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"... a ring is worn thin next to the finger with continual rubbing. Dnpping water
hollows a stone, a curved ploughshare, iron though 1t 1s, dwindles imperceptibly in the
furrow. We see the cobble stones of the highway worn by feet of many wayfarers. The
bronze statures by the city gates show there right hands worn thin by the touch of all
travellers who have greeted them in passing. We see that all these are being
diminished since they are worn away. But to perceive what particles drip off at any
particular time 1s a power grudged to us by our ungenerous sense of sight."
The Nature of the Universe
Lucretius

S5 BC
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Studies of the High Temperature Tribological Behaviour of some

Superalloys

By Simon Robert Rose

Abstract

High temperature wear 1s a serious problem in many applications in which
relative motion and contact of components occur at elevated temperature. Under
certain wearing conditions compacted debris layers known as 'glaze' layers which are
highly resistant to further wear are formed. The principal aim of this project was to
understand the mechanisms of such layer/glaze formation particularly during sliding
of unlike materials against unlike materials. The influence of temperature, load and
material compositions was of particular interest in this work.

This thesis examined the wear behaviour of four combinations of Superalloys
worn using a block-on-cylinder type wear rig, developed in this laboratory which
allows accelerated wear testing simulating the wear processes experienced in valve
and valve seats in natural gas fuelled combined heat and power engines. The alloys
studied included MA956 and Nimonic 80A predominately as samples and Stellite 6
and Incoloy 800 as predominantly counterfaces.

'‘Glazed' layers were found to form on three of the combinations tested.
MA956 with Stellite 6 and Incoloy 800 counterfaces from 510°C and 690°C and with
Nimonic 80A wom with Incoloy 800 from 630°C. In any system before the onset of
'glaze' formation, increasingly severe wear was encountered due to the loss in strength
of the materials with increasing temperature, giving rise to high rates of material loss
up to a certain maxima, dependent on the materials tested.

With MA956/Stellite 6 the maxima in the temperature/weight loss curve
occurred at 0.13g at 510°C. The maxima was at 0.66g for MA956/Incoloy 800 at
630°C. A maximum of 0.49g was recorded at 630°C for Nimonic 80A worn with
Stellite 6 counterfaces. However Nimonic 80A worn with Incoloy 800 counterfaces
did not show such a maximum. The low wear of the sample was caused by the
transfer of a metallic layer from the counterface providing protection below the
minimum temperature of 'glaze' layer formation (630°C). However the counterfaces
used suffered severe damage.

Testing over a range of loads (7 to 25N) revealed that the layers formed on
MA956 with Stellite 6 and Incoloy 800 counterface demonstrated an increased rate of
breakdown of the 'glaze' layers at higher loads (25N). For Nimonic 80A worn with
Incoloy 800 no layers were formed above 10N, the wear mechanism became
oxidational 1n nature.

Sliding combinations involving like-on-like and sample/counterfaces reversals
demonstrated that dissimilar materials tend to undergo less adhesion and so promote
layer formation and low wear.

Information on wear damage, debris characteristics, layer formation and
subsurface deformation was obtained by optical microscopy, SEM, SEM/EDX and

XRD analyses. These data were complemented by hardness and hot hardness
measurements on worn and ‘as-received' materials.
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Chapter 1 Introduction

1. Introduction

Damage due to wear is a common occurrence in many systems whose
components move against each other. Wear may occur by sliding, vibration or
erosion by hard particles entrained in fluids, which lead to a wide range of
mechanisms and rates of material loss [1].

Wear at elevated temperatures brings further complications due to faster
kinetics of film formation, loss of mechanical strength of materials and
alterations in the surface conditions leading to changes in adhesion between the
surfaces. High temperature wear occurs in valve and valve seats in internal
combustion engines, heat exchanger tubes and their supports in boilers, turbine
blades in their fitting to the discs in gas turbines and areo engines or hot-rolling
of metal sheets maybe also susceptible to high temperature wear.

High temperature wear processes are often associated with the presence
of aggressive environments and this makes the traditional methods of controlling
friction and wear inapplicable at high temperature. Lubricants and coating
systems available at low temperature are often inapplicable to limit wear at high
temperature and under aggressive environments. Materials selection is severely
restricted by the exacting requirements of the applications, such as oxidation
resistance, high strength and creep resistance.

