Aston University

If you have discovered material in AURA which is unlawful e.g. breaches copyright, (either
yours or that of a third party) or any other law, including but not limited to those relating to
patent, trademark, confidentiality, data protection, obscenity, defamation, libel, then please
read our Takedown Policyand contact the serviceimmediately




MILD WEAR IN DRY AND

LUBRICATED SLIDING SYSTEMS

By

STUART GREGORY HODGSON

A thesis submitted for the
degree of

Doctor of Philosophy

UNIVERSITY OF ASTON

March 1988

*This copy of the thesis has been supplied on
condition that anyone who consults it is understood to
recognise that its cépyright rests with its author and
that no quotation from the thesiz an”’ no information

from it may be published without the author's prior,

written consent®.



THE UNIVERSITY OF ASTON

MILD WEAR IN DRY AND
LUBRICATED SLIDING SYSTEMS

BY
STUART GREGORY HODGSON

A thesis submitted for the degree of:
DOCTOR OF PHILOSOPHY -~ 1988

SUMMARY

A vertical pin on horizontal disc machine has been
used to conduct a series of experiments in air under dry
and lubricating sliding conditions. For dry sliding low
load and speed combinations were chosen to correspond to
the mild wear region below the Welsh T;, transition.
Lubricated tests were conducted under flooded conditions
using Esso Technical White O0il alone and with a 0.1%
stearic acid additive, for 1load and speed ranges that
produced substantial amounts of asperity contact and thus a
boundary lubricated regime of wear. The test material in
all cases was AISI 52100 steel, for unlubricated sliding
subjected to loads from 5 to 50 N and a range of speeds

=3 =1
from 10 to 1.0 ms » and for lubricated sliding loads of

-2 =1
50 to 123 N and for speeds of 10 to 1.0 ms .

Unlubricated wear debris was found to be a mixture
of a~-Fe,03 and a-Fe. Unlubricated wear was found to occur
via a thin film logarithmic oxide growth followed by
agglomeration into thicker oxide plateaux 2 to 10 um in
thickness. Lubricated wear occurred via a thick film
diffusion controlled oxide growth producing homogeneous
oxide plateaux 0.1 to 0.2 um in thickness. X-ray photo-
electron spectroscopy identified the presence of a surface
film on pins worn in White 0il with stearic acid, which is
thought to be iron stearate.

A model has been developed for unlubricated wear based
upon the postulated growth of thin £film oxides by a.
logarithmic rate law. The importance of sliding geometry
and environment to the dominant wear mechanism has been
illustrated.
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CHAPTER ONE

INTRODUCTION

1.1 Purpose of the Investigation

Wear is the damage, or deterioration due to rubbing of

materials 1leading to the removal of part or all of the
rubbing surface. The prevention or reduction of this
process has become of great importance in recent decades
with the 1increasing use of mechanised 1labour saving
devices. Spurred by the economic advantages of reducing
wear, much work has been done into surface coatings or
implantation, however, in the normal course of wear it is
often a reaction product of the surface and environment

which causes the most dramatic reduction of wear, namely

oxides.

Fink[l] in 1930 was the first to identify oxidation as
a mechanism of wear reduction, followed by Rosenberg and
Jordan!?] in 1935 who found that steel exhibited a wear
rate in hydrogen whi_.h was 50 times that in air. Since
this early work extensive study has been directed to

determine the mechanisms of oxide formation, growth and

removal.



Early on in the study of wear, Lancastert3] and

WelshE4'Sj clearly demonstrated that under dry sliding
conditions large changes in wear rate could result from
small changes in applied load and/or sliding speed. Welsh
produced a series of curves, the general pattern of which
now bears his name, from which three transitions Ty, To and
T3, were defined. These transitions were originally
defined in terms of applied load at a fixed sliding speed,
but subsequent work has shown that sliding speed at a fixed

load is an equally valid definition.

Since this 'early work, extensive study has Dbeen
conducted into wear above the T, transition and into the
transition phenomena itself. There 1is, however, 1little
published work specifically aimed at the region of
oxidational wear below the Welsh T transition, where loads
and/or speeds are low and frictional heating negligible.
This is to be regretted since, apart from the need to
characterise dry wear in this region, such a study could
lead to a better understanding of important problems
associated with oxide film formation under lubricated

conditions, particularly in boundary lubricationl61,

Prutten et al.[7] showed that the corrosion of metals
by solutions or organic acids in hydrocarbons took place via
an oxide film. Tingle[8] went on to show that a 1% solution

of lauric acid was no more effective in 1lubricating a

freshly cut metal surface in paraffin than was the paraffin

-26-



itself. However 1if an oxide film had been generated

beforehand on

additive acted

It was to

growth below

exposure to oxygen and water vapOur, the

as an effective boundary lubricant.

attempt to elucidate the mechanisms of oxide

the T; transition along with those during

boundary lubrication that this investigation was initiated.

It was thought that a study of oxide formation under low

load and speed combinations in air, and similar studies

performed under flooded lubricated conditions, for the same

sliding geometry, would afford a valuable insight to the

mechanism of wear reduction, and provide useful information

on the overlooked region of wear below the T; transition.

1.2 Characterisation of the Wear of HMetals

The <classification of the wear of metals has been

subject to several alternate interpretations in the past

with the terminology of one being interchangeable with

another, leading to confusing or even contradictory

statements.

In view of this a clear definition of the

several distinct forms of wear is a necessary prerequisite

to any studye.



Archard and Hirst [2] produced the most basic

classification of wear, that is two components mild and

severe, while Burwell and Strang[lol

preferred seven
distinct classes: adhesive, corrosive, surface fatigue or
pitting, abrasive, fretting, cavitation and erosive wear.
The Archard and Hirst classification is the easiest to
apply to any wear situation, since it is entirely
phenomenological with severe wear being characterised by
low contact resistance and large, ~ lo-zmm diameter,
‘metallic wear particles, and mild wear being characterised
by small, ~ lO"“mm diameter, oxidised.debris. The Burwell
and Strang usage is based upon the mechanism of removal of
wear particles which is a more definitive classification,
but one which requires more specific explaﬁation of each

mode of wear. Burwell[11] and Quinn[12]

provide good
explanations of this wear terminology, the major

observations of which are listed below.

1.2.1 Adhesive Wear

Adhesive wear occurs when surfaces slide against each
other, and the pressure between the contacting asperities
is high enough to cause 1local plastic deformation and

(131,

adhesion Adhesive forces between surfaces arise from

atomic attraction and result in 1local cold welding of



neighbouring asperities. Adhesion 1is favoufed by éiean
surfaces and non-oxidising conditions[l4]. Adhesion occurs
between a few Jjunctions which increase in size as motion
continues. Eventually thejunctions rupture at their
weakest point, usually resulting in metal transfer from one
surface to anotherElS]° These transferred particles may be
transferred back to the original surface, or else come off
the surface to form loose wear particles. Very severe

adhesive wear resulting in gross surface damage is known as

gouging.

Adhesive wear decreases if the asperity is harder,
because the contact area 1is lower, increases 1if the
asperity 1is chemically clean due to bonding and welding
being more 1likely and increases if the wear couple is

mutually soluble.
1.2.2 Corrosive Wear

Corrosive wear 1is a form of chemical wear which
results from the interaction of the environment with the
sliding surfaces, producing some corrosion product,
followed by the removal of this product via some other
mechanism due *o the sliding, fatigue for example. If the
environment is hostile, liquid sodium say, then one has a

form of wear which proceeds rapidly and is truly corrosive.



If however, the environment is the normal atmosphere,.or.a
lubricant exposed to normal atmosphere, it 1is possible to

obtain a mild form of corrosive wear called oxidational

wear (161,
In oxidational wear the reaction products and thus
wear debris are oxides. For a wide range of material

combinations and environments the oxide films present on
the surface are sufficient to prevent intermetallic contact
and hence reduce friction and inhibit further wear. In
these circumstances the rate of removal of oxide achieves
an equilibrium with the rate of regeneration of the film by
oxidation at the surface. Thus, oxidational wear will
occur when the oxidation rate at the surface is sufficient
to maintain a protective oxide film between the interacting

asperities.

1.2.3 Abrasive Wear

Abrasive wear may be subdivided into two distinct
categories. The first is two body abrasion where a rough
hard surface slides against a softer surface[l7], and the
second is a three body abrasion where loose hard particles

are responsible for the surface damage[lsl.

During
abrasive wear smooth surfaces become roughened with fairly

reqgular grooves. This type of damage is usually described




_as scratching, scoring or gauging depending on the degree
of severity. A reduction in third body particle size would

reduce three body abrasion, since there is a critical size

below which rolling becomes more likely than abrasion[ls],

(11}

and Burwell suggested that sharp particles contribute

more to abrasive wear than do rounded ones.

1.2.4 Surface Fatigue Wear

This form of wear is observed during repeated sliding
or rolling over a track. TheA repeated loading and
unloading cycles to which the materials are exposed may
induce the formation of surface and subsurface cracks,
which eventually will result in a break-up of the surface
with the formation of 1large fragments, ~ 100 upum diameter,
leaving large pits in the surface (191, Further to this,

Archard and Hirst[9] have suggested that material initially

transferred by adhesion may finally be removed by fatigue
processes. Also large oxide plateaux are also likely to be

broken up and removed by a fatigue process.

- 31 =




1.2.5 Fretting Wear

Fretting can be considered as a form of wear which
occurs when wear mechanisms act together under conditions
of small oscillatory displacement[20]° This 1is common
since most machinery 1is subject to vibration both 1in
transit and during operation. Because of the oscillating
small amplitude motion the surfaces are never brought out
of contact and therefore there is little opportunity for
the wear debris to escape. Most commonly, fretting is

combined with corrosion in which case the wear is known as

fretting corrosion (21l In air the corrosion product is
oxide.
1.2.6 Transfer Wear

Transfer involves the removal of material from one
surface and redeposition of that material on another, or
from one surface, to another position on that surface. An
attempt to follow the general wear process was made in 1951

[15] using radioactive tracers.

by Rabinowicz and Tabor
They showed that transfer consisted of discrete particles
and that the volume of the transferred material per unit

distance of sliding was approximately proportional to the



[22] went on to estimate the size

load. Rabinowicz
distribution of transferred particles and found them to be
comparable to the actual areas from which they were

:_,5
vformedp ~ 10 m diameter, as deduced by Holm[23], and

Bowden and Tabor[13]

using contact resistance measurements.

Kerridge[24] has shown that information about detailed
mechanisms in wear can be obtained by combining tracer
techniques with conventional methods of wear measurement.
He found that with a soft-steel pin rubbing unlubricated on
a hard steel ring, the metallic transfer from a soft pin to
a hard ring could be the first stage in the wear process.
With steels, however, it was suggested that subsequent
stages of the wear mechanism were the slow oxidation of the
transferred layer and its removal as loose oxidised debris.
The material worn away was then replaced by new transferred
material. The transferred material was found to be in a
hardened condition. Further tests in an inert atmosphere
showed a decrease 1in wear rate so Kerridge concluded that
the oxidation and removal of the transferred material was
the rate—-determining process. This work reveals the
important fact that wear particles may be produced directly

when localised regions of the surface come into contact.

Kerridge and Lancaster [ 23] developed the radiographic

method of Kerridge[24]

to study the severe wear of a 30/40
brass pin rubbing on a hardened steel ring, a material
combination which gives very reproductive wear rates and a

wear rate proportional to the load. It was found that




during the initial stages of sliding, no wear particles
were produced, but a transferred film of brass builds up on
the steel surface. As the film thickness approached a
steady value, wear particles started to appear until an
equilibrium condition was reached. When the brass pin was
replaced by an otherwise siﬁilar irradiated pin and sliding
continued it was found that wear continued as before but
initially these wear particles were not radioactive. Thus
they could not have originated from the pin, but must have
been detached from the inactive transfer film on the steel
ring. As sliding continued with an active pin, the
inactive film was bradually replaced by active brass and
the wear debris therefore eventually became active. By a
similar technique it was estéblished that the material in
the transferred film remained there until it was removed as
debris. In other words, there was no back transfer from
the film to the pin. Further experiments showed that the
wear was a two stage process starting from the transfer of
the material from the pin to the ring followed by the
removal of transferred material as wear particles. The
transfer from the pin occurred as discrete particles, and
the material that was removed from the ring was aggregated
from many such particles. Archard and Hirst [26] in a study
of mild wear, using hardened steel on hardened steel,

showed that back transfer was possible.



The Severity of Wear and

Severe/Mild Wear Transitions

Following the initial work conducted by FinkEl] in

identifying oxidation as a factor leading to reduced wear,
Mailander and Dies[27] and Siebel and Kobitz:h[zsjf
attempted to explain the behaviour of steels for a number
of sliding conditions with respect to changes in load and
speed, and again identified oxidation and oxide formation
as a factor in wear reduction. Diesrzgj also recognised
the importance of dissolved oxygen in fluids. The
relationship between load and wear rate was investigated by

[10] who found that in general the wear

Burwell and Strang
rate was proportional to the load and independent of the
apparent area of contact. This was supported by Holm[23]
who showed that when wear rate is expressed as volume
removed per unit sliding distance, the severity of the wear
rate might be assessed by comparison with the real area of

contact., This work then led Archard[30] in 1961 to define

his wear law as:
w = KA (1.1)
where w is the wear rate in m3/m and A is the real area of

contact. K, the Archard wear factor, is dimensionless and

represents the probability of producing a wear particle at

~35-



each asperity encounter. It is this variation in K, for a
given real area of contact, which determines the mode and

severity of the wear rate.

There exists, however, periodic changes in wear mode,
dependent upon speed and load, which also influences the

31] have

severity of the wear rate. Hirst and Lancaster[
described some of the factors influencing the magnitudes of
the transition 1loads and 1in agreement with Moore and
Tegart[32] showed that wearing-in is a process which alters
the surface layers such that with continued rubbing the

wear rate is dependent upon the new properties of these

surface layers.

