatest peak

to valley depth recorded for this axial stress amplitude was 58 pm.
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Figure 4.48: The evolution, in terms of the number of cycles applied, of notch
peak to valley depth over the lives of unpeened specimens
subjected to three normal pressures and an axial stress amplitude

of 70 MPa.
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Figure 4.49: The evolution, in terms of percentage life, of notch peak to valley
depth over the lives of unpeened specimens subjected to three
normal pressures and an axial stress amplitude of 70 MPa.
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Plots demonstrating the formation of the scars over the life of a specimen for an

axial stress amplitude of 100 MPa are shown in Figures 4.50 and 4.51. These

show a general increase in the notch peak to valley depth with the number of

cycles applied, this being particularly pronounced for a normal pressure of 10

MPa. The greatest notch peak to valley depth recorded for this axial stress

amplitude was 26 um.
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Figure 4.50: The evolution, in terms of the number of cycles applied, of 'notch
peak to valley depth over the lives of unpeened specimens
subjected to three normal pressures and an axial stress amplitude

of 100 MPa.
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Figure 4.51: The evolution, in terms of percentage life, of notch peak to valley
depth over the lives of unpeened specimens subjected to three
normal pressures and an axial stress amplitude of 100 MPa.

Plots demonstrating the formation of the scars over the life of a specimen for an
axial stress amplitude of 125 MPa are shown in Figures 4.52 and 4.53, which
show a general trend in that the notch peak to valley depth decreases with the
number of cycles applied up to 50% of expected life, after which notch peak to

valley depth increases again. The greatest notch peak to valley depth recorded

for this axial stress amplitude was 32 pm.
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Figure 4.52: The evolution, in terms of the number of cycles applied, of notch
peak to valley depth over the life of unpeened specimens
subjected to three normal pressures and an axial stress amplitude

of 125 MPa.
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Figure 4.53: The evolution, in terms of percentage life, of notch peak to valley
depth over the life of unpeened specimens subjected to three
normal pressures and an axial stress amplitude of 125 MPa.
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The dependence of the notch width on the normal pressure applied for an axial
stress amplitude of 70 MPa is shown in Figure 4.54, for an axial stress

amplitude of 100 MPa is shown in Figure 4.55 and for an axial stress amplitude
of 125 MPa is shown in Figure 4.56.
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Figure 4.54: The notch widths resulting from fretting fatigue tests conducted
with an aluminium alloy 2024 T351 bridge in contact with an
unpeened aluminium alloy 2024 T351 specimen subjected to an
axial stress amplitude of 70 MPa.
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Figure 4.55: The notch widths resulting from fretting fatigue tests conducted
with an aluminium alloy 2024 T351 bridge in contact with an
unpeened aluminium alloy 2024 T351 specimen subjected to an
axial stress amplitude of 100 MPa.
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Figure 4.56: The notch widths resulting from fretting fatigue tests conducted
with an aluminium alloy 2024 T351 bridge in contact with an
unpeened aluminium alloy 2024 T351 specimen subjected to an
axial stress amplitude of 125 MPa.
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Analyses of the results presented in Figures 4.54, 4.55 and 4.56 indicate that:

- There is no correlation between notch width and percentage life for any

of the normal pressures applied;

. For an axial stress amplitude of 70 MPa and 100 MPa notch width
increases a little with increasing normal pressure and then decreases
again;

“ For an axial stress amplitude of 125 MPa, notch width decreases a little

with increasing normal pressure and then increases again.

The formation of the scars over the life of a specimen was also investigated.
Plots for an axial stress amplitude of 70 MPa are shown in Figures 4.57 and
4.58, which show no significant change in the notch width with the number of

cycles applied. The greatest notch width recorded for this axial stress amplitude

was 3 mm.
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Figure 4.57: The evolution, in terms of the number of cycles applied, of notch
width over the lives of unpeened specimens subjected to three
normal pressures and an axial stress amplitude of 70 MPa.
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Figure 4.58: The evolution, in terms of percentage life, of notch width over the
lives of unpeened specimens subjected to three normal pressures
and an axial stress amplitude of 70 MPa.