To obtain greater thermal efficiency and longer lives of power generation
and other high temperature systems, methods of improving high temperature
wear resistance are required [2]. Coatings, preoxidation or other material
preparations have been used in an attempt to improve the wear properties and
prolong the lives of components in high temperature systems and reduce the
highly damaging 'running-in' wear.

However one of the most elegant methods of generating surfaces resistant
to high temperature wear is to take advantage of the process of oxidation that
occurs at high temperature during wear. The production of oxidised debris
together with the presence of high temperatures and moderate loads can lead to
the formation of surface 'glaze'-type layers capable of minimising wear (see
Section 2.11). However it is difificult to predict the temperatures, the kinetics of
oxidation, the load and the mechanical properties of the materials in various
combinations which will generate these wear resistant layers. These observations

imply that the key to generating the wear resistant 'glaze' layers lies in the

understanding of the mechanisms of their formation.
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Much work (see Section 2.11) has been done on wear by fretting at
elevated temperature of high alloy steels and Superalloys [3,4]. These alloys are
based on the Group VIII A elements — iron, cobalt and nickel — with additions of
other elements such as chromium and aluminium. Superalloys have been
developed for their high strength, resistance to oxidation and high temperature
corrosion in the hostile environments in which they are to be used.

Under fretting or low amplitude reciprocating sliding conditions, under
low load and sliding speed at high temperature, the formation of surface layers
resistant to wear has been found to occur. These layers associated with excellent
wear and friction properties were originally thought to be 'glassy’ and
amorphous, although this has now been shown not to be the case, the term 'glaze’
is still often used to describe the layers with distinctive morphology [5].

Debris produced in the initial stages of wear undergoes oxidation and
fracture in the wearing interface until, after a given time, it forms a compacted
‘third-body’ layer of debris on the surface (Section 2.11.8) [4,6]. At elevated
temperature sintering and further refinement lead to the formation of a solid,
highly smooth layer. The presence of such layers is characterised by smooth
running and low wear of the couple.

An investigation into the wear of valve and valve seats for natural gas
fuelled combined heat and power engines was carried out by Wood et al. [7,8]
within the Surface Engineering Research Group, University of Northumbria at
Newcastle (see Section 2.11.9). A special wear rig was designed for the
accelerated wear testing of valve and valve seats, which gave low debris retention
in the wearing interfaces was used in this project. One of the principal
characteristics of this type of wear rig is the low debris retention between the
wearing surfaces. Here the formation of compacted oxide layers was reported at
temperatures of 500 and 750°C.

Wood's work was particularly important because such studies of high
temperature wear involved sliding of couples of unlike materials. Various high
temperature materials were worn together in a variety of unlike combinations
and complex patterns of wear behaviour were observed. Layer formation gave a
wide range of wear rates. With some combinations, material was transferred
from the counterface to the sample which at particular temperatures produced

'glaze’-type layers; other cases were characterised by no layer formation/transfer

of particles between the surfaces.
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Wood's work highlighted limitations that existed in the current
understanding of the mechanism of high temperature wear under conditions in
which unlike sliding combinations are employed and in particular for sliding
systems in which the debris is not well retained within the interface, a
consequence of the testing system used in this project.

The aim of the current study was to expand the investigation of high
temperature wear of the sliding of unlike samples and counterfaces. This project
was designed to examine effects of temperature, load and sample/counterface
combinations on the processes of wear and to determine the controlling factors
which govern the compacted layer formation under these conditions.

Additionally, the aims have been to study the processes of debris
generation, the mode of particle transfer between the surfaces and the way these
transferred particles lead to the formation of the compacted wear resistant
layers.

This thesis is divided into eight chapters. Chapter 1 contains the
Introduction. Chapter 2 gives a review of the relevant literature. Chapter 3
provides an introduction to the current study. Chapter 4 details the experimental
methods and studies carried out. Chapter 5 reports the experimental findings.
Chapter 6 discusses the results obtained from which the conclusions are drawn
as reported in Chapter 7. In Chapter 8 some suggestions for further work are

presented.