When observed these generated layers have been
referred to as "hard", "white" or "non-etching” and have
been reported to form in most ferrous metals under a wide
range of conditions; they are thought to be a martensitic
phase of the metal produced with an extremely fine grain
size by the rapidity of heating and cooling. In their

[(33] collate much of

review on white layers, Eyre and Baxter
the literature in this area, and conclude that the
properties of white layers, their extreme hardness and
resistance to tempering, are due to second phase particles
pinning an eéextremely fine crystallite structure. This
means that structuralliy white layers may appear in one of
several different forms depending on material and operating

conditions, but that there remains a basic similarity in

methods of production and that differences are superficial.
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The influence of temperature on the severe wear of
60/40 brass rubbing on hardened steel has been investigated
by Lancaster [34], Low sliding speed was used to minimise
frictional heating and temperatures were raised by external
héatingo Two regimes of wear were found. At light 1loads
protective surface films were generated during sliding and
there was little intermetallic contact, at higher loads the
wear rate increased by several orders of magnitude and
there was extensive intermetallic contact. At the
transition load between these two regimes it was suggested
that there was an equilibrium between the rate of formation
of a protective surface film and its rate of destruction.
The magnitude of the transition load was found to increase
with temperature, that is an increase in temperature of the
sliding metals facilitates the formation of a protective

filme.

The previously mentioned Welsh curves probably
represent the most definitive method of separating these
modes of wear for steels and the terms T; , T, and Tj3
representing transition points are common terminology.
Below T; , mild wear occurs by the removal of oxide debris
from an oxidised surface supported on a work-hardened
substrate. T; is a transition to severe wear initiated by
the protective surface oxide produced at lower loads.
Plastic deformation of the substrate occurs, caused by

higher bulk temperature, and the wear rate increases



dramatically with the production of metallic debris.

Between T; and T, severe wear occurs. At the Ty transition
the surface temperature is high enough for phase hardening
to produce a hard "white layer" structure which prevents
deformation and helps to establish an oxidised surface once
more. The wear rate is reduced considerably but is not as
low as the wear rate below the T; transition. At loads
above the T, transition a third transition T3; has been
reported by Welsh[35]e Above T3 permanent phase hardening
occurs so that oxide formation is no longer necessary for
the mild wear behaviour to be sustained. These regions of

the Welsh curve are shown in Figure 1l.1l.

During running=in the hardness of the metal surfaces
increases wuntil a critical hardness, dependent on the
material composition, is exceeded. This hardness, usually
in the range 340 to 425 VPN[BS], indicates that the
substrate is now capable of supporting an oxide, such that
fracture will occur within the oxide. Since mild wear is
dependent on formation of an oxide layer, altering the bulk
composition to reduce oxidation has been found to prolong

d[9'36] that a 3% chromium

running=-in. It has been foun
steel has twice the running-in time of a 1% chromium steel
under the same test conditions. Independent oxidation

rates have shown at a 3% chromium steel oxidises at a

significantly slower rate.



Wear

Severe

Mild Miid
\ _T3
T1
Speed
Figure 1.1

Classical Welsh curve showing wear

rate against speed for constant load.
The three major wear regions are shown

along with the Welsh T,, T, and T;
transitions
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A review of earlier studies on the sliding wear
mechanisms of metals has been made by Childs[37]e He
concluded that, in general, the influence of sliding speed
and load on the wear mechanisms observed during the dry
wear of soft steels is as follows: 2t low loads and speeds
surface work hardening and smoothing can occur under a
protective oxide film, wear occurring either by removal of
the film or by metal fatigue. At slightly higher loads and
speeds oxide protection may break down leading to severe
metallic wear and transfer, but at higher speeds still,
enhanced oxidation caused by frictipnal heating coupled
with the possibility of surface transformation hardening of
steels can restore oxide protectiveness. In hotter
conditions still, gross surface softening can cause a
reversion to severe wear but in even hotter conditions a
further regime of oxide domination exists. This effectively
summarises the three major modes distinguished in the Welsh
curve; below T; , between T; and T , and above T, . To
understand further the mechanisms of wear the highly

important factor of temperature must be examined.
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1.4 Temperature in Unlubricated Wear

The growth of oxides under unlubricated sliding
conditions occurs at some oxidational temperature, T, ,
generated by sliding friction. There is still controversy,
however, over whether it is the general surface temperature
or "hot-spot" or contact temperature which govern oxide

growthe

The major obstruction to the resolution of this
controversy 1is the determination of those temperatures
under practical experimental conditions. Attempts have
been made to measure those temperatures directly using
dynamic thermocouple techniques, by measuring the
thermoelectric voltage produced at the sliding interface of

{38]. Other direct measurements

a pair of dissimilar metals
using infra-red photographic methods have been employed by
Winer et al1l39-40]1, All these direct methods are
disadvantageous either by 1limiting sliding pairs to
dissimilar metals or demanding that one partner be
transparent.

Other methods such as imbedded thermocouples[4l'42],
and tne use of wearing pins contained within a calori-

[43'44’51'52], have been used to monitor heat flow

meter
during wear. These forms of measurement suffer due to

their indirect nature, and reliance upon extensive
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theoretical heat flow analysis to deduce surface and

___ contact temperatures.

Blok [45/46] i 1937 was probably one of the first
researchers to realise the importance of flash temperatures
in the study of wear. He worked with lubricants under an
extreme pressure regime and performed.- a rather complicated
mathematical treatment to support his work. The flash
temperature seen in Blok's work is probably very similar,
although not identical, to the hot=-spot temperatures
postulated under dry-wear conditions. This work initiated
the other path open to investigators when attempting to
determine oxidational temperatures: that of the

theoretical, empirical analysis.

A theoretical study similar to Blok's was performed by

Jaeger[47]

who provided mathematical solutions to equations
describing moving uniform plane sources of heat, thus
deducing hot-spot temperatures. Holm[48] and Bowden and
Tabor {131 have each performed similar, although simpler,
analyses of these temperatures. Jaeger's findings have
been developed without their mathematical complexity by
Archard [49] who considered both elastic and plastic
deformation in his surface modelling of contact

temperatures, and showed that most oxidation must have

taken place at or near the contact temperature.




The work of Archard[49], Jaeger[47] and Holm!48] has
@ﬁgéen drawn together, in an extension of an approach by
Grosberg and Molgaard[SO], to form a complex heat flow
analysis which yields the values of several surface
parameters, including contact temperatures, achieved during
wear [21,52], The model inherent in the abave heat flow

analysis will be discussed in section 1.5.

The crucial observation accompanying these

- investigations is that oxides which could not be generated

~ at general surface temperatures are often present in

(53] indicating that oxidation occurs at

collected debris
some higher temperature. The view that contact rather than
surface temperature is the most important factor

[54]

determining oxide growth is supported by Tao and

Molgaard and Srivastava[SS], although in other published

work Molgaard and Srivastava (36!

suggested that the
oxidational temperature may be somewhat lower than the
contact temperature even for oxidation nominally at the
contact region. This latter suggestion is possibly closer

to the truth since during contact there is no free access

of oxygen to the surface.

Stott, Glascott and Wood [37] produced a quantitative
expression for the relative amounts of oxide generated in
and out of contact and concluded that either mode could
predominate. They stated that if excess contact

temperature rises are significant, particularly where the
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number of load bearing contacts is small, the majority of
the oxide is formed at the contact temperature. Conversely
if there are a large number of contacts, particularly under
low speed, high temperature conditions and the excess
contact temperature rise 1is small, then out of contact

oxidation predominates 283591,

Sullivan and Athwall44! and sullivan and Granville [60]
have also shown that out of contact oxidation, especially

at high temperatures, can become the dominant mechanism.

1.5 Quantitative Theories, and Mechanisms

of Unlubricated Oxide Formation

1.5.1. Quantitative Theories

One of the =earliest works which describes wear
mechanisms quantitatively is that of Yoshimoto and
Tsukizoe [61] who éssumed a model which represented‘profile
curves of two contacting metal surfaces and from this
theoretically deduced the number and size of individual
contact aréas. Assuming that during an encéunter the whole
of the oxide, developed 1in a previous encounter, is

removed, they expressed wear rate as:



) W - 3w} o (1.2)

where w is the wear rate, n and t are logarithmic
oxidational constants, W is the load and L is a parameter
relating to the length of one edge of the apparent contact
area and Pm is the flow pressure of the surface. This

expression is for Fe,03; film wear, but they also deduced

 expressions for Fe;0, film wear, surface contact resistance

and mechanical wear. This equation is similar in form to
that deduced by Uhlig[62] who described a contact model
between a metal and a flat surface, where this equation
describes two metal surfaces 1in contact. The main
conclusions of Yoshimoto and Tsukizoe were (i) the wear
rate is apprfximately proportional tQ the square root of
the load, W /2, (ii) the wear rate is approximately
proportional to the 1length of one edge of the apparent
contact area and (iii) the wear rate 1is 1inversely
proportional to the velocity, V. There was, however, no
experimental validification of the expression, although the
approach outlined by these authors 1is a useful guide to
developing a quantitative description of an oxidation-

scrape-oxidation mechanism[57].

Earles and Powell[63] adopted the model of Yoshimoto

and Tsukizoe to explain a series of experiments conducted

on ENlA steel. They observed initially comparatively large
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friction coefficients, 0.4 to 0.8, during severe wear=in
which lasted about 2 minutes where mild wear ensued and
fﬂﬁfiction coefficients dropped to 0.1 to 0.5 with the
formation of a near continuous oxide film. At speeds
above 25 msw1 they found a critical 1load (dependent on
speed) above which periodic removals of the surface film
occurred producina metallic wear and high friction. The
subsequent increase in oxidation was seen then to allow
conditions of mild wear to be re-established within a few
seconds. Friction coefficient and wear rate were found to
"5vary with the square root of the load, and instability in

\Othe self-generated oxide film was proposed to lead to

periodic increases in these parameters.

Earles and Powelll®4]l 1ater interpreted their data
using Yoshimoto and Tsukizoe's equation for Fe30, film
wear, erroneously adopting it for their high speed
experimental results. Surprisingly the variation
predicting the wear rate proportionality with square root
of load was substantiated.

[(65] later advanced a modified

Tenwick and Earles
theory based on more fundamental physical, rather than
statistical, properties and considered a mechanism based on

parabolic oxidation to give the expression:

N/ = c (1.3)
KPO exp ("Q/Re)
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 :where N is the applied load, w the wear rate, P  the
: basperity strength, hC the critical oxide film thickness,
KPO an Arrhenius constant for parabolic oxidation, Q the
activation energy, R the universal gas constant and 6 the
oxidatioﬁal temperature. This equation 1is much more
realistic in predicting the variation of wear rate with
load and incorporating temperature as an active parameter.
Temperature has been further investigated by Earles and
Powe11[66] and Quinn[67] who then went on to develop a
model for oxidational wear, again based upon parabolic
oxidation.
Quinntss] proposed two possible mechanisms. The first
that the bulk of oxidation occurs at the instant that
virgin metal is exposed and that further metal contact
causes shearing at the metal-oxide boundary. The second is
that oxidation occurs at each contact until the oxide grows
to a critical thickness when it becomes detached to form a
wear particle. Quinn modified the Archard wear law,
equation (l.1), but re-=interpreted K, by assuming that 1/K
encounters are necessary to produce an oxide of critical
thickness at the real areas of contact and obtained the

expressions

d Ap exp (QQp/RTO)
} A (1.4)

E2 p 2 f 2y
(o] o



~ where w is the wear rate, d the distance of sliding contact
_at an asperity (= 2a) where a is the asperity radius, Ap

is the Arrhenius constant for parabolic oxidation, Qp is
the oxidational activation enerqgy for parabolic oxidation,

| To the oxidational temperature, £ the thickness of oxide
film at the real areas of cecntzact, PO the average density
of oxides formed at the real areas of contact, fo the mass
fraction of the oxide film which 1is oxygen and U the
sliding speed. Where A, the real area of contact, 1is
defined as A = W/Pm where W is the applied load and Pm the
material hardness, or alternatively as A = Nma? where N is
the number of asperity contacts. This model assumes that
there are N circulér contacts at any one time, of mean
radius a, and that there is an oxide film of thickness §

at the time ‘each plateaux breaks off to form a wear

particle.

The oxidational temperature was deduced from an
extension of an approach developed by Grosberg and

Molgaard[SO]

and the use of an iterative computer search
technique which provided suitable values of N, a, &
and TC » the contact temperature, by comparing experimental
and theoretical values of the division of heat between the

wearing pair[44'69].

An important point was made here by Sullivan et al[69]

during this work by pointing out that oxidational growth

constants will differ depending on the predominant oxide
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types, and that growth constants measured from static
oxidation experiments are not appropriate to tribological

situations.

@
1.5.25 Further Mechanisms of Oxide Film Formation

The major mechanisms concerning unlubricated wear have
already been presented along with their corresponding
quantitative expressions, in the previous section. One
further important mechanism, with no quantitative analysis,
needs to be mentioned for completeness. This has been

[70,71] in the form of oxide glazes

reported by Stott et al
formed on rubbing surfaces under reciprocating sliding
conditions. They proposed that oxide fragments are formed
by an oxidation-scrape-reoxidation mechanism, where oxide
growth both during .the contact and out of contact is
completely removed during the next or some subsequent
asperity interaction. The oxide debris may then either be
swept away, or cause abrasive removal of the metal surface
in which case sevére wear will ensue, or become fragmented,
compacted and undergo plastic deformation to form a

protective oxide glaze in which case mild oxidational wear

is the result.