Plots for an axial stress amplitude of 100 MPa are shown in Figures 4.59 and
4 60, which show no correlation between the notch width and the number of
cycles applied. The greatest notch width recorded for this axial stress amplitude

was 2.6 mm.
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Figure 4.59: The evolution, in terms of the number of cycles applied, of notch
width over the lives of unpeened specimens subjected to three
normal pressures and an axial stress amplitude of 100 MPa.
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Figure 4.60: The evolution, in terms of percentage life, of notch width over the
lives of unpeened specimens subjected to three normal pressures

and an axial stress amplitude of 100 MPa.
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Plots for an axial stress amplitude of 125 MPa are shown in Figures 4.61 and

4.62, which show that apart from one stray point, notch width increases with

normal pressure. The greatest notch width was recorded for this axial stress

amplitude was 3.4 mm.
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Figure 4.61: The evolution, in terms of the number of cycles applied, of notch
width over the life of unpeened specimens subjected to three
normal pressures and an axial stress amplitude of 125 MPa.
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Figure 4.62: The evolution, in terms of percentage life, of notch width over the
life of unpeened specimens subjected to three normal pressures
and an axial stress amplitude of 125 MPa.

A summary of all the results attained at axial stress amplitudes of 70 MPa, 100
MPa and 125 MPa using unpeened aluminium alloy 2024 T351 in flat-on-flat
contact with unpeened aluminium alloy 2024 T351 are given in Figures 4.63 to
4.66.

Figure 4.63 demonstrates that in all cases notch peak to valley depth decreases
marginally with the increasing magnitude of the normal pressure applied. The
rate of this decrease is related to the applied axial stress amplitude, being
greatest at 70 MPa and less pronounced at higher axial stress amplitudes,
where the trends observed are almost identical. The maximum notch peak to
valley depth recorded was 58 um for a normal pressure of 10 MPa and an axial
stress amplitude of 70 MPa. There is a decreasing degree of spread in the

measurements taken with increasing normal pressure.
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Figure 4.63: A comparison of the notch peak to valley depths resulting from
fretting fatigue tests conducted with an aluminium alloy 2024 T351
bridge in contact with an unpeened aluminium alloy 2024 T351
specimen subjected to axial stress amplitudes of 70 MPa, 100
MPa and 125 MPa.

Figure 4.64 demonstrates that that in all cases, notch width has little
dependence on normal pressure. The maximum notch width recorded was 3.4
mm for a normal pressure of 60 MPa and an axial stress amplitude of 125 MPa.

There is the least scatter in the measurements taken at the maximum normal

pressure.
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Figure 4.64: A comparison of the notch widths resulting from fretting fatigue
tests conducted with an aluminium alloy 2024 T351 bridge in
contact with an unpeened aluminium alloy 2024 T351 specimen
subjected to axial stress amplitudes of 70 MPa, 100 MPa and 125
MPa.

Figure 4.65 shows the influence of axial stress on notch peak to valley depth.
There does not appear to be a great deal of correlation between the normal
pressures applied and the resultant notch peak to valley depths observed in
each case, although notch peak to valley depth is shown to be at a maximum
for the minimum normal pressures applied for axial stress amplitudes of 70 MPa
and 125 MPa. To this end, for a normal pressure of 10 MPa, notch peak to
valley depth decreases marginally with an increase in axial stress up to a critical
normal pressure, after which notch peak to valley depth increases marginally
again. For normal pressures of 60 MPa and 100 MPa, notch peak to valley

depth increases marginally with increasing axial stress.
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Figure 4.65: A comparison of notch peak to valley depths resulting from fretting
fatigue tests conducted with an aluminium alloy 2024 T351 bridge
in contact with an unpeened aluminium alloy 2024 T351 specimen
subjected to normal pressures of 10 MPa, 40 MPa or 60 MPa and
100 MPa.

Figure 4.66 shows the influence of axial stress on notch width. There does not
appear to be a great deal of correlation between the normal pressures applied

and the resultant notch widths observed in each case.
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Figure 4.66: A comparison of notch widths resulting from fretting fatigue tests
conducted with an aluminium alloy 2024 T351 bridge in contact
with an unpeened aluminium alloy 2024 T351 specimen subjected
to normal pressures of 10 MPa, 40 MPa or 60 MPa and 100 MPa.

Figures 4.67 and 4.68 demonstrate a degree of correlation between the
maximum notch peak to valley depth and cycles to failure. For an axial stress
amplitude of 70 MPa, the higher the number of cycles to failure, the greater the
magnitude of the maximum notch peak to valley depth observed. This trend is
also apparent in Figures 4.69 and 4.70, which show the relationship between

the mean notch peak to valley depth and cycles to failure.