Page 3



Chapter 2 Literature review

2. Literature review

2.1 Introduction

This chapter critically reviews the relevant literature related to
unlubricated wear at elevated temperatures.

Section one deals with the main important aspects of the frictional force.
Section two examines common theories of wear. Here the models for the contact
of surfaces under load and under sliding conditions have been reviewed and
aspects of oxidation and surface contamination have been considered. The
processes of wear such as oxidational wear, adhesive wear and delamination
wear have been described.

Section three examines the influence of wear debris within the wearing
interface and its influence on the wear processes. The effect of debris retained in
the interface and the establishment of so called 'third body' condition, and its role
in the wear mechanisms have also been considered.

Section four reviews the work central to this thesis, the mechanism of
wear for unlubricated systems at elevated temperature. The available work
covering the theory of 'glaze’ layer formation together with the experimental data
obtained in previous work have been reviewed. The chapter concludes with a

summary of the work carried out on elevated temperature wear.

2.2 Theories of friction

2.2.1 Types of friction

The frictional force is defined as the resistance to movement produced
when one body moves over another. Friction can be either static friction (where
the bodies do not move) or sliding friction where the bodies move relative to each
other. Friction can also be defined as either rolling friction (Figure 2.1 (a)) or
sliding friction (Figure 2.1 (b)). It should be noted however that in rolling
friction there would almost certainly be an element of sliding.

However friction is more normally expressed as the coefficient of friction,

which is denoted by the symbol p:

u=FIW {2.1}

Where F'is the frictional force and W is the normal load.
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l W
| ! |
(a) (b)

Figure 2.1 Two modes of relative motion: (a) rolling and (b) sliding [F is the frictional
force and W is the applied load]

Lw

The coefficient of friction provides a useful measure of the frictional force.
The coefficient of friction can vary from 0.001 for rolling friction to 10 for metals

sliding under vacuum. However the normal range of coefficients of friction for
sliding in air is 0.1 to 1.0.

2.2.2 Early work - the laws of friction

The first laws of friction are often attributed to Amontons, who
rediscovered them some 200 years after they were first proposed by Leonardo da
Vinci [9]. The three laws are stated as:
1) the frictional force is proportional to normal load;
2) the frictional force is independent of the apparent area of contact;
3) the frictional force is independent of the sliding velocity.

Although these laws are of limited use in wear science, they are often

found to apply over a limited range of conditions for many systems. They also

often fit well empirical observations. The first law of friction can be stated as:

F

4 (2:2)

Coulomb [1] proposed another early theory of friction, which is shown
schematically in Figure 2.2. In this model wedge shaped asperities interlock,
and as the surfaces move relative to each other the surfaces are moved apart as
shown in Figure 2.2 (b) so work is done against the normal load, thus giving

rise to the frictional force. This model accounts for the frictional force being
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proportional to load and independent of area of contact. However this theory fails
when the surfaces slide down the other side of the slopes (Figure 2.2 (¢)), work
is done by the system and so no net force is produced. In essence the theory
contains no mechanism for the dissipation of energy and for this reason it must
be rejected.

2.2.3 Development of current theory - contact of nominally smooth

surfaces

When two nominally flat surfaces, which are in fact rough on a
microscopic scale, are brought together, contact will be established only on a
limited number of sites on each surface. At these points the surface will deform,
either plastically or elasticity [10, 11], until a limit is reached by the load being
supported. At these points intimate contact is achieved and bonding of the
aspiratites may occur.

The work of Bowen and Tabor [1] related the frictional force to the
interaction of these asperities as sliding proceeds. Two major components of

friction were identified. These are adhesion of the surfaces and ploughing of the
softer surface by the asperities of the harder surface. Hence the total friction p is

given by the sum of the friction arising from adhesion, tq4» and ploughing, uder as

shown in Equation {2.3}:
* Brota = Hag T Har {2.3}

224 Adhesion

As a matter of common experience, metals pressed against each other do
not adhere, however if they are clean and free from oxide films — this normally
requires a vacuum — then strong adhesion is observed [1].