Further experiments in this series(72,73] showed that
the rate of oxide production could not account for the rate
of development of the oxide glaze film. They therefore
proposed[74] that under the conditions of their
experiments, metal debris is produced, broken up and
reduvced in size until the surface to volume ratio is such
that spontaneous oxidation occurs. The running-in time
relates simply to the time required to reduce the metallic
particles to the required critical size. The reciprocating
sliding geometry 1in .these experiments 1is conducive to
debris entrapment which is a necessary prerequisite for

this mechanism of oxide layer production.

1.6 Characterisation of Lubrication Regimes

In much the same way as in unlubricated systems,
lubricated terminology describes distinct forms of surface
interaction or non-interaction, whichever the case. It is
again useful to clarify the nomenclature relevant to each
system. Four classes are used to describe the possible
surface-lubricant-surface combinations. These are hydro-
dynamic, elastohydrodynamic, mixed and boundary
lubrication. Each of these is described below, and shown

diagrammatically in a Stribeck variation in figure l.2.




©

Friction Coefficient

0901

0.001

0.1 /—"-‘N

Speed.

Figure 1.2

Classical Stribeck curve showing
the four classifications of
lvbricated wear




Hydrodynamic Lubrication

In hydrodynamic 1lubrication the moving surfaces are
completely separated by a continuous film of lubricant and
the resistance to motion and friction coefficient is due
solely to the viscosity of the lubricant. Although for a
given load a speed suitable to provide hydrodynamic
lubrication can be chosen, in most cases loads are light
_ana speeds high. In the ideal case there wiil be no
surface interaction and no wear. Friction coeffiéients are
extremely low typically of the order 0.001 to 0.01l.
Minimum f£luid film thicknesses usually exceed 10_7m which

is generally greater than surface roughness, which is of

course essential for true hydrodynamic lubrication.

1.6.2 Elastohydrodynamic Lubrication

It has been recognised that many loaded contacts of
low geometrical conformity, such as gears and cams,
frequently behave as though they were hydrodynamically
lubricated. Thisv form of 1lubrication is achieved when
surfaces are elastically deformed by loads which are

carried over small areas. Crook[75] has shown that under




these conditions the viscosity of the 1lubricant at the
ugprface temperature of the sliding pair is of the greatest
&mportance, and that this, along with pressure increases
leading to increases in viscosity of the fluid, and thus
greater load distribution, are the reasons for elastohydro-
dynamic 1lubrication. This viscosity increase allows high
hydrodynamic pressurec tc be generated and thus an increase
in fluid film thicknesses sufficient to separate the

surfaces at the leading edge of the Hertzian region.

1.6.3 Mixed Lubrication

Mixed lubrication takes place in the speed and load
region between elastohydrodynamic and boundary lubrication.
There are some intermittent contacts between the surfaces
~which result in wear but the majority of the contact is
governed by a mixture of the two effects. Out of contact
the surfaces are separated by films of molecular
proportions as in boundary lubrication. Coefficients of
friction are in the region between 0.01 and 0.1
corresponding to elastohydrodynamic and boundary

lvbrication values.




1.6.4 Boundary Lubrication

Boundary lubrication occurs only if a surface active
agent 1s present in the lubricant. Boundary lubrication
may be defined as a condition of lubrication -in which the
friction betweeh two surfaces is determined by the
properties of the surfaces and by the surfactant properties

of the 1lubricant. This type of lubrication occurs under

~ _some combinations of high load and small apparent area of

contact, low sliding speed and rough surfaces.

Wear wunder conditions of boundary lubrication has
often been shown to be the result of oxidative attack on
the metal surface[76'77’78'79]. Appledoorn et al[79]
proposed that a direct reactibn takes place between
dissolved oxygen and the nascent metal surface to form an
easily removed oxide layer. This simple mechanism cannot
account, however, for the wear reducing effect of lubricant
antioxidant additives demonstrated by Bose, Klaus and
Tewksbury[78]. There is good evidence[76/77] that
reactions take place between the oxidised lubricant and the
metal surface and it has bheen proposed[sol that oxidation
of the surface occurs by reaction with oxidised lubricant

species.




In contrast, some of the products of o0il oxidation
have been shown to have anti-wear properties, particularly
in lubricants which were 1initially non-—polar[81]o The
oxidation of white oils has been studied(82] by monitoring
the build up of oxidation products and one, a peroxide,
found to promote oxidational wear and another, an acid, to
inhibit oxidational wear. Denison(83] and Prutton et
all84]l have shown that corrosion of steel by 1lubricating
\ﬂ\oils containing acids will not occur to any appreciable
\extent unless peroxides are present in the oil. Further,
the rate of corrosion is determined by the concentration of
Lhe peroxides in the oil[83], and it is postulated that the
corrosive action takes place in two steps: the reaction of
peroxide with the metal to form metal oxides, and the
subsequent reaction of the oxide with the acid to form a

salt, or metallic soap.

Frictional heating and/or metal catalysis have been
suggested as the principal factors 1initiating these
chemical reactions[85] although complex chemical inter-
actions are undoudtedly involved. The important factor of
oxygen concentration in the o0il has a profound effect on
wear under boundary lubrication, and is considered in the‘

following section.



1.7 Oxidational Wear in Boundary Lubrication

In the case of boundary 1lubrication there 1is a
substantial amount of asperity-asperity contact and
oxidation has been identified as an important component of
although thz mechanism is likely to be similar
to that propdsed by Quinn[68] rather than that of Stott et
a1l74] because of debris removal by the lubricant.

86] described the formation of

Bowden and Young[
metallic soap films by reaction between an organic acid and
the surface metallic oxide. The oxide was found to be a
necessary prerequisite to the production of a soap film and
hence to the reduction in wear. Hirst and Lancaster !87]
showed that the rate of metal oxide formation affects
friction and wear during Bboundary 1lubrication, and

suggested that oxide film formation complemented the

protection afforded by the acid.

Severe wear is seen to ensue when oxygen is removed
from the lubricant!88] which has been further substantiated
by Godfrey[89’90] who observed a reduction in friction
coefficient with a sulphur solution in white oil when the
white o0il was used in the presence of oxygen. He observed
the oxides a-Fe,;03 and Fe304 in oxygen, but when the system
was operated in nitrogen without the sulphur additive,
large metallic severe wear particles resulted. Further to

fo11,

this Nakayma and Okamoto in a study of copper under




boundary conditions, found an optimum value for the
_concentration of dissolved oxygen at which minimum friction
Jand wear occurred. The increased rate of wear above this
optimum value was explained in terms of the formation of

thicker oxide films which are more easily sheared.

Begelinger and deGee [92] Oobservel large decreases in
both friction and wear with increased oxygen concentration
in the lubricant in a steel on steel system, and this they
attributed to oxidation of asperities during localised
1 breakdown of the boundary film. The effect then 1is to
prevent metal to metal contact during these periods.
Sullivan and his extensive study of aluminium bronze on

1093-97] jdentified the major protecting element te~ be

stee
copper oxide, Cu,0, and oxidational wear to be the dominant
mode. He deduced that the major action of the dimeric acid
used 1in the investigations at 12 ppm was to provide the

surface with sufficient protection for a protective oxide

film to develop and be maintained.

Sullivan!98] has developed a guantitative wear

expression based upon the parabolic oxidational wear

(68,69]

equation developed by Quinn et al and a relationship

describing the periodic time of vibration of surface

[99,100]

molecules by Kirgsbury to the fractional film

defect of a surface, and the periodic time of vibration of

1 [101] into a comprehensive

that molecule as given by Frenke
wear expression for ©parabolic oxidational wear under

boundary lubricated conditions:



=-Q
-E/ p/
2a X Ap exp ( RTd) expr( RTO)
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where w is the wear rate, a the asperity contact radius, X
the diameter of an adsorbed molecule, Ap the Arrhenius
'EOnstant for parabolic oxidation, E the molecular heat of
Hadsorption, Td the molecular desorption temperature, Qp

the activation energy for parabolic oxidation, TO the
oxidational temperature, U the sliding speed, f the
fraction of oxide which 1is oxygen, P the density of
oxide, &c the critical oxide thickness, tO the fundamental
periodic time of vibration of the molecule at the adsorbed
site, W the normal load and Pm the flow pressure. The
__expression 1in brackets 1is the Archard wear factor, and

comprises all the relevant variables from oxidational wear

theories of both lubricated and unlubricated origin.




1.8 Research Programme

The initial aim of the present research was to
investigate the wear of AISI 52100 steel for a range of low
loads and speeds 1in the region below the T, transition.
Wear rates, friction, heat flow and contact resistance
measurements are considered in conjunction with the results
of several analytical techniques such as microhardness
-H;esting, powder X-ray diffraciion, scanning electron
Amicroscopy and Auger electron spectroscopy to deduce the

mechanism of oxide production and removal in this area.

Secondly, the same system will be monitored under
lubricated conditions both with and without the boundary
lubricating additive stearic acid. Again the method of
oxide production and removal will be investigated and this
~compared with the results obtained from the unlubricated
;tests. All results will be analysed in light of past and

present investigations into similar areas.



CHAPTER TWO

EXPERIMENTAL DETAILS

2.1 Introduction

This chapter will provide details of the experimental
_arrangement and procedures used throughout the research,
élong with explanations of the various methods of analysis

and their application in the study of test samples.

In section 2.2 - 2.7 the pin-on-disc machine used in
this study 1is described. Details of the instrumentation
used in collecting test data are provided. Sections 2.8
and 2.9 describe sample preparation and experimental
_ procedures respectively. Sections 2.10 - 2.15 are dedicated
to the physical methods of analysis used in the study of
worn pin and disc specimens for both 1lubricated and

unlubricated wear experiments.

The large proportion of friction and wear results
presented in the next chapter were digitally recorded. At
regular intervals throughout the research, however, wear
rates were checked against results from mass loss, and
chart recorder data to ensure that results were consistent

for each method.
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Section 2.16 deals with the heat flow and temperature

- calculations in an extended form to that presented by

Rowson and Quinn[loz]a

2,2 The Wear Test Equipment

A Denison model T62 Tribotester, shown in Figure 2.1,
Qas used to conduct the experiments. This machine consists
essentially of a vertical 4 mm diameter pin, loaded against
a flat, horizontally rotating disc. The disc was driven by
a 0.5 H.P. servo-controlled d.c. motor which provided
continuously variable linear speeds at the pin
of 1.0 x 10“3 to 1.0 ms_1 and 0.2 to 20 msal_. The latter
corresponding to the original 100 - 6000 rpm specifications
of the Tribotester and the former to a 20:1 step down ratio
via a pulley system installed for the purpose of this work.
Loads of between 5 and 200 N may be applied to the pin
through a gimballed load arm by means of a spring loaded
weight system designed to reduce inertial loading. The
entire load arm assembly may be mqved back and forth
parallel to the 1loading arm enabling the pin to be
positioned at any desired track radius on the disc. The
pin was held in the underside of the load arm within an

electrically and thermally insulated brass housing.




Figure 2.1

T62, Denison Wear Tester
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For the Ilubricated wear tests an o0il reservior was
added which surrounds the disc but which otherwise does not
interfere with the experimental arrangement. 0il was
supplied to the disc wusing a ©peristaltic pump via
a 0,45 um Nucleopore filter and flow adjustment reservior.
Where tubing was unavoidable, Vinescol 23, a fluorinated
synthetic rubber of 6 mm diameter was used. This tubing
contains no plasticisors and is corrosion resistant for
many materials including organic and inorganic acidé. A

. -1 ‘
low rate of 4 ml min was used to provide continuously

’%Iooded conditions on the disc. The o0il collecting in the
reservior surrounding the disc then overflowed into the
main sump through a glass-wool prefilter, as shown in
Figure 2.2. This system. unavoidably 1leads to particle
contamination of this sump as the high flow rate and
flooded wearing conditions, maintained over extensive
periods, required an uneconomical quantity of oil were a
single pass option to be adopted. However, the Nucleopore
filter provided effective screening of the oil prior to its

introduction to the disc.
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2.3 Friction and Wear Measurement

The wear of the pin was determined using a linear
displacement transducer connected above the load arm in a
vertical clamp. The transducer sensitivity is 1.05 um

1

mV~ over a 12 kHz range and the signal output was

externally amplified using an ODI oscillator demodulator.

The friction force on the pin was measured using an
Ether type UF2 tensile/compressive strain gauge dynamometer
incorporating a four arm fully active bridge. The
sensitivity is 0.55 NmV‘l, the signal output being

amplified within the Denison control unit.

The signals from the friction and wear transducers
after amplification were fed directly into a C.I.L.
Electronics TA880 A/D converter, strain gauge and
thermocouple amplifier. The majority of the experimental
results were taken digitally with a CBM PET microcomputer,
detailed in section 2.7, via the multimonitor which was
operated on a full range 0-200 mV input to take advantage
of the 16 bit A/D conversion available. The wear
transducer signal was zeroed within the microcomputer
before each experiment, so that any displacement after the
start of an experiment could be interpreted directly as a

measurement of wear.



Temperature Measurement

To monitor the heat flow in this study (detailed in
section 2.15) two thermocouple measurements were
required. One temperature was ambient near to the wearing
surfaces, the other was the temperature of the pin on its
outer surface near to the pin/disc interface. To achieve
this a thermocouple was spot-welded to the pin prior to
{QEach experiment, and another was positioned permanently

above the disc near to the pin.