Figures 4.71 and 4.72 demonstrate a correlation between the maximum notch
width and cycles to failure. For an axial stress amplitude of 70 MPa, the higher
the number of cycles to failure, the greater the magnitude of the maximum
notch width observed, at least at 10 MPa normal pressure. However, there is no

direct correlation between mean notch width and cycles to failure, as is shown

in Figures 4.73 and 4.74.
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Figure 4.67: The relationship, in terms of the number of cycles applied, between
maximum notch peak to valley depth and cycles to failure for
fretting fatigue tests conducted with an aluminium alloy 2024 T351
bridge subjected to a range of normal pressures in contact with an
unpeened aluminium alloy 2024 T351 specimen subjected to axial
stress amplitudes of 70 MPa, 100 MPa and 125 MPa.
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Figure 4.68: The relationship, in terms of percentage life, between maximum
notch peak to valley depth and cycles to failure for fretting fatigue
tests conducted with an aluminium alloy 2024 T351 bridge
subjected to a range of normal pressures in contact with an
unpeened aluminium alloy 2024 T351 specimen subjected to axial
stress amplitudes of 70 MPa, 100 MPa and 125 MPa.
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Figure 4.69: The relationship, in terms of the number of cycles applied, between
mean notch peak to valley depth and cycles to failure for fretting
fatigue tests conducted with an aluminium alloy 2024 T351 bridge
subjected to a range of normal pressures in contact with an
unpeened aluminium alloy 2024 T351 specimen subjected to axial
stress amplitudes of 70 MPa, 100 MPa and 125 MPa.
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Figure 4.70: The relationship, in terms of percentage life, between mean notch
peak to valley depth and cycles to failure for fretting fatigue tests
conducted with an aluminium alloy 2024 T351 bridge subjected to
a range of normal pressures in contact with an unpeened
aluminium alloy 2024 T351 specimen subjected to axial stress
amplitudes of 70 MPa, 100 MPa and 125 MPa.
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Figure 4.71: The relationship, in terms of the number of cycles applied, between
maximum notch width and cycles to failure for fretting fatigue tests
conducted with an aluminium alloy 2024 T351 bridge subjected to
a range of normal pressures in contact with an unpeened
aluminium alloy 2024 T351 specimen subjected to axial stress
amplitudes of 70 MPa, 100 MPa and 125 MPa.
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Figure 4.72: The relationship, in terms of percentage life, between maximum
notch width and cycles to failure for fretting fatigue tests
conducted with an aluminium alloy 2024 T351 bridge subjected to
a range of normal pressures in contact with an unpeened
aluminium alloy 2024 T351 specimen subjected to axial stress
amplitudes of 70 MPa, 100 MPa and 125 MPa.
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Figure 4.73: The relationship, in terms of the number of cycles applied, between
mean notch width and cycles to failure for fretting fatigue tests
conducted with an aluminium alloy 2024 T351 bridge subjected to
a range of normal pressures in contact with an unpeened
aluminium alloy 2024 T351 specimen subjected to axial stress
amplitudes of 70 MPa, 100 MPa and 125 MPa.
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Figure 4.74: The relationship, in terms of percentage life, between mean notch
width and cycles to failure for fretting fatigue tests conducted with
an aluminium alloy 2024 T351 bridge subjected to a range of
normal pressures in contact with an unpeened aluminium alloy
2024 T351 specimen subjected to axial stress amplitudes of 70
MPa, 100 MPa and 125 MPa.
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4.3.1.3 Peened

Once all the scans of the unpeened specimens had been completed, the
process was repeated with peened specimens. Twenty-seven peened
specimens were analysed in this programme, resulting in a total of: 12 profiles
for each combination of normal pressure, axial stress amplitude and percentage
life, 24 to 48 profiles in total for each normal pressure and up to 144 profiles for

each axial stress amplitude applied.

Specially developed software was again used to analyse the profiles generated
by the UBM laser profilometer, whereby significant features were identified; this
code is in Appendix D. Specifically, data on the total peak to valley depth of the
scar and the total width of the scar are given in Appendix J, Tables J.4, 5 and
6a, J.4, 5 and 6b and J.4, 5 and 6¢; the maximum and minimum values for each

data set are also given.

However, for an axial stress amplitude of 70 MPa, figures are missing for five
notch widths, seven percent of the figures, due to the fact that the profiles did
not cross the x axis in the region specified. Also, there is no data for 50% of life
for a normal pressure of 10 MPa and 75% of life for a normal pressure of 60

MPa as these data sets produced spurious results.

For an axial stress amplitude of 100 MPa, figures are missing for thirteen notch
widths, twelve percent of the figures, due to the fact that the profiles did not
cross the x axis in the region specified. Also, there is no data for 75% of life for
a normal pressure of 10 MPa and 25% of life for normal pressures of 60 MPa

and 100 MPa as these data sets produced spurious results.
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For an axial stress amplitude of 125 MPa, figures are missing for eleven notch
widths, eleven percent of the figures, due to the fact that the profiles did not
cross the x axis in the region specified. Also, there is no data for 25% and 75%
of life for a normal pressure of 10 MPa and 75% of life for normal pressures of

60 MPa and 100 MPa as these data sets produced spurious results.

This data was subsequently investigated to establish the relationship between
wear and time. Plots of notch peak to valley depth versus percentage life for
each combination of load are shown in Appendix K and plots of notch width
versus percentage life for each combination of load are shown in Appendix L.