During the contact of surfaces rubbing with each other the surfaces will
touch only at the asperities. The asperities will deform either by plastic or elastic
deformation. It has been demonstrated that for all but the smoothest of surfaces
this will be plastic deformation [10-13]. From this it can be seen that the true
area of contact will be independent of the apparent area of contact but dependent

upon the applied load and the deformation properties of the softer material,

hence:
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lw

(a)

(b)

(c)

Figure 2.2 Schematic showing the principles behind the Coulomb model for sliding
friction. Moving from (a) to (b) work is done against the normal load W, so giving rise
to the frictional force. However, the normal load then does an equal amount of work

on the system moving from (b) to (c) [1]
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W=~ AH (2.4)

Where W is the applied load, A is the true area of contact and H is the

indentation hardness of the softer material.
The frictional force produced by adhesion of these junctions will therefore

be given by the shear strength of these junctions, hence:
Foy = As (2.5)

Where Fuan is the frictional force due to adhesion and s is the shear strength of
the junction. From this the contribution to the total friction given by adhesion
will be:

Koo =EM,/W#S/H (2.6}

Since the junction will fail by the rupture of the weaker material, the
shear strength of the junction can be taken to be that of the weaker material. For

metals, the uniaxial yield stress can be taken to be approximately three time the
hardness:

H=~3Y 2.7
Y the yield stress will be 1.7 to 2.0 times the yield stress in pure shear, s, so
H ~5s {2.8}

And so from this the frictional force due to adhesion can be given as:

HR.,~5/H=~02 (2.9}

So the contribution to the frictional coefficient produced by adhesion will
be ~0.2. This leaves a considerable proportion of the frictional force commonly

experienced in sliding to be accounted for, this can be attempted by estimating

that produced by deformation.
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2.2.5 Ploughing
The contribution to friction given by the deformation term is represented
by ploughing of the softer surface by the harder one. This can be estimated by

calculating the force required to drag a rigid conical asperity through a soft,

deformable solid.
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Figure 2.3 Ploughing of a deformable surface by a rigid asperity [11]

The ploughing action of a rigid cone of semi-angle a sliding over a plane
surface is shown in Figure 2.3. The force required to displace the material will

be the flow pressure, which is taken to be the indentation hardness, multiplied

by the cross-section of the groove:

F,, = Hax = Hx* tana

{2.10}
The load supported by the asperity is given by:
H 2
W= 7;’ =1 Hx* tan’ a (2.113

And so the coefficient of friction due to the ploughing term will be:
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Hor =Fo IW=(2/r)cotx (2.12)

From these models the coefficient of friction for metals can be calculated.
Taking into account that the slopes of real asperities are almost always less that
10° then the coefficients of friction would always be less than 0.3 as paan
approaches 0.2 and u4r approaches 0.1. For like-on-like sliding the deformation
term would be negligible and so the coefficients of friction should be circa 0.2.
This is clearly not the case, so other effects have to be taken into account to

explain the levels of friction generally observed.

2,2.6 Junction growth

In the above models the area of contact is assumed to be proportional to
the normal load and the inverse of the indentation hardness. For conditions of
relative motion this is indeed an over simplification, the area of contact can also
be affected by the tangential forces acting upon it causing further deformation of
the asperity junction. This leads to growth of the junction, hence the term
‘junction growth'.

This process can in theory continue indefinitely until the real area of
contact approaches that of the apparent area of contact, although in practice
junction growth is limited by the ductility of the materials. The effect of adsorbed
gases and other surface contaminants also leads to weakening of the junction, so
giving rise to the coefficients of friction which are commonly observed (0.1 to 1.0).
For example, for an interface that is 10% weaker than the bulk material, a

coefficient of friction of around unity is found.

23 Theories of wear

This section examines the commonly experienced wear mechanisms, and
how they are related to the wear rates experienced. This section relates to dry

wear — the absence of lubricants — of metals and alloys in a typical oxidising

environment.

92 21 Classification of wear types

Wear can be classified in a number of ways [14-16]. As (a) fretting wear,

in which the bodies move relative to each other via vibration. This is normally
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defined as a displacement of less than 70um, (b) if the displacement is greater
than this then wear would be termed 'reciprocating sliding', and (¢) where a
sample moves only in one direction then wear would be defined as unidirectional
sliding (such as pin-on-disc). These simple cases can of course occur in various,

practical situations, such as the wear of valve and valve seats [14].