The thermocouple wire was Type K standard, output

40 4V °C_1 between 0 and 400°C with an operating

temperature range of =50 to 400°C. The thermocouple
outputs were monitored directly by the TA880 which

incorporates Type K thermocouple amplification and a

__continuously recalibrated internal cold junction.
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2.5 Determination of Sliding Speed

The Denison wear tester provides a speed indicator
which is used to initially set the disc speed. However, in
view of the accuracy with which the time of reading 1is
known when using microcomputer controlled data collection,
variation in the assumed speed of sliding could introduce

unnecessary error and should preferably be eliminated. To

 this end a digital revmeter was constructed. The sensor is

a slotted opto switch comprising an infra-red source and a
sensor with an infra-red filter, to minimise ambient light
effects. This feeds an IVO low-medium high speed digital
counter and liquid crystal display. A low current 3.6 V
nickel-cadmium battery powers the counter display, and is
itself on constant charge via a voltage rectifier from a 3
VA transformer. The full circuit diagram 1is shown 1in
Figure 2.3. At the end of each experiment the revmeter
value is used in conjunction with the computer's internal
clock reading to accurately determine the speed of
sliding. The only error in this system is introduced while
the computer 1is data-logging, which pauses the internal
clock. This time, however, 1is negligible when compared

with the time of the experiment.
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Figure 2.3

Circuit diagram representing
the digital rev-meter used in
these experiments



2.6 Contact Resistance Measurement

The contact resistance between pin and disc can
provide useful information on the amount of oxide coverage
existing at the contacting areas. This resistance may vary
from 08 for metal-metal contact, up to MQ for oxide-oxide
contact. Conventional meters such as the AVO or DVM have
  proved unsuitable for this measurement due to reading
Mérrors and response time. Recently, Glascott, Stott and
Wood[lOB] developed a device specifically to measure
contact resistance, the circuit diagram of which is shown
in Figure 2.4. A logarithmic compression was used since a
wide ranging 10 kHz bandwidth may be achieved by exploiting
the expotential voltage-current characteristic of a diode,

or diode connected transistor.

The contact resistance was measured by introducihg a
10 m.v. P.d. across the wearing junction. No greater
voltage should be used due to potentially high current
densities that might occur in the regions of contact. It
has been estimated (103) that for a 10 mV P.d. the current

produces less than a 2°C temperature rise at the real areas

of contact.




={5 V

10 11 12

—
spelnnen :]—?8 i

+i5V N
L

U

| SR

i6
i7
—

18
20
1
- L F—
21
22
I
11
23
+15 V e A
24 ™N 25

Figure. 2.4

Circuit diagram representing the
contact resistance device used in

these experiments




Key for Figure 2.4

1.
2
3,
4.
5.
6,
7.
8.
9.
10.
11.
12.
13,
14.
15,
16.
17,
18.
19.
20.
21.
22.
23.
24,
25.

1 k@ potentiometer

100 Q@ resistor

10 kQ potentiometer

741A operational amplifier
22 k@ resistor

22 kQ resistor

2.2 k@
2.2 kQ
2.2 kQ
2.2 kQ
220 kR
signal
0.1 uF

resistor
resistor
resistor
resistor
resistor
diode
capacitor

BC1l09 transistor
308A operational amplifier

470 kQ

resistor

470 Q potentiometer

0.1 uF

capacitor

10 Q@ resistor
1.0 @ resistor:
390 Q@ potentiometer

100 uF

capacitor

220 Q resistor
330 Q@ resistor

BZY 88

(5.6V) zener diode
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The device has been duplicated by the author and used
in these experiments. One electrode was connected to the
disc via the central drive shaft, and the other to the pin
through the pin holder. Data was collected continuously on

a JJ Instruments CRS552 chart recorder.

2.7 Computerised Data Collection, Storage and Analysis

Data from friction, wear and thermocouple transducers
were collected using a microcomputer via a CIL Electronics
TA880 16 bit ADC strain gauge and thermocouple amplifier.
The TA880 incorporates an internal 280 processor which
permitted direct external programming from the CBM PET
microcomputer via an IEEE - 488 interface. Basic programs

were written by the author which operated the data

~acquisition during an experiment as specified prior to the

start of the experiment.

Friction and wear data were digitised with a stated
error of 0.0015% and stored on flexible disc during the
course of an experiment. The TA880 operating parameters
for Type K thermocouple inputs are presented elsewhere
(104) and along with the wear and friction data, the
thermocouple signal 1is digitised with a 0.0015% error.
Data collected through the TA880 inputs have stated errors

of £ 0.006% + 1 digit for friction and wear, and T 0.10C +



1 digit for Type K thermocouple measurement. All of these

remain negligible compared to experimental scatter.

Raw and processed data were stored on flexible disc
and thus utilized a medium which is concise, orderly and

available for instant access.

Digital information processing greatly facilitated the
analysis of results, providing almost instantaneous values
of wear rate, friction coefficients and general surface

temperatures.

2.8 Sample Preparation

2.8.1 Disc Preparation

The disc material was AISI 52100 semi annealed low
9 alloy steel of mean bulk hardness 280 ¥ 10 VPN. The mass
percentage of alloy composition for this steel is given in
Table 2.1. The discs were 100 mm in diameter and 10 mm
thick and were ground to a finish better than 0.5 um. A
typical disc tested at the Exxon Research Centre, Abingdon,
by talysurf in ten places showed a centre line average
of 0.345 um. Prior to each experiment the disc was cleaned
in isopropyl alcohol followed by a petroleum vapour bath at

80°C for a period of 1 hour.



Table 2.1

Mass percentage composition of AISI 52100 steel

Element

Si

Mn

Cr

Fe

w A4 =

Mass %

0.1 - 0.35
0.3 = 0.75
0.06 max
0.06 max

1 - 1.6

Remainder



2.8.2 Pin Preparation

The pin specimens are of the same material as the
discs with a 4 mm diameter wearing surface, and undergo the
same grinding and cleaning processes. For the purposes of
the lubricated wear experiments the wearing pin surface'was
further polished to better than 0.1 um in situ, using 1 um
Silicon Carbide paper in the presence of lubricant. On
qompletion of this the pin is once more removed and cleaned
g%th a low additive solvent SBP2. This polishing process
Qés essential for the lubricated test cases as it ensured
that the whole of the apparent area of contact was
presented to the disc at the start of an experiment to
avoid hydrodynamic effects. The loading arm incorporates a
small spirit level which allows minor adjustments to be

made.

2.9 Wear Experiments

2.9.1 Unlubricated

Wear tests were conducted at loads of 4.9, 9.8, 19.6
-3

and 49.1 N each at a range of speeds from 3 x 10 to

- -1 «

1.0 ms or until the T; transition had been observed.

Each experiment was run until an equilibrium wear mode had



been established. This usually occurred within %@ hour,
often quicker, and then continued for periods sufficient to
determine the equilibrium wear rates. The test durations
were generally a few hours, however, 2 - 3 days was the
norm for the lower speeds and loads. Wear debris was

collected along with worn pin samples for analysis.

At the outset of an experiment the computer was
initialised and instructed on how frequently to collect
data based upon criteria from load and speed and wear
 p§everity considerations. All experiments were conducted at
 ambient temperature and once initiated the experiment would
continue to conclusion with no further supervision

required.

2:.9.2 - Lubricated

Wear tests were conducted under flooded 1lubrication
conditions at ambient temperature with Esso Technical White
0il and Esso Technical White 0Oil plus 0.1% by weight of
stearic acid. The acid was specially pure with minimum
assay of 99% and sulphated ash content at less than
0.05%. The variation of the dynamic viscosity of the oil
was measured at Exxon Research Centre, Abingdon, andlfor
the purposes of this work was taken as 25 m sml kinematic

equivalent.



The basic series of experiments was designed to
compare the wearing system under boundary conditions with
Technical White 0il with and without the organic acid
additive. To- this end, after an 1initial series of
experiments to determine the boundary region, three loads
were investigated: 49.1, 98.2 and 122.7 N, and six speeds
corresponding to constant bearing numbers for each load.
The duration of each test was at least 40 hours as it was
necessary to measure an absolute wear value in excess of
:Q%ny statistical variations inherent in measuring low wear

ratese.

The experimental procedure here was the same as for
the dry wear tests, except that the loading arm was lowered
on to the disc and the wear transducer zeroed after
starting the discs rotation. This was necessary to allow a
fluid film to be developed at the start of a run. Failing

~ this it was found that such serious damage was incurred in

_ the first rotation of the disc that no surface conformation

was thereafter possible, and catastrophic wear occurred in
most cases. A constant disc-track radius was used in all
unlubricated wear experiments to ensure constant conditions

of fluid film support at the pin/disc interface.

It was not possible to collect sufficient debris in
rg‘these tests for powder X-ray analysis although several
~ unsuccessful methods were attempted. Wear debris collected

from the unlubricated experiments was relatively abundant.




2?10 Microhardness Measurement

Taper sections of some selected worn pins were
pfoduced for different combinations of load and speed, and
microhardness values taken wusing a Miniload Hardness
Tester. The impressions were made by means of a diamond
indenter under 25g load. The pin specimens were moulded
\into conducting bakelite and tapered to about 10° using 180
MFQ 1200 grit silicon carbide paper and final polishing was
\éehieved with 6 and 1 um diamond paste. On average for
 each pin, six indentations were recorded at each depth from
about 10 to 100 um into the pin. Microhardness versus

depth profiles were then compiled.

- 2.11 Powder X-ray Diffraction Analysis

The wear debris <collected during the dry wear
experiments was examined using powder X-ray diffraction.
The wear debris was pulverised and placed in a 0.5 mm
diameter capillary at the centre of a standard 114.6 mm
diameter powder X-ray camera. The sample was rotated

during an hour long 1irradiation by filtered Ce Ka
Qradiation of wavelength 1.7902 g. The X-ray tube was

operated at 40 kv and 20 mA; potential and filament current



réspectivelyo The interplanar spacings obtained from the
developed X-ray film were compared with those noted in the
X-ray powder file issued by the American Society for
Testing Materaisl (ASTM) thereby obtaining compound
identification. The relative intensities of debris samples
ihvestigated by powder X-ray diffraction were recorded
uéing a microdensitometer which allowed some estimation of
relative abundance to be made, although a complete
proportional analysis was not attempted, and thus exact

réiative intensities are unknown.
2.12 Scanning Electron Microscopy

Scanning electron microscopy was used to study the
topographical features of selected worn pin surfaces. The
méjor advantage of this technique is the large depth of
field. Utilising specimen tilt control, edge on pictures
fméy be obtained of oxide layers, thus affording estimates
1&% thickness. This technique has been used extensively
Awith both unlubricated and lubricated worn pin specimens

and has provided excellent generation and removal.
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2.13 Augexr Electromn Spectroscopy

Auger electron spectroscopy (A.E.S.) has been used
extensively on both 1lubricated and unlubricated worn pin
. specimens to determine the variation of oxygen concentrates

with depth, and thus oxide thicknesses.

Briefly, the principle of the technique 1is that the
’s@mple is bombarded by an electron beam of a few microns
ﬁdiameter of 1 - 10 keV energy which penetrates the specimen
to a depth of 1 - 2 um. This excites atoms in this region

which then eject photoelectrons and Auger electrons.

Auger electron energies are such that they can only
escape from a surface within the first 5 - 10 X (105)
indicating the importance of the technique to surface
analysts. Due to the large background, caused by back-
i\:s'.\cattered and photoelectrons; on which the Auger peaks lie
the spectra are much easier to present and analyse if

differentiated.

Several areas of a number of pin surfaces were
examined, and differentiated Auger electron spectra were
recorded between successive removal of atomic layers by
argon 1ion bombardment. The ion beam was of 5 keV energy
;and 10 wA current, rastered over the whole sample, which

0 -1
_provided a calculated removal rate of 30 A min corrected
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0
for data obtained wusing a 225 A thick silicon nitride
standard. All spectra were recorded using a 5 keV. incident

electron beam from a 15 um spot on the sample.

Relative atomic concentrations were taken from
differentiated peak to peak heights using published
sensitivity factors (106). A detailed explanation of the

Auger electron process may be found elsewhere (107).

2.14 X-Ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (X.P.S) has been dsed
to examine selected worn pin surfaces of the lubricated
system in order to elucidate any chemical changes occurring
between the surface and the white o0il and/or the organic

acid.

X.P.S. differs from the Auger process 1in that the
incident exciting beam is of X-rays, and that it is the
photoelectrons which are detected and provide detailed
information not only with respect to elemental
identification but also of chemical state. Essentially
X.P.S. is sensitive to the bonding structure of the surface

and thus to the compounds present. It has been shown (108)

that the thickness of the surface layer characterized is

'§imilar to that in A.E.S.




X.P.S 1s a large area analytical technique so quite
large areas of several pins were examined specifically for
the 1iron, oxygen and carbon photoelectron peaks. A
magnesium Ka X-ray source was used with a gun voltage of 15
kV and a 15 mA gun current. The resulting spectra were
then analysed and broken into their constituent energy
curves, each of which was adjusted and recombined for
subsequent comparison with the original spectra. This
process of curve-fitting enables the relative abundance of
chemical bonds and thus compounds to be estimated. More
\agtailed information on this process and on X.P.S. may be

found elsewhere (107).

2.15 Heat Flow Analysis

It 1is not possible to measure the temperatures
generated at a rubbing contact directly, however, it 1is
highly desirable to have some idea of their magnitudes.
Thus a mathematical analysis of the heat flow into the pin
has been performed in an effort to determine the general
surface temperature, TS o Two distinct analyses were
perforried, both of which will be presented here, the first
~ _ignores the attenuation to the heat flow in the pin due to
its brass thder, the second incorporates this modification

by considering the heat flow in two parts.
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Consider firstly Figure 2.5, let the temperature of

the pin at x be T,. From elementary heat flow
considerations the axial heat flow rate at x, (HA)X, is
given by:
2 de
(Hy), = -k TRy 73— 2.1

where kg  is the thermal conductivity of steel and R

is the pin radius

and the axial heat flow at (x + Ax), that is (H.) .
A'X+AX
is given by:
2 X+AX
(HA)X+AX = "k Ry —ax 2.2
expanding equation (2.2) by Taylor series gives:
5 4ar dszAx
(HA)X+AX = “kgtRy 3x o * 2 2.3
dx
ignoring higher polynomials. Also ignoring the change of
_ temperature between x and x+Ax , the radial heat flow

Cfﬁhrough an element of unit what is given by:
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where h is the heat transfer coefficient between steel and

air, and Tg is ambient air temperature.