Typical profiles are shown in Figures 4.75 and 4.76.
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Figure 4.75: The evolution of notch peak to valley depth over the life of peened
specimens subjected to a normal pressure of 10 MPa and an axial

stress amplitude of 70 MPa.
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Figure 4.76: The evolution of notch width over the life of peened specimens
subjected to a normal pressure of 10 MPa and an axial stress
amplitude of 70 MPa.

For the greatest notch depths found for each combination of load and
percentage life, the resultant plots together with a corresponding magnified view
of the areas of interest found are shown in Appendix M. A profile resulting from
identical loading to that in Figures 4.75 and 4.76 is shown in Figure 4.77; a
magnified view of the primary notch found on this plot is shown in Figure 4.78.
The grey line is the original trace line; the black line is the profile smoothed for
analysis purposes. These figures depict a significantly roughened surface with a

number of notches present, the deepest of which has small peaks of material

pushed up on either side.

150



Scar depth (um)

25

Chapter 4: Results

20

Specimen 20P

15 + |

| rM

-20 H

-25

Top-Left-Front

I L 18
‘l

..m N

i ‘w ' ! wm'nl “M
! f
10 MPa |

70 MPa
75%

00

1.0 20 30

Scar width (mm)

40 50 6.0

Figure 4.77: The surface roughness profile of a peened specimen subjected to
a normal pressure of 10 MPa and an axial stress amplitude of 70
MPa for 75% of the total expected life of that specimen.
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Figure 4.78: A magnified view highlighting the areas of interest on the surface
roughness profile of a peened specimen subjected to a normal
pressure of 10 MPa and an axial stress amplitude of 70 MPa for
75% of the total expected life of that specimen.
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The dependence of the notch peak to valley depth on the normal pressure
applied for an axial stress amplitude of 70 MPa is shown in Figure 4.79, for an
axial stress amplitude of 100 MPa is shown in Figure 4.80 and for an axial

stress amplitude of 125 MPa is shown in Figure 4.81.
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Figure 4.79: The notch peak to valley depths resulting from fretting fatigue tests
conducted with an aluminium alloy 2024 T351 bridge in contact
with a peened aluminium alloy 2024 T351 specimen subjected to
an axial stress amplitude of 70 MPa.
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Figure 4.80: The notch peak to valley depths resulting from fretting fatigue tests
conducted with an aluminium alloy 2024 T351 bridge in contact
with a peened aluminium alloy 2024 T351 specimen subjected to
an axial stress amplitude of 100 MPa.
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Figure 4.81: The notch peak to valley depths resulting from fretting fatigue tests
conducted with an aluminium alloy 2024 T351 bridge in contact
with a peened aluminium alloy 2024 T351 specimen subjected to
an axial stress amplitude of 125 MPa.
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Analyses of the results presented in Figures 4.79, 4.80 and 4.81 indicate that:

B There is no correlation between notch peak to valley depth and
percentage life for any of the normal pressures applied:;

. For an axial stress amplitude of 70 MPa and 100 MPa there is no
correlation between notch peak to valley depth and normal pressure;

v For an axial stress amplitude of 125 MPa notch peak to valley depth

decreases with increasing normal pressure.

The formation of the scars over the life of a specimen was also investigated.
Plots for an axial stress amplitude of 70 MPa are shown in Figures 4.82 and
4.83, which show no correlation between notch peak to valley depth and the
number of cycles applied. The greatest peak to valley depth recorded for this

axial stress amplitude was 84 um.
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Figure 4.82: The evolution, in terms of the number of cycles applied, of notch

peak to valley depth over the lives of peened specimens subjected
to three normal pressures and an axial stress amplitude of 70

MPa.
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Figure 4.83: The evolution, in terms of percentage life, of notch peak to valley
depth over the lives of peened specimens subjected to three
normal pressures and an axial stress amplitude of 70 MPa.

Plots demonstrating the formation of the scars over the life of a specimen for an
axial stress amplitude of 100 MPa are shown in Figures 4.84 and 4.85, which
show no correlation between notch peak to valley depth and the number of

cycles applied. The greatest notch peak to valley depth recorded for this axial

stress amplitude was 36 um
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