2,3.2 Classification of wear mechanisms

Wear can also be classified by considering the wear rates, the nature of
the surface produced, the character of the wear debris and the coefficient of
friction experienced by the couple. Rabinowicz [16] identified four types of wear
mechanism:

1) Adhesive wear — in which material is removed from the contacting surfaces
via adhesion, cold welding and plucking of material from the surfaces.

2) Abrasive wear — in which hard asperities on the opposing surfaces or
particles within the interface ploughs and machines the surface, so leading to
material loss.

3) Corrosive wear — corrosion products formed upon the contacting surface are
removed by the action of sliding, so exposing a fresh surface on which new
corrosion products may form.

4) Fatigue wear — damage is done to the surfaces by cyclic stressing. The
surface undergoes loading and unloading as asperities of the opposing surface
pass over if, so leading to fatigue, cracking and material loss.

Wear can also be defined, as it was by Archard and Hirst [17], as mild or
severe. This classification is based upon the contact resistance between the
sliding surface and the nature of the debris produced, so defining the state of the
contacting surfaces produced. In mild wear oxidation of the surfaces plays an
important role, severe wear proceeds when the surfaces are essentially oxide-free
(Section 2.5).

Many other definitions of wear mechanisms exist and are notoriously
inconsistent from one author to another [18]. The following sections outline the

main classes of wear mechanism which are used throughout this thesis.

24 Archard's theory of wear

Archard's theory of wear [17] was the first '‘modern’ theory and is

analogous to Bowden and Tabor's theory of friction [1]. This assumes that the
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surfaces only contact at a limited number of asperities. When these high points

connect during relative motion of the surfaces, wear particles are created.

The number of asperity contacts is assumed to be proportional to the load

and the indentation hardness of the material, hence:

W = KS%{ {2.13}

Where W is the worn volume, s the sliding distance, P the applied load, H the
indentation hardness of the softer material, and K a constant related to the

probability of an encounter leading to the generation of a wear particle. This can

be simplified as:

W =KPs (2.14}

K: is often referred to as the 'K’ factor, and can be described as the wear
coefficient (unit volume/unit load/). Changes in the K factor over a range of
conditions (load and sliding speed) indicate transformations in the surface
condition and so in the wear mechanism. This leads to the conclusion that the
wear of a specific couple will be proportional to the sliding distance and the
applied load. This was observed to be true over limited ranges of conditions,
examples of which are shown in Figures 2.4 and 2.5 [17].

It was found, however, that under certain conditions a transformation In
the wear regime, characterised by a change in the surface conditions would lead
to an increase or decrease in the wear rates and a different value of the K’

factor.

Archard’s simple model of wear has never-the-less provided a very useful
basis for understanding wear processes. Wear is still often assumed to be directly
related to indentation hardness, despite the fact that this has often been shown

not to be the case — see for instance oxidational or delamination wear models (see

Section 2.5).
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Figure 2.4 Like-on-like sliding at 180cm. s™ (1) mild steel, 50g (2) ferritic stainless

steel, 250g (3) 70/30 brass, 80g (4) Stellite, 2500g and (5) hardened tool steel, 300g
[17]
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Figure 2.5 (a) wear rate against load for ferritic stainless steel (pin) worn with high-
speed tool steel (ring) at 180cm. s’ (b) wear rate against sliding distance for 70/30
brass (pin) worn with hardened tool steel (ring), load 1000g. Speed 180cm. s™ [17]
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2.5 Mild and severe wear

Wear of many materials has been shown to undergo marked changes in
wear rate and coefficient of friction for relatively small changes in load or sliding
speed [9, 19-21]. In an attempt to resolve these difficulties Archard and Hirst,

proposed the theory of mild and severe wear [17].

According to this model wear can be defined as either mild or severe.
These definitions refer to the state of the wearing surfaces. In severe wear the
surfaces are in a metallic state and a low electrical contact resistance is observed
between the contacting surfaces. Wear particles are generally large (~0.1 mm)
and also in a metallic state. In mild wear the contacting surfaces are in an
oxidised state and the electrical contact resistance is high. Wear rates are
generally lower than those given by a severe wear mechanism, although this is
not always the case.