Hence, for an element of length ax, Hp is given by:

(H )x = 2nRth(TX--TE)Ax 2.5

At equilibrium the system is described by:

+
A'x HA X+AX R x

That is that the heat flow entering point X must equal the

sum leaving x, radially and axially, thus:

dT dT d2T AX

= - 2 X X _
t Tdx = Fs™Rf Tgx t ax2 + 2rRh (T, TE)Ax
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which reduces to

2.2 _ ,
ksnth TXAX = 2nRth(TX~TE)Ax 2.8
That is
dsz ,
= h. (T -T_ ) 2.9
dx2 kth X E

which constitutes the general equation describing heat flow

in the pin.

Letting

TquE=T

and
1
z—ks *
2th

-86-




_ which has the general solution of the form:

- X -X
T = Bl eXP(Eﬁ‘) + B2 exp (zﬁ—) + k 2.11
t t
hence
T, = B, exp (=) + B, exp (0=) + k 2.12
K 1 ZRt 2 ZRt :

Now considering Figure 2.6, if we let Xx+», then TX+TE and

thus By = 0 and k = 0 such that

-X
B,exp (zﬁ—) >+ 0

and




now we have

or

- ¥
= B —_) + 2.1
2 exp (ZRt) TE 3

LA, Ty = Tp, then equation (2.13) becomes

= - _A
= B, exp (- gg=) + Ty
t
(T, - T_)
= A E 2.14
LA
exp (- ——
ZRt
0, Ty = Tg and so
=B, + 15
By * Tk 2

~substituting in B, gives
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A E
T ==
s LA + TE 2.16
exp(- ==—)
ZRt
Considering the parameters in equation (2.16), it is

seen that the variables Tp and Tg are experimentally

determinable temperatures, Ty being ambient, T being
measured on the pin. The length of Lp is similarly
measurable. The radius of the pin, Ry, is of course known,

- and the parameter Z is previously defined thus:

This analysis provides a good approximation to the
genéral surface temperature provided that Lp 1is kept
small. In this work L, was typically 1-2 mm, and so
eéuation (2.16) has been used with the appropriate L, for
each test to calculate general surface temperatures at the

pin/disc interface.
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CHAPTER THREE

EXPERIMENTAL RESULTS
3.1 Introduction

Friction and wear results, temperature and contact
resistance together with results from the various methods
of analysis are presented in this chapter. Both

unlubricated and lubricated results are presented and will

be displayed separately, although most techniques of

analysis are common to both.
Sections 3.2 to 3.9 represent the results of
unlubricated wear tests while sections 3.10 to 3.14 give

those results from the lubricated experiments.

For the unlubricated portion of the results sections

»3:2 and 3.3 deal with wear and friction, section 3.4 deals
with temperature, while sections 3.5, 3.6 and 3.7 deals
&ith scanning electron microscopy, microhardness and
contact resistance respectively. Finally, sections 3.8 and
3,9 present powder X-ray spectra and Auger electron depth

profiles.
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Section 3.10 presents results from both friction and wear
undgf  lubricated conditions, while also for lubricated
tests sections 3.1l and 3.12 present contact resistance and
‘scanning electron microscopy results and sections 3.13 and
. 3014 present Auger electron depth profiles and X-ray

photoelectron spectra.

Unlubricated Wear

The results presented 1in tﬁis section areA from the
like on like pin on horizontal disc configuration of AISI
52100 low alloy steel. At the beginning of each sliding
period wear rate, friction and surface temperatures were
high before gradually reducing to an equilibrium mode.

Figure 3.1 shows the typical variation of wear rate and

general surface temperature for 9.8 N and 0.2 ms—1 at the
start of a test. In this case there is a rapid increase in
wear rate and temperature to about 1.5 x lOmllmsm_’1 and
33°C respectively over a period of 40 minutes when a
~gradual decrease occurs and they attain the;r equilibrium
values of about 2 x 10"'13msm_1 and 29°C, with a

corresponding decrease in friction coefficient. These two

orders of magnitude decrease in wear rate is typical of

svere to mild wear transitions and is observed in almost

every case. The metallic wear debris produced in this
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9.8 N at 0.2 ms-! showing the

establishment of equilibrium wear.




severe wear running-in period is observed to be minimal,
especially for the lower speeds where the wear-in time also
tends to lower values. After the onset of equilibrium wear
the test was run on for several hours and the wear rates

averaged over that period. Figure 3.2 shows the

~ experimental variation of equilibrium wear rate with speed

for loads of 4.9, 9.8, 19.6 and 49.1 N, In each case
increase in speed in the mild oxidational wear region
results in a decrease in wear rate until the T; transition
is approached when there is a rapid increase in wear rate
and severe metallic wear ensues. In these cases the
initial high wear rates are maintained and general surface
temperatures and friction coefficients are seen to be
high. Figure 2.3 further shows that, as would be expected,
wear rate increases with load and that the T, transition
moves to lower speeds with increase in load. 1In connection
with the model developed in a later section, a further load
of 14.7 N was investigated. Figure 3.3 shows the variation

of wear rate with speed at this load.

3.3 Unlubricated Friction

Coincident with the high wear rates during wear-in and
during equilibrium severe wear, the coefficient of friction
between the rubbing pair is high. Figure 3.4 shows a

jtypical curve of coefficient of friction, u, with time for
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-1
9.8 N and 0.2 ms at the start of a run. The trace is
similar to those reported by Wilson et all73] where the

initial high friction peak of about 1.9 is explained as due

,4:to the breakdown of the air formed oxide layer at the start
; {of rubbing. There then follows a period of high friction,
"with a corresponding coefficient of about 1.0, during
severe wear-in as the surfaces conform; the completion of
this process leads to equilibrium mild wear and another
drop 'in friction coefficient to its equilbrium value around

0.4 or 0.5

Figure 3.5 shows the variation of equilibrium friction
coefficient with speed for loads of 4.9, 9.8, 14.7, 19.6
and 49.1 N. The equilibrium values are fairly constant
with load but show some increase at higher speeds. This is
due to an increased proportion of metallic contact where
transition effects 1lead to an increased proportion of

metallic debris.

In this region the friction coefficient increases
abruptly to about 0.7 to 0.9. This is shown most clearly
in the 19.6 and 49.1 N loads where the Welsh T; transition
is more abrupt than in the lower load curves. For speeds
corresponding to the region above the T; transition and
before the T, transition, there is no decrease in friction

value after the initial severe wear-in perioa and severe

~adhesive metallic wear continues with characteristically

high friction coefficients.
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Temperature During Unlubricated Sliding

The temperatures presented 1in this section were
obtained after equilibrium wear had been established.
Figure 3.1 shows a sharp rise in general surface
temperature at the start of a run which is maintained
during wear-in until mild wear ensues, where there is a
gradual reduction to an equilibrium level. If severe wear

‘isﬁmaintained then, as with friction and wear, a higher

more unstable general surface temperature is observed.

Equilibrium general surface tempefatures, calculated
using the theory presented in the previous chapter, are
shown in relation to sliding speed for loads of 4.9, 9.8
and 19.6 N in Figure 3.6. It may be seen that in every

case below the speeds where transition effects occur that

_ the temperatures are very low when compared with those

obtained for similar wear rates above the T, transition

(109). This is to be expected where the lower speeds lead
to less frictional heating. This is seen more clearly in
Figure 3.7 where the appropriate ambient temperature has
been subtracted from the general surface temperatures shown
in Figure 3.6, to give the excess temperature at the pin
surface. It may be seen that the curves display little

-1 1
difference at speeds below 10 ms indicating negligible

frictional heating in the region. At speeds corresponding

_to the T, transition, however, the curves indicate that
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arge increases 1in temperature occur, coincident with
ncreased coefficients of friction and greater metallic

ontacts

'f3@5 ‘ Scanning Electron Microscopy using

Samples from Unlubricated Sliding

.\ ﬁThis section presents typical scanning electron
»vmi¢£§graphs of selected wbrn pin surfaces for the 1loads
;:499, 9.8 and 19.6 N each for a high and 1low speed
experiment for comparison, although a complete range of
klspeeds has actually been examined by this technique. In
each case, where possible, a low magnification view is
given, followed by two micrographs which illustrate some
particular surface feature, especially oxide/metal

boundaries and plateaux edges.

Figure 3.8 shows micrographs of a worn pin surface
from an experiment run at 4.9 N load and for 0.005ms"1 o
Figure 3.8a shows that the oxide layer has been formed by
transfer and growth of material over existing surface
features. Figures 3.8b and c¢ show the smooth, uniform
nature of the oxide at anotner position and a high

magnification view of an oxide edge respectively.
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Figure 3.8

Scanning electron micrographs of
worn pin surfaces run at a load
4.9 N and at 0.005 ms-!
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Figure 3.9 is of a pin run at 4.9 N and 0.1 ms“l,
tﬁisv figure also shows that the oxide has formed over
existing surface features. Comparing Figures 3.8c and 3.9c
shows some difference in the oxide thicknesses for these

two speeds.

Figure 3.10 shows a large oxide plateaux, at 9.8 N and
0.003 ms“l » about to break away from the surface. Figures
3.10b and c¢ clearly show the agglomerate nature of this
plateaux, layers of oxide may be distinguished and some
fine structure to the oxide is apparent. For the same load
but 0.216 mswl » Figure 3.1lc displays similar fine
structure to Figure 3.10c, but 1is much thicker. Figure
3.11 displays a much more uniform surface with extensive

oxide coverage, which is typical of all surfaces examined.

Figures 3.12 and 3.13 show pin surfaces for 19.6 N and
0.003 ms_'1 and 0.05 ms_1 respectively. Once again extensive
oxide coverage is seen. In particular, Figure 3.12c shows
the granular nature of the oxide, and as is postulated in a
later section, the sintered nature of the oxide. Figure
3.13c shows an oxide plateaux breaking away from the
surface. This micrograph displays many features seen on
- surfaces examined; the oxide appears thicker than that
shown 1in Figure 3.12c and if inspected closely shows the
same sintered structure, appearing more compacted than that
rufin Figure 3.12c. Also apparent is the non-uniform surface

of the metal substrate indicating that the oxide has been
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Figure 3.9

Scanning electron micrographs of
worn pin surfaces run at a load
of 4.9 N and at 0.1 ms-*
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Figure 3.10

Scanning electron micrographs of
worn pin surface run at a load of
9.8 N and at 0.003 ms-1
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Figure 3.11

Scanning electron micrographs
of a worn pin surface run at a
load of 9.8 N and at 0.216 ms-1
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Figure 3.12

Scanning electron micrographs of
a worn pin surface run at a load
of 19.6 N and at 0.003 ms~?!
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Figure 3.13

Scanning electron micrographs of
a worn pin surface run at a load
of 19.6 N and at 0.05 ms-*
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nerated, transferred and deposited here from another area

the pin.

Microhardness Determined for Samples

from Unlubricated Sliding

Microhardness versus depth curves from some selected
worn pin specimens are shown in Figure 3.1l4. The figure
shows two conditions of speed of 5 x 10° ms"1 and 0.1 msm1

f(0‘05vm5°1 for 19.6 N) each for loads of 4.9, 9.8 and
’~19,6 N. It can be seen in all cases that immediately below
the surface are work hardened layers. As shown in the

figure, the depth of the layer increases with speed and

hardness values are generally higher for higher loads.

For the 19.6 N load it was necessary to use a lower
 spf3d specimen to remain below the T; tranisition. The
indentations do not go any closer to the surface than 8um
dué to the problem of cracking and thus irregularity in the

diamond indentation.

. B B
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Contact Resistance Measurements

for Unlubricated Sliding

The contact resistance between pin and disc was
vmonitored periodically during many of the wear experiments.
It was found, however, that the chart recorder interfered
in some way with the A/D converter and so continuous
measurement was obtained in some cases by repeating an
\éxperimento Otherwise contact resistance could be observed
by the use of an oscilloscope. The characteristics of the
contact resistance traces are typical of those observed by
other workers (103). At the outset of an experiment the
contact resistance 1is seen to be low, indicating metal-
metal contact, fluctuating rapidly with no consistent
trends apparent. This is typical of severe wear, and in
the region above the T) transition where this is maintained
the contact resistance trace quickly drops to the short

circuit 19 region and remains there.

However, in the region below the T; transition where
mild oxidational wear ensues quite rapidly a trace typical
of that shown in figure 3.15 1is seen. The contact
resistance, instead of dropping to zero, climbs yet higher
_and commences a more uniform fluctuation as a protective,
vwand electrically insulating, oxide layer builds up. Two
regions from this schematic are shown in figure 3.16 and

=1
- represent parts of the trace taken at 9.8 N and 0.l ms
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Representation of the contact re51stance
trace, from a load of 9.8 N and 0.1 ms-1
with time. 1In the diagram OC is open
circuit and SC is short circuit.
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Figure 3.16

Contact resistance traces of two regions
of the curve shown in Figure 3.15 showing
the actual transient variation.
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Tﬁe“original scale of these traces was 1 mm min‘l but 1is
- more, due to photocopier reduction; the actual scale
may be seen more clearly with reference to figure 3.15;,
4comparing the two regions the contact resistance can be
seen to have increased from about 1059 to 106Q in the space
of 103 minutes. The sharp fluctuations in the traces are
due to metallic asperity contact which causes a rapid
transient drop in resistance. Notice how there is little
comparative fluctuation at the high resistance side of the
traces. Each trace is about 5 x 10°2 in width showing a
 %ﬁéét &ariation in contact resistance during the rotation
'efkthe”Aisce From figure 3.15 it may be seen that there
are also long term fluctuations in contact resistance which
may be due to the periodic removal of large oxide plateaux,
which disturbs for a time the contact resistance
equilibrium. The contact resistance device has a non-
linear characteristic below 1092, and above 10%Q and thus
the trace in figure 3.15 varies in fact only a little

above 106a.

3.8 Powder X—Ray Diffraction of Debris

Collected from Unlubricated Sliding

This section presents microdensitometer traces
ylesulting from powder diffraction X-ray photographs for

. four loads of 4.9, 9.8, 19.6 and 49.1 N. Care should be




taken when comparing traces between loads and also between:
ds at a given load; this is due to variations in the
itometer sensitivity, sample purity and developer

c@hcentrationp any or all of which may change between

filmso.

Figures 3.17 to 3.20 show microdensitometer traces for
Constant load but with increasing speed. Figure 3.17 1is
from 4.9 N load and shows (a) 0.006 msal, (b) 0.008 ms'l,
(c) 0,016 ms‘l, (d) 0.1 ms-'1 and (e) 0.6 msﬂl. Figure
3.18 is from 9.8 N load and shows (a) 0.005 ms™ ., (b)

\ 1 =1 -1 21
0.0075ms”~ ,(c) 0.02 ms , (d) 0.06 ms and (e) 0.8 ms .

=1
Figure 3.19 is from 19.6 N load and shows (a) 0.005 ms

(b) 0.01 ms‘l, (c) 0.03 ms'1 and (d4) 0.1 ms_l. Figure
3.20 is from  43.1 N load and shows (a) 0.003 ns”
(b) 0.004 ms_l, (c) 0.005 ms_I, (d) 0.007 ms"1 and (e)
0.01 mswl . In each case, seen most clearly in Figures

3.17 and 3.18, the a-Fe content of the debris is seen to

increase while the a-Fej;03 decreases accordingly. This 1is

\%5 be expected as increased speed reduces oxidation time
between successive asperity encounters giving rise to an
increased proportion of encounters producing metallic
débris. This effect is predicted by the oxidational wear
model developed in a later section where increased speed
reduces the effectiveness of the oxidation component of the
wear which leads ultimately to the T; transition ainu purely

metallic debris seen in Figures 3.18 (e), 3.19 (d4d) and
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Figure 3.17

Microdensitometer traces for a load
of 4.9 N and speeds of (a) 0.005,
(b) 0.008, (c) 0.01¢, (d) 0.1, and
(e) 0.6 ms-1,

I s Be N



Figure 3.18

Microdensitowmeter traces for a load of
9.8 N and speeds of (a) 0.005, (b) 0.0075,
(c) 0.02, (d) 0.06 and (e) 0.8 ms-*
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Figure 3.19

Microdensitimeter traces for a load of
19.6N and speeds of (a) 0.005, (b) 0.01,
(c) 0.03 and (d) 0.1 ms-?




Figure 3.20

Microdensitometer traces for a load of
49.1 N of (a) 0.003, (b) 0.004, (c) 0.005,
(d) 0.007 and (e) 0001.ms=1°
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~ Another feature which is apparent from these figures
igiéhat for a given speed the metallic debris increases
\with load. This is shown more clearly in Figure 3.2.1
M';which shows traces for a speed of 0.005 msw1 and for loads
4.9, 9.8 and 19.6 N. The a-Fe peak 1is clearly seen to
increase with load, which is due to an increase 1in the

number and frequency of metallic contacts.

In every case the microdensitometer traces seen in
\Figures 3.17 to 3.21 show the rhombohedral oxide a-Fe;03
of“a—FeZO3 mixed with a-Fe. Under no speed or load
combinations below the T; transition was any other oxide
observed. This is an important point to note in favour of
using the general surface temperatures as the oxidational

temperature while modelling the wear mechanism.

3.9 Auger Electron Spectroscopy using

Samples from Unlubricated Sliding.

The Auger electron depth profiles presented here
provide important information on the oxide thickness and on

the mechanism of formation of the oxide.

Figure 3.22 shows the depth profiles for a speed

\ =1
of 0.005 ms and (a) 4.9, (b) 9.8 and (c) 19.6 N loads.
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Figure 3.21

Microdensitometer traces for a speed of
0.005 ms-* and loads of (a) 4.9, (b) 9.8
and (c) 19.6N.
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Figure 3.22

Auger electron depth profiles for a speed
of 0.005 ms-' and loads of (a) 4.9, (b)
8.8 and- (c) 19.6 N.




 éimilarly Figure 3.23 shows the profiles for a speed
vﬁ‘O.l ms_l and (a) 4.9, (b) 9.8 N loads, and (c) for

0.05 ms_1 at 19.6 N load. The profiles show two features
VWhich are important 1in the understanding of the mechanism
of formation of the oxide film. Firstly the profiles show
a gradation of oxide (oxygen) through the oxide layer and
secondly, they show a marked increase in thickness with

increase in speed, the latter result supports the evidence

of the scanning electron micrographs (section 3.5).

In each case there is an 8% background of adventitious
”bxygen. With a calculated removel rate of 30 % minml etch
the results here give good agreement with those of scanning
electron microscopy. In cases of figures 3.23 (a) and (b)
the curve has been terminated at 20%, or more, oxygen for
clarity. The experiments continued for around 1500 - 2000
minutes corresponding to oxide thicknesses of 4.5

to 6.0 um. The curves 1in figures 3.22 (a) and (c) are

~ complete and correspond to oxide thicknesses around 0.5 to

1.0 pm. The etch rate 1is not very consistent, but the
difference in oxide thickness with speed is nevertheless

gquite apparent.

The reduction of oxide (oxygen) with depth into the
oxide layer 1is typical of agglomerate oxide profiles, and

will be discussed in a later section.
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Figure 3.23

Auger electron depth profiles for a
speed of 0.1 ms-! and loads of (a)

4.9 and (b) 9.8 N and (c) of 0.05 ms=!
and 19.6 N load.
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3.10 Lubricated Friction and Wear

In this section the variation of wear rate and

friction will be presented for experiments conducted 1in
Technical White 0il and for those in Technical White O0il

with a 0.1% stearic acid additive.

Figure 3.24 shows the variation of wear rate with

speed for loads of 49.1, 98.2 and 122.7 N. Experimental

15 3
. . . + - .
error in the wear rate 1s estimated at - 10 m /m in each

“Sf\the figures presented here. The wear rates are seen to
decrease with increasing speed as would be expected due to
increased hydrodynamic lift reducing asperity - asperity
contact and thus wear rate. Below 0.2 ms-'1 the wear rates
begin to increase for each load as the fluid film support
decreases allowing more asperity - asperity contact. Wear
rates are higher for higher load. Comparing these results
.wiph the curves in Figure 3.25, which show the same

\5V §§riation but with 0.1% stearic acid additive, there is a
clear increase in wear rate with load seen especially well
for the 122.7 N load. The organic acid additive appears to
have had a profound effect on the wear rates for 49.1 and
98.2 N loads, decreasing them markedly to almost
immeasurable 1levels whilst otherwise not changing the
122.7 N load curve very muche. Due to the difficulty in-: f
heasuring wear rate at these levelé the experimental

scatter in the points is large and the lines are meant only

to give a general indication of the trend.
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Figure 3.24

Variation of wear rate with speed

for loads of 49.1, 98.2 and 122.7 N
from tests conducted in Technical White
oil.
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Figure 3.25

Variation of wear rate with speed for
loads of 49.1, 98.2 and 122.7 N from
tests conducted in Technical White 0il
with 0.1% stearic acid additive.
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v Figure 3.26 shows the variation of wear rate with

ﬁrxétion coefficient for loads of 49.1, 98.2 and 122.7 N

in Technical White Oil. The points

lie on a straight line with an 85% correlation coefficient
with log of wear rate plotted against friction coefficient.
Recause figure 3.26 is a log-linear relationship, there 1is
in actuality a rapid increase in wear rate with only a
small increase in friction coefficient due to the
logarithmic ordinate, which itself is due to a reduction in

S

iding speed leaving more asperity contact. This is again

’duevto the asperity - asperity contact leading to increased
friction coefficient as a reduction 1in speed reduces
hydrodynamic 1ift and fluid film thickness between the
surfaces. Because of this a clear relationship between wear
rate and friction coefficient is expected, further to this,
a relationship between wear rate and fluid film thickness
should be apparent. An expression for fluid film thickness

[llO], has

for fixed geometry pads, developed by Cameron
_been used to approximate that obtained with a pin on disc

geometry. From this experssion:

hatg (3.1)

The wear rate would be expected to vary inversely with

fluid film thickness and directly with load, hence:
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Figure 3.26

Variation of wear rate with friction
coefficient for loads of 49.1, 98.2

and 122.7 N from tests conducted in

Technical White 0Oil.
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3/9 =1/2
w a W U (3.2)

The values of experimental wear rate should vary as a
3/ _1/

/2 2 . .
function of W U if the previous assumptions
regarding coefficent of friction and fluid film thickness
“a:e truee. Table 3.1 gives the wear rate, sliding speed,

3/, =1/2

load and function W U for the lubricated wear
results presented in Figure 3.26. Figure 3.27 shows the
3/ ,1/
2 2
variation of wear rate with W U to 1indeed be a
straight 1line with a correlation coefficient of 75%,

confirming that the asperity contact, friction coefficient

and wear rate are, as expected, dependent upon the fluid

~ film thickness. The relationships shown in figures 3.26

zxéﬁd 3.27 are not apparent when the stearic acid is present
as the variability of the experimental wear rates makes the
determination of these values difficult, although the wear
rates should still depend upon the amount of asperity
contact and fluid film thickness. The great reduction of
wear rates on addition of the stearic acid then shows that
asperities are being successfully protected by a metallic

soap.




~ Experimental wear rate, load, sliding speed and function

3/ -1/2 . . )
W u for lubricated tests in Technical White Oil.
3/,
® W U E
1 _1 e
m3 m N ms U
1k
x 10 98.2 0,04 4865
15
x 10 " 0,08 3440
15
6.32 x 10 ¥ 0.16 2432
15
:2.30 x 10 ® 0.4 1539
-15
2.27 x 10 " 0.6 1256
~15
1.65 x 10. * 0.8 1088
-1k
1.6 x 10 12297 0.05 6078
-15
7.53 x 10 n 0.1 4298
15
3.91 x 10 w 0.2 3039
-15
3.77 x 10 " 0.5 1922
~15
3.49 x 10 wu 0.75 1569
~15
- 2.94 x 10 " 1.0 1359
~1lu
1.13 x 10 49 .1 0.03 1986
_1lu
1.02 x 10 " 0.04 1720
15
5.71 x 10 w 0,08 1216
=15
2.25 x 10 w 0.2 - 769
15
x 10 w 0.3 628

- 138 -



107"

10

Eiqure 3.27

Variation of experimental wear rate
for loads of 49.1, 98.2 and 122.7 N
against a parameter, W'/, U~!/,,

related to the fluid film thickness.
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 Figure 3.28 shows the variation of the coefficient of
\ffxction with speed for loads of 49.1, 98.2 and 122.7 N, in
Technical White 0il alone. This figure shows a typical
Stribeck variation for the friction coefficient; as the
speed is reduced from about 1.0 msol, where hydrodynamic
1ift  contributes the major wear reduction factor Dby
physically separating the wearing surfaces and eliminating
asperity contact, the friction coefficient is seen to rise

with reduced speed as asperity interaction increases. When

=1
ding speed decreases below 0.1 ms there 1is 1little
 fluid film support and the surfaces will ultimately wear in
a manner similar to dry wear, with correspondingly high

friction coefficients,

Figure 3.29, however, shows the same variation but in
the presence of the boundary lubricant stearic acid at 0.1%
by weight. In this case the coefficient of friction is

\Qg“eatly reduced, even at the lower speeds. This is

'*probably due to the surface protection afforded by a
chemisorbed layer of iron stearate, with further layers of
stearic acid cohesively bound to this layer. Without this
protection wear would occur via a direct asperity -
asperity contact; however the asperities are covered with
this protective scap layer with a low shear stress which

leads to reduced friction coefficients and thus wear rates.
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Figure 3.28

Variation of friction coefficient with
speed for loads of 49.1, 98.2 and
122.7 N from experiments conducted in
Technical White 0Oil.
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Figure 3.29

Variation of friction coefficient with

speed for loads of 49.1, 98.2 and 122.7 N
from experiments conducted in Technical White
0il with a 0.1% stearic acid additive.
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The addition of stearic acid to the Technical White
0il was also found to increase the load bearing capacity of
the oil. Seizure occufred at a load of 147.3 N in Technical
 _White Oil, but in the presence of stearic acid this was
idcreased to 246.5 N using 28.6 N increments, which is up
té a 40% increase in load bearing capacity. This effect is
-thought to occur due to initial surface protection afforded
by the acid, which allows time for a protective surface
oap layer to form. This is a low load effect as higher
Idads cause higher surface temperatures, thus more readily

leading to surfactant desorption.

3.11 Contact Resistance Measurements

for Lubricated Sliding

The contact resistance traces presented here are from
an experiment conducted under 98.2 N load and at a speed
-1 ‘ -9
of 0.08 ms corresponding to a bearing number of 1 x 10
with the stearic acid additive present. In all cases there
was no discernable difference in lubricated <contact

resistance traces over load and speed ranges and with or

without the additive.
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Figure 3.30

Representation of the contact resistance
trace, from a load of 98.2 N and speed

of 0.08 ms !,with time. The experiment
was conducted in Technical White 0il with
a 0.1% stearic acid additive.

- 144 -



Region 1.