Mild/severe wear transitions are affected by changes in load and
temperature as well as availability of oxygen. Figure 2.6 shows the effect of
temperature as well as the partial pressure of oxygen on the extent of the severe

wear regime [22].

2.6 Adhesive wear

Adhesive wear is one of the most severe wear mechanisms [23] leading to
high wear rates, friction and surface damage. Adhesive wear takes place when
the interfaces are effectively free from oxide layers or particles which separate
the surfaces. At the asperity junctions, the surfaces adhere to each other and so
to allow sliding to proceed, these junctions must shear.

For sliding of unlike materials, the adhesive strength of the bond between
the surfaces is generally higher than the cohesive strength of the weaker (usually
taken to be the softer) material. This leads to fracture occurring in the softer
material so giving rise to 'plucking' and transfer.

The level of adhesion is determined by the material's ability to deform.
This is shown by the relationship between hardness and wear rate, given by

Archard's [22] wear equation (W =K, Ps Equation {2.14}). However this cannot

be taken as an absolute rule as this does not apply to wear in cases in which heat
treatment has been used to harden an alloy. The effects of the frictional heating
can also change the microstructure — and so hardness — of the surface layers.

The mutual solubility or compatibility of the alloys also affects adhesive
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wear [23]. Subramanium [24-26] showed that for aluminium-silicon alloys worn
with a variety of counterfaces the more soluble the counterface material was with

respect to the sample the greater the adhesion — thus giving rise to higher wear

rates.
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Figure 2.6 The variation in wear rate with sliding speed at various temperatures in air
and pure oxygen for /P brass sliding against steel [22]

2.7 Abrasive wear

Abrasive wear can be 'two body' or 'three body' depending upon whether
wear takes place due to abrasions of a soft surface by a harder one — two body -
or via hard particles between the wearing surfaces — three body. For abrasion to
happen the abrasive medium must be 1.3 times the hardness of the surface
undergoing abrasion and so able to scratch the softer surface — this coincides
with to one unit on the Mohs' scale of mineral hardness [18].

Abrasive wear takes place via plastic deformation and brittle fracture.
Both of these modes can occur together, although they are generally envisaged as
tacking place independently.

There are three common models for abrasive wear via plastic deformation,
these are; cutting, wedge-forming and ploughing (Figure 2.7) [1]. Cutting wear

is characterised by the formation of long strip-like debris particles and deep
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(a) cutting mode

Sliding direction
————————-

(b) wedge-forming mode

_______

Sliding direction
—_—

(¢) ploughing mode

Sliding direction
—_—

Figure 2.7 Schematic showing the three modes of abrasive wear [1]

grooves upon the sample surface.

In wedge-forming, material builds-up ahead of the counterface asperities.
Wedge-forming gives notably lower wear rates than those experienced in the

cutting mode. The wear scar produced is grooved with characteristic transverse

cracks. This mode of wear occurs when adhesion is strong.
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In the ploughing mode, the formation of a wear particle cannot be clearly
seen at the point of contact. The asperity produces only a shallow groove in the
surface. Ploughing occurs where adhesion at the interface is weak and

penetration of the asperity is relatively small.

Figure 2.8 Abrasive wear due to an idealised conical asperity and a flat surface [27]
(c.f. Figure 2.3)

In the plastic flow model, the abrasive element is idealised as a cone of
semi-angle @ travelling through a surface of plastically deformable material,

shown in Figure 2.8 [27]. The volume of material removed from the surface after

the cone has travelled a distance L is:

V =Lr*cot@ {2.15}

Where L is the distance travelled by the asperity, 2r is the width of the groove
produced in the substrate and 26is the angle of the idealised asperity.