Region 2. _ -

Figure 3.31

Contact resistance traces of the two
regions of the curve shown in figure
3.30 showing the actual transient
variation.
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Important differences are noticeable, howevef, if the
éf;ées in figures 3.30 and 3.31 are compared with those of
3.15 and 3.16 which show similar traces but for
unlubricated wear. Figure 3.30 shows a schematic
representation of the variation of contact resistance with
time, and figure 3.31 shows the actual transient variation

resulting from the test shown in figure 3.30.

The first important feature seen in figures 3.30 and
3.31 is the range of variation of the traces, in these
ﬁigures the contact resistance varies perhaps 1052 from
spike to spike. The absence of the spikes which correspond
to zero resistance is noticeable showing that the oil is
maintaining some separation of the surfaces in places which

would otherwise be subject to metal - metal contact.

A second feature of these traces is the consistency of
the trace. There is very little variation in the value of
the contact resistance from about 1 - 30 hrs running time.
This shows that once equilibrium conditions have been
established that the lubricant maintains that equilibrium
condition indefinitely with very 1little variation. In the
case of the unlubricated traces, relatively large variation

in the overall contact resistance is apparent.

The consistency of these traces is' thought to be due
~the uniform oxide layer which was observed in all

experiments, combined to the fluid film support of the oil




film present, maintaining a constant separation and thus

resistance between the rubbing surfaces.

3.12 Scanning Electron Microscopy Using

Samples from Lubricated Sliding

The scanning electron micrographs presented in this
section are from experiments conducted under flooded
conditions in Esso Technical White 0il and in the White 0il
with a 0.1% stearic acid additive. 1In every case the worn
pin surfaces were complefely covered with a uniform oxide
layer which displayed no outstanding surface features, even
at extreme magnification, as seen in figures 3.32 (a) and
(b). This figure shows two high magnification views of a
pin worn as 98.2 N and 0.08 ms—l in the presence of stearic

acid. These photomicrographs are typical of all pins

‘studied in this way and give no real indication of oxide

thickness or composition.

One of the major advantages of this analytical

technique 1is 1its ability to facilitate direct measurement

of oxide thicknesses by studying plateaux edges. To this

end, and in view of the extremely smooth nature of the

surfaces, the worn pins were crushed in a vice prior to

. . . : . Photo=-
mounting in the scanning electron microscope€

micrographs taken after this treatment are now atypical of




Figure 3.32

Scanning electron micrographs of a
pin worn at 98.2 N and at a speed
of 0.08 ms-! in Technical White 0Oil.
The surface is unaltered.







real worn pin surfaces, but they provide excellent views of

the plateaux edges and their homogeneity,

Figure 3.33 shows high magnification photomicrographs
of a pin worn at 98.2 N and at a speed of 0.8 ms“l in
Technical White 0Oil. A 0.1 um bar is shown in the upper
left hand corner of all photomicrographs presented here.
Figure 3.34 shows similar photomicrographs for the same

-1
load, but for a speed of 0.15 ms and in the presence of

0.1% stearic acid.

3.13 Auger Electron Spectroscopy using Samples from

Lubricated Sliding

Auger electron depth profiles have been produced for a
wide range of load and speed combinations in Technical

White 0il both with and without the stearic acid additive.

Figures 3.35 to 3.40 show depth profiles from worn pin
surfaces run at a load of 122.7 N and for speeds of 0.06,
0.09, 0.2, 0.45, 0.82 and 1.09 ms'_1 respectively in
Technical white 0il. Allowing for some variation due to
®rXor in the etch rate the depth profiles show virtually
identical characteristics and correspond to very similar

depths of about 0.15 Hm.




Figure 3.33
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Scanning electron micrographs of
crushed pin surfaces worn at a load
of 98.2 N and at a speed of 0.8ms-!
in Technical White 0il.







Figure 3.34

Scanning electron micrographs
of crushed pin surfaces worn

at a load of 98.2 N and at a
speed of 0.15 ms-! in Technical
White O0il with 0.1% stearic
acid additive.
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Figure 3.35

Auger electron depth profile
for a pin run at 122.7 N load
and 0.06 ms-' in Technical

White 0il
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Figure 3.36

Auger electron depth profile
of a pin run at 122.7 N load

at 0.09 ms-! in Technical
White 0il
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Figure 3,37

Auger electron depth profile of
a pin worn at 122.7 N load atq
0.2 ms-® in Technical White Oil
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Figqure 3.38

Auger electron depth profile of
a pin worn at 122.7 N at a s?eed
of 0.45 ms-! in Technical White

0il
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Auger electron depth profile of
a pin worn at 122.7 N loaé-at ’
0.82 ms=! in Technical White Oil
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Figure 3.40

Auger electron denth profile of
a pin worn at 122.7 N loadvgt a
speed of 1.09 ms-' in Technical
White 0Oil




In some cases, figures 3.36, 3.38 and 3.40 there

appears to be a homogeneous type variation in oxygen

concentration in the outer portion of the oxide layer.

Initial inspection of these figures shows a
characteristic similar to those for unlubricated worn pin

surfaces as seen in figures 3.22 and 3.23.

This effect 1is, however, misleading due to the very
thin nature of these oxides. Scanning electron micro-
graphs, figures 3.32 to 3.34, show that the oxide 1is
homogeneous and 1is approximately 0.1 = 0.2 um in depth.
This oxide is thin enough to allow non-uniformities on the
surfaces to alter considerably the resultant Auger signals,
as one area may have a slightly thicker oxide layer, and
therefore take longer to expose the metal substrate, as 1in
figure 3.41a. This, in effect, will give rise to the
tailing portion of the ideal characteristic seen in figure
3.41b, which when expanded to appropriate scale will appear
as those of figures 3.35 - 3.40. This effect is only
apparent with very thin layers and rough surfaces and may
be misleading when not considered 1in view of other
analytical evidence such as the scanning electron

micrographs.,

The Auger electron depth profile shown in figure 3.42

-1 ,
is for a 98.2 N load and a speed of 0.08 ms . It is

typical of those studied at 98.2 N and is again very

similar to those in the series of 122.7N curves. Along
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Figure 3.41

Idealised representalions of

(a) a very thin oxide layer

under electron bombardment and

(b) an oxygen Auger depth profile
of a homogeneous oxide showing the
rapid fall off in concentration at
the oxide/metal boundary.
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Figure 3.42

Auger electron depth profile of
a pin worn at 98.2 N load a? a
speed of 0.08 ms-' in Technical

White Oil
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with those variations in Figures 3.43 to 3.46, which show

puger depth profiles from experiments conducted with 0.1%
stearic acid additive, for loads of 122.7, 98.2 and 49.1 N
and speeds of 0.06, 0.82, 0.66 and 0.02 msm1 respectively,
little difference may be seen in the curves with load or
speed oOr indeed presence of the organic acid except in
figures 3.44 and 3.45 where the thin homogeneous variation
is apparent. This 1is in support of the scanning electron
micrograph evidence, which despite exhaustive investigation
provided no systematic variation in either surface

topography or oxide thickness.

3,14. X-Ray Photoelectron Spectroscopy of

Samples from Lubricated Sliding

The X-ray photoelectron spectra presented here show an
outer envelope which is the experimentally collected
spectrum, along with the computer-generated curve fitted
peaks which collectively comprise the outer envelope. The
curves are shown as variations of binding energy (BE) with
number of counts (C). The horizontal line is broken by the
bPeak height, while the binding energy is placed on the line
in eV. Each figure shows two spectra, the upper represent
the carbon 1s peaks and the lower the oxygen ls peaks. The
ls core electron level notation relates the energy

transition giving rise to that particular peak.
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Auger electron depth profile of
a pin worn at 122.7 N load gt i
speed of 0.82 ms-! in Tecpnlca’d
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Auger electron depth profile of a
pin worn at 98.2 N at a sPeed gf
0.66 ms-! in Technical White Oil

with 0.1% stearic acid
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In the case of the carbon peaks, the highest binding
energy corresponds to the carbon-carbon bond, the middle to

carbon single bond oxygen; and the lower carbon double bond

oxygene The accompanying oxygen variation shows for

highest binding energy the oxygen-oxygen bond, then a small
peak corresponding to a non-stoichimetric surface oxygen or
water molecule, the next lowest corresponds to oxygen
single bond carbon and the lowest to oxygen double bond
carbon. The binding energies here are t 0.5 eV and within
experimental error agree with published figures for these

transitions (111, 112]0

Figure 3.47 shows the collected spectra for a worn pin

surface run in flooded conditions in Technical White 0Cil at
21
98.2 N load and a speed of 0.04 ms . Figures 3.48 and

3.49 are from pins run in Technical White 0il with 0.1%
-1
stearic acid additive. Figures 3.48 at 98.2 N and 0.04 ms
-1
and figure 3.49 at 122.7 N and 0.06 ms . In each of these

two figures a marked increase in C-O and C=0 bonds 1is

apparent.

Stearic acid is known to form iron-stearate soap films
on steel surfaces, and further cohesive forces cause acid
molecles present in the oil to increase the film
thicknes~. The stearic acid molecule is 30 g in length and
Up to five monolayers are typically found on the surface

after wear (90). This then can leave a film, of up

although film thicknesses of
red (113, 114]

0
to 150 A on the pin surface,

Several thousand angstroms have been measu
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Figure 3.47
X-ray photoelectron spectra for upper C,  and lower
015 transitions, for a pin surface run at 98.2 N
load 'at a speed of 0.04 ms~ > in Technical White 0il.
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Figure 3.48

X-ray photoelectron spectra for upper Cig and lower

015 transitions, for a pin run at 98.2 N load at a

speed of 0.04 ms  in Technical White 0il with 0.1%
Stearic acid.
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X~ray photoelectron spectra for upper Cig
in run at 122.7 N load at a

and lower

0, transntions, for a p
speed of 0.06 ms~' in Technical White Oil with

Stearic acid.



In figures 3.47 to 3.49 the C-C bond is obviously the

most dominant as both o0il and acid are formed of primarily
long carbon chains. An increase is apparent, though in the
c-0 bond in figures 3.48 and 3.49, this is undoubtedly due
to the presence of the acid molecules on the pin surface.
This is seen also in figures 3.48 and 3.49 by the increase

in the 0=C and 0-C peaks.




CHAPTER FOUR

THEORETICAL CONSIDERATIONS

4.1 Development of a Wear Model

The Auger electron depth profiles presented in figures
3,22 and 3.23 show that there is a gradation of oxygen with
depth into the oxide which 1is characteristic of an
agglomerate oxide layer; as opposed to the constant
concentration of oxygen with depth followed by a sharp
decrease at the plateaux substrate boundary seen in
diffusion controlled oxide plateaux formation (44).
Scanning electron micrographs seen in figures 3.8 - 3.13
clearly show the agglomerate nature of the oxide and show
it to rest over existing surface features, indicating that
the oxide formed elsewhere, became detached and transferred

to form an agglomerate layer in the observed position.

The Auger depth profiles provide a history of the

build up of the plateaux, but there are two possible

explanations for the observations. It is postulated that

the plateaux are formed by sintering of wear particles, it

may then be assumed that either the particles consist

initially mainly of metal debris with the amount of oxide

increasing with sliding distance, OF that the ratio of




Metallic debris.

:Figure 4.1

(a) The unworn microtopography
of opposing surfaces and

(b) the same surfaces after a
few passes showing the
collection of metallic

debris




Agglomerated oxide.

Region of oxide generation.

Load supporting oxide

Figure 4.1

(c)

(a)

after continued rubbing oxide
particles collect over the

metal debris and

eventually further agglomeration
causes this oxide to become load

bearing




oxide to metal particles included 1in the

agglomerate

remains constant during formation of the plateaux, but that
further oxidation takes place during and after build up to

some critical thickness prior to final removal.

At the onset of rubbing a sequence of events similar
to those shown in figures 4.la - d are imagined. The
initial high rough microtopography of the surface, figure
4.la, will be quickly smoothed as the surfaces plastically
deform and fracture to conform with one another. Metal
debris so produced will be comminuted and collect in the
remaining valleys of the surfaces, figure 4.lb. This will
occur within a few passes and is consistent with the small
running-in times and minimal metallic debris observed
experimentally. The surfaces then oxidise rapidly with
most asperity contacts; the oxidation occurring at an
intermediate temperature between the contact and general
surface temperature, as proposed by Stott et al[72], until
the next of subsequent encounters whereby this oxide layer
is removed. These oxide flakes then collect in the valleys
over the metallic debris, figure 4.1C, until continued
oxidation-scrape-reoxidation causes the agglomerate layer
to thicken above the level of the local asperities and so
become load bearing, figure 4.ld. Oxidation continues at
the surface of this layer, and elsewhere due to the

removal, further oxidation, and teagglomeration oi parts of

this plateaux.




The oxide coverage increases in the early stages of

sliding in a way similar to that described by Wilson et
al[73] with oxide coverage increasing laterally over the
surface until some equilibrium ratio of load bearing
plateaux to oxide generating regions is established.
However, contrary to the report of those authors no
restriction on the vertical growth of oxide plateaux has
peen observed in this work, and the evidence of scanning
electron microscopy, figures 3.8 - 3.13 and Auger electron
spectroscopy, figures 3.22 and 3.23, indicate a great
difference 1in thicknesses of oxide plateaux. In the
initial- stages of sliding the lateral growth of load
bearing agglomerate oxide plateau does, however, explain
the decrease in wear rate from the wear-in values to the
equilibrium level. Assuming that the rate determining
factor in these experiments is thin film logarithmic oxide
growth on asperities contacting in regions not covered by
oxide plateaux, then the growth of these plateaux in the
initial high wear stages of running-in reduces the areas
available for oxide generation, and ultimately leads to the
dynamic equilibrium between the generation, agglomeration

and final removal of oxide as debris.