Now assuming that the softer material has yielded under normal load,
each asperity supports a pressure of 2r2P/2 where P is the yield pressure of the

softer material. Hence the load, W, carried by the particle is given by:
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nRr
2 (2.16}

Combining Equations {2.15} and {2.16} for n asperities:

- 2cot6WL
7 2.17)

V

This can be simplified as the indentation hardness can be substituted for flow

pressure as P ~ 1/3 H where H is the hardness of the softer material:

_ 6 cot GWL
e (2.18}

V

So, by substituting K. the Archard wear coefficient, for 6cotd/ 7 then V is given
by:

V=K, 2L
H

a

{2.19}

Equation {2.18} is similar to the Archard wear equation — Equation {2.14} —
only derived via a diflerent route, and the wear coefficient relates to the
geometry of the wear particles or asperities by the angle of the idealised wearing

element. The model, however, ignores brittle fracture of the surface, which is

commonly experienced with abrasive wear.

2.8 Fatigue wear or delamination wear

Wear mechanisms also exist that propose the removal of material from
the sliding surfaces by cyclic stressing of the contact areas during relative
motion. The delamination wear mechanism was proposed by Suh [28]. The
theory is based upon the behaviour of dislocations within the material
immediately below the wearing surface. This was proposed as an alternative
mechanism for the wear type normally classified as ‘adhesive wear".

Surface layers which undergo deformation and plastic flow during the

wearing process rapidly become worked and dislocations build-up. Close to the

surface these dislocations are released to the surface via the image force (able to
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move and be released to the surface). However further from the surface they are
unable to move so a highly deformed layer of material builds-up beneath the
wear scar/track. This leads to the formation of cracks and voids within the
subsurface layer. After a given time the layer is no longer stable and a sheet of
material is removed as plate-like wear debris. The process is then repeated for
the next layer of material. For this model the total wear V undergone by the

system will be given by:

N2 L
V = N‘(So )Alh, +N’(So )Azh2 {2.20}

1 2

Where A is the average area of the delaminated sheet, h the thickness of
the sheet, S the total sliding distance, N the number of sheets removed, So the
critical distance for removal of one layer of material. The subscripts : and &
denote the two materials sliding with each other — the model assumes un-like
sliding couples.

Later developments of the delimitation wear theory [29-31] led to a
greater understanding of how a highly deformed layer forms beneath the very
surface layer and the propagation of the subsurface cracks. The subsequent
development of the theory proposed the formation of a cell structure in the very
surface layer, which would allow the repeated deformation of the surface. Such a

cell structure is shown in Figure 2.9 [29].

) [ —— 7

(b)

Figure 2.9 (a) Idealised cell showing relative dimensions, arrow indicating direction of
sliding, (b), (c) and (d) showing plan, side and end structure of cells in the wear surface

[29]
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The great advantage of this theory is that it provides a mechanism which

accounts for the production of wear debris as plate-like particles — such debris is

often observed. The theory is based on the properties of materials and gives good

agreement with the experimental observations.

2.9 Oxidational wear

The oxidational wear theory was first proposed to enable quantitative
analysis of mild wear, to allow predictions of the wear rates from information

about the materials and sliding conditions involved.

2,9.1 Quinn's theory of oxidational wear

Quinn proposed [32] a model which related the wear rate to the formation
and removal of an oxide layer upon the contacting surfaces. As wear proceeds the
hot-spots (high temperatures generated at asperity contact points) [24] generated
upon the surfaces, oxidise to form an oxide layer. The layer is assumed to be
mechanically stable until it reaches a critical thickness, where it is no longer able
to withstand the tangential forces acting upon it. At this point the layer is
assumed to fracture at the oxide/metal interface so allowing the process to repeat
itself.

From Archard's wear equation — Equation {2.14} — where K is
conceptualised as the probability of a wear particle being produced in a given
encounter, I/K can be seen to be the number of encounters required to produce a
wear particle. In the case of oxidational wear, 1/K will be the number of
encounters required to grow an oxide of the critical thickness & If the time

required to produce the critical oxide thickness at the contact temperature is ¢,

and the time of each encounter will be 7, then:
== (2.21)

Since 7 = (d/V), where d is the distance along which contact is maintained and V

is the sliding speed, then:

-9
V'K {2.22}
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Now assuming parabolic oxidation of the surface, where growth of oxide per unit

area (Am) in time t, then:

2 _
Am™ =kt (2.23)

Where K, is the parabolic rate constant (other rate laws could be applied, but it
was assumed to be parabolic when the model was derived). From this it can be
stated that:

Am = fop (2.24)

Where f is the mass fraction of the oxide which is oxygen and p is the average

density of the oxide. From this an expression for the K factor can be derived thus:
dk
K=—-—"— :

733k .