Oxidational growth under these conditions may be
described by a direct logarithmic growth law, such that the

thickness X attained in time t is given by:




¥ = C Ln (At + K) (4.1)

shere A and C are logarithmic rate constants and K = 1 if

If it 1s assumed that the oxide thickness X is
produced in a short time before being removed at the next

encounter, then At»((l and the equation reduces to:
X =CA t (4.2)

This form of the equation should not be confused with
linear growth rate kinetics and the growth constants, A and
C, appropriate to logarithmic growth must be used. These
growth rate constants may be described by Arrhenius

equations such that:

i
o= 1 - 4.3
A = Al exp (g7 ( )
and
11
o (4.4)

= all _ (oL
C =A% exp (RTO)

where Aﬁ'and Ali are Arrhenius constants with dimensions of
1

ime™ . 11 ivati
time  and length respectively. Qi and Q' are actlvation

energies and T . the oxidational temperatures and R the
o

Universal gas constant.




[115]

Mills conducted a series of experiments on the
static oxidation or iron and low alloy steels and from his
gata it is possible to evaluate the quantities Qé and Qlﬁc

gyllivan et al[46]

have argued that activation energies
calculated from static oxidation data may be applied to
tribological data, but that Arrhenius constants will be
very different. Thus wusing the values of Q; = 43 KJ
mol -1 and Qli = 30 KJ mol"’1 obtained from the data of

Mills, equation (2) becomes:
——rP Yy, t (4.5)

where A, = A

If it is assumed that the mean asperity radius is "a",
then the volume of oxide debris, V, produced at each

asperity per unit distance of sliding iss

73,000)°
RT

V=A exp - ( wal., U (4.6)

L

where U is the linear velocity.

hs stated, it is assumed in this model that this

vOolume is removed at the next of subsequent encounters and

that the majority of debris so produced is agglomerated to

form oxide plateaux. These plateaux grow to critical




thickness and are then removed to form large wear

particles. Thus the plateaux do not generate the wear
debris, but merely act as an intermediate stage in the
debris removal process. The plateaux do, however, act as
load bearing areas and reduce the area of debris
generation. Thus the debris generating area may be
regarded as a fraction B of the real area of contact.
Careful study of a large number of scanning electron
micrographs of worn pin surfaces indicates that when
equilibrium conditions have been established about half of
the area of contact is covered by load bearing plateaux,
which is in agreement with similar analyses in other

[60], and so a value of B = % is appropriate.

studies

Here an argument has been developed for oxide growth
at asperity contacts, but it must not be assumed that each
enounter will lead to oxide growth. Some metal to metal

contacts will lead to severe adhesive wear and the

production of metallic debris.

If it is assumed that in the areas not covered by
Plateaux, @ is the fractional coverage of oxide and further
assume that both oxide-oxide contacts and oxide-metal
contacts will lead to oxide production and removal and that
of

only metal-metal contacts lead to the production

metallic debris, then the total volume of material removed

Per unit distance of sliding, V may be written as:




73,000
RT
o

2
) BNwa al +

v = AL exp = (

U

73,000, BNma2
A, exp = ( Ré ) B ga 2a (1 - a)
(0]

L

+ K, (1 - a)? gNwa? (4.7)
where

al : probabilitybof oxide-oxide contact

2¢ (1l=-a) ¢ probability of oxide-metal contact

(l-a)? : probability of metal-metal contact

KS ¢ Archard wear factor for severe

metallic wear
N ¢+ total number of asperity contacts

Nma? may be written as W/Pm where
W : applied load

P : flow pressure of the substrate.

And hence equation (4.7) may be rewritten as:

73,000, W 4(2-a)

V = A exp - (

L RT_ ) 20P_
+ w2 W
Kg (1-0)° 53




This quantity 1is equal to the wear rate, W, under

equilibrium conditions:

_ _ 73,000 a(2-a)
W = {AL exp ( RTo ) . 5 Ky (l-a)2 }

==

(4.8)

The gquantity in brackets 1is the Archard wear factor

for this wear process.

At very low speeds the first term in equation (4.8)
dominates and this is 'supported by the experimental
evidence of X-ray powder diffraction data, figures 3.17a -
3.20a, which shows in each case the debris to consist
mainly of oxide. On this basis the lowest speed for each
load has been taken and a value of AL calculated assuming
that all contacts produce oxide debris. The values of AL
so calculated are given in Table 4.1 and are used in

equation (4.8) to calculate wear rates for the whole speed

range at a given load.

It is not possible to measure the value of a, but if

it is assumed that equal volumes of metallic and oxide

debris are produced and further since mild wear rates

)
are ~ 10 times severe wear rates, then




Table 4.1

calculated values of A with load

LOAD AL
21

N ms

4.9 2.83 x 107

9,8 1.22 x 107

19.6 7.98 x 108

49,1 4.12 x 1068




In practice the volumes of metallic debris were always

less than that of oxide and hence a will lie between 0.9
and 1. For the purpose of these calculations, however, the

lower value has been adopted.

The value of the Archard severe wear factor, Ks, was
obtained from estimates of experimental severe wear rates

above the T; transition and was fixed at 6.7 x 10 .

The flow pressure Pm was calculated from the

experimentally determined hardness of the substrate,

280 HV, and thus the appropriate wvalue of P_ 1is

2
2,75 x.10% Nm .

There is still controversy over the temperature
responsible for the tribological oxide growth, although by
the criteria suggested by Stott et al[72] one would expect
that for the conditions of these experiments, that is low

load and speed combinations and little frictional heating,

that general surface temperatures and out of contact

oxidation would predominate. Despite this contact

temperatures were calculated by a method similar to that

described by Rowson and Quinn[lozl the outline of which

will be presented in the following section, 4.2,




meanwhile, Tables 4.2, 4.3, 4.4 and 4.5 present the sliding

speed and experimental wear rate along with the estimated
contact temperature and the theoretical wear rate
calculated from equation (4.8) using the contact

ture as T o
tempera o

The results presented in these tables for loads of
4,9, 9.8, 19.6 and 49.1N are graphically presented in
figures 4.2 = 4.5, and show theoretical and experimental
wear rates as a function of sliding speed. It can be seen
from each of these curves that at the higher speeds the
theoretical wear rates are orders of magnitude higher than
the experimental wear rates. This is due to the rapid
increase 1in contact temperature at these speeds. In
contrast to this at the lower speeds where the contact
temperatures are close to the general surface temperatures
good agreement is seen between theoretical and e#perimental
curves and, indeed, when the general surface temperatures
are used throughout instead of the contact temperatures the
theoretical curves follow the experimental curves closely
even at higher speeds. Tables 4.6 - 4.9 show the sliding
speed and experimental wear rate along with the general
surface temperatures and the theoretical wear rate

Calculated using these temperatures from equation (4.8).

This data is shown graphically for loads of 4.9, 9.8, 19.6

and 49,IN loads in figures 4.6 = 4.9 respectively.




Table 4.2

Theoretical and experimental

wear rates

temperature and speed for a 4.9 N load.

sliding Exp. wear
speed rate
-l 3 .1
ms m m
=13
0.005 7.71 x 10
=13
0.006 2.89 x 10
~13
0.008 4.95 x 10
-13
0.016 2.88 x 10
-13
0.056 1.12 x 10
~1b
0,105 5.03 x 10
1l
0.216 6.99 x 10
-1k
0,355 6.84 x 10
‘ ~13
0.615 1.82 x 10

=13
1.05 2.0 x 10

contact
temp

°C

25.48
23.69
25.12
28.85
45.16
52,6
102.9
160.8
271.3

297.2

with contact

Theo. wear

rate

3 .1
m m

=13
10

-13
10

-13
10

10

=13
10

10

=12
10

10
10
10~

10~




Table 4-3

Theoretical and experimental

wear rates

temperature and speed for a 9.8 N load.

sliding EXxp. wear
speed rate
=1 3 .1
ms m m
=12
0.003 1.01 x 10
13
0.005 8.51 x 10
~13
0.0075 6.3 x 10
-13
0.01 3.84 x 10
=13
0,019 5.19 x 10
13
0.027 3.62 x 10
=13
0.039 3.08 x 10
-13
0.06 2.64 x 10
13
0,103 2.16 x 10
-13
0,295 2.47 x 10
=13
0.502 4,51 x 107
12

0.991 9.44 x 10

contact
temp

°C

23.61

24.85

23.82
31.66
32.37
36.87
47.79
48.7
138.8
135.2

459.8

with contact

Theo. wear

rate

3 .1
m m

4.13 x
4.03 x
1.97 x

1.36 x

=12
10

~13
10

-13
10

-13
10

=13
10

-13
10

-13
10

-13
10

=13
10
10
10

10°




Table 4-4

Theoretical

and experimental

wear rates

temperature and speed for a 19.6 N load.

sliding
speed

=1
ms

0.003
0.006
0.01
0.015
1 0.021
0.029
0.051

0.062

Exp.

rate

3 .1
m m

wear

-12
10

-12
10

=12
10

13
10

13
10

13
10

13
10

13
10

contact
temp

°C

25.22
29.73
28.62
30.23
36.75
36.62
47.7

55.88

with contact

Theo.
rate

3 21
m m

1.77 x

1.42 x

wear

~12
10

=12
10

13

8.8 x 10~

7.38 x
8.95 x
7.08 x

-13
10

-13
10

13

10

-13
10

12

10




rable 4-5

Theoretical

and experimental

wear rates

temperature and speed for a 49.1 N load.

sliding
speed

=1
ms

-3
x 10

2.85
3.78
5.14
6.85
7.01

9.55

EXDo

rate

3 1
m m

wear

12
10

12
10

12
10

12
10

12
10

=11
10

contact
temp

°C

27.35
27.9

26.41
33.11

27.01

41.47

with contact

Theo. wear

rate

3 .21
m m

=12
3.17 x 10

-12
2.64 x 10

=12
1.9 x 10

~-12
2.45 x 10

~12
1.61 x 10

12
1.45 x 10
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Table 4.6

Theoretical

surface temperature and speed for 4.9 N load.

sliding
speed

=1
ms

0.005
0.006
0.008
0.016
0.056
0.105
0.216
0.355
0.615

1.05

and experimental

Exp. wear

rate

6.99 x

6,84 x

1.82 x

=13
10

=13
10

13

10

=13
10

10

13

14

10
14

o

10
14

10

.13
10
13

2.0 x 10

weay rates

general
surface
temp

°C

23.82
21.92
22.9
23.3
24.5
25.9
28.29
30.18
35.78

32.83

with

Theo.

rate

general

wear

=13

13
x 10

13
x 10

13
x 10

13
x 10

14
x 10

14
x 10

lu

~lu
x 10




table 4.7

Theoretical

surface temperature and speed for a 9.8 N load.

sliding

speed

-l
ms

0.003
0.005
0.0075
0.01
0.019
0.027
0.039
0.06
0,103
0.295
0.502

0.991

and experimental

Exp.

rate

wear

12

1.01 x 10

13

8.51 x 10

13

6.3 x 10

13

3.84 x 10

5.19

X

X

13

10
13

10
13

10
13

10
13

10
13

10
13

10
12

10

wear rates with

general Theo.
surface rate
temp
°C mgmml
'22544 1.01
22.89 6.77
24.28 5.47
21.86 3.71
23.96 2.82
24.52 2.41
25.09 2.08
25.33 1.78
24.05 1.49
29.01 1.37
28.51 1.29

- 65.47 2.37

general

wear

-12
13

13
x 10

~13
x 10

13
x 10

~13
x 10

13
x 10

x 10

=13
x 10

13
x 10

-13

_13
x 10




Table 4.8

Theoretical

and experimental

wear rates

with general

surface temperature and speed for a 19.6 N load.

sliding

speed

ms

0,003
0,006
0.01

0.015
0.021
0.029
0.051

0.062

Expo

rate

wear

-12
12

12
x 10

~13
x 10

=13
x 10

13
x 10

-13

13

general
surface
temp

°C

23.78
26.62
24.18
24.12
125.64
24 .4
25.47

28.1

Theo. wear

rate

1.57 x
1.11 x
6.54 x

5.14 x

3.31 x

3.37 x

-12
10

=12
10

-13
10

=13
10

-13
10

-13
10

-13
10

13
10




Table 4.9

Theoretical and experimental wear rate with general surface

temperature and speed for a 49.1 N load.

sliding

speed
1

ms

x 107

2.85
3.78
5.14
6.85
7,01

9.55

Exp.

rate

6.23

wear

=12
10

12
10

12
10

12
10

12
10

11
10

general
surface
temp

°C

24.74
24.25
23.55
27.54
23.7

24.32

Theo.

rate

2.59 x
1.65 x

1.57 x

wear

10

12

10’
=12

10
-12

10

12

10

12
10
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one further series of wear rates were determined and

are shown in figure 4.10. These are for a 14.7 N load and
the theoretical curve here was calculated from equation

(4.8) using the value of AL as the average of the 9.8 and
-1

7
19.6N loads and equal to 1.0l x 10 ms

The theoretical results presented here indicate that
the assertion of Stott et all72} is correct and that
general surface temperatures and out of contact oxidation
predominate. In the case of the 49.1 N load in figures 4.5
and 4.9 where general surface temperatures and contact
temperatures are similar, there is little difference in the
theoretical curves, however, in other cases where speeds
become quite high before the T, transition. Figures 4.2,
4,3 and, 4.6 and 4.7 for example, the contact temperatures
cause the theoretical curve to increase dramatically above
the experimental wear rates. In these cases the difference
between contact and general surface temperature is clear
and the better theoretical estimation is provided by the

latter,

4.2 Estimation of Asperity Contact Temperatures

Contact temperatures have been estimated using a

Simplified version of the theory presented by Rowson and

Quinnl102] ,n4 the outline of this will be given here, as
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R completely rigorous handling can be
[102,109]o

found

elsewhere

The equation developed by Rowson and Quinn is based

upon the