Now assuming that the surfaces do oxidise under parabolic kinetics, the rate

constant Kp» can be obtained from the Arrhenius equation:

K= Ape'Q’/ e {2.26}

Where A, is the Arrhenius constant, @ is the activation energy for the reaction,
R is the gas constant and 7, is the temperature at which the reaction occurs.

Substituting this into Equation {2.25} gives a temperature-dependent
expression for the K factor, thus:

CM e"(Qp ’an)

K=—F———
s pVf (2.27}

This can be put into Archard's equation — Equation {2.14} — to obtain an

expression for the wear rate:

dAA e-(Qp /RT,)

W= -

&PVf (2.28}

From Equation {2.28} an expression is obtained for wear in terms of the
oxidation properties of the materials, the temperature produced at the interface

at the time of contact and a critical thickness of oxide layer. Quinn [32] assumed
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that the critical thickness of the oxide layer can be measured by microscopic
observation, and knowing the static oxidation properties of the materials used,
prediction of the wear rate should be easily achieved.

However the temperature of the rubbing surfaces is notoriously difficult to
determine [33] especially where the surfaces are covered with an oxide layer
whose thermal properties will be different to the alloys they are formed upon. In
this model the approach was to obtain the temperature of oxidation from the
oxides recovered in the wear debris. Oxides produced formed on dilute iron alloys

are shown in Table 2.1.

J— -  ———————————————— e e e e . s e e §

—— e —
—
- -

Temperature of formation
Spinel (Fe;04) | 200°to 500°C

Wiistite (FeO) | Greater than 500°C

—— = — T e —— e
—_—

Table 2.1 Formation tempertures of oxides on dilute iron-based alloys [18]

The theory was further complicated when it was pointed out that
oxidation during wear — tribo-oxidation — does not occur at the same rate as
static oxidation [34, 35]. It was found that @, the activation energy, does not
change significantly from static to tribo-oxidation but, A, the Arrhenius constant
does. This is because the Arrhenius constant is strongly dependent upon the
state of the surface and the presence of dislocations and voids within the
material, which are in turn strongly affected by the wear process.

Subsequent developments of the oxidational wear theory found that the
rates of oxidation calculated from wear rates were far higher than those
measured in static oxidation studies. This was related to the wear surfaces
becoming 'activated' by the wear process.

SQuch 'activation' in tribo-oxidation is believed to occur via the oxide
formed upon a deformed surface having a large number of dislocations within its
structure. These dislocations may act as sinks for voids, so preventing the
formation of pores. Pore formation is observed in the static oxidation of these
materials, but not in tribo-oxidation. The pores are believed to block the diffusion

of ions through the oxide layer, thus slowing down the rate of oxidation [36].

Other modifications [37-39] have been made to the oxidational wear

theory. It has been found that it is possible to have transfer of the oxide particles
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in oxidational wear. Transfer occurs via the imbedding of debris in the oxide
layers. The eflects of cracks in the oxide layer, which further complicate the
calculation of oxidation rate, have been shown to be significant in oxidational
wear modelling, together with oxidation of the surfaces while out of contact [40] —-
the general theory of oxidational wear. The oxidational wear theory assumes that
oxidation only takes place at the high temperatures generated during asperity

interactions.

2.10 The role of wear debris in the wear mechanism and wear rate

All surfaces are covered with adsorbed gases, such as water, hydrocarbons
and oxides except under exceptional circumstances (e.g. specially prepared
samples in ultra-high vacuum). Although the presence of these films upon the
surfaces are not normally considered to be 'third bodies' they do affect the wear
processes [41, 42].

Wear debris produced in the wear of metals and alloys can be
characterised as one of either two types [43]. These are (1) passive debris which
is removed from the wear interface as soon as it is formed and (2) active debris
which after its formation participates further in the wear processes. Passive
debris generally consists of large particles, unmodified after formation so possibly
containing features of the original surface. Active debris tends to be much finer,
consisting of fine metallic and oxide material.

In most theories of wear, the debris produced is assumed to be removed
from the area of contact as soon as it has been formed. However, m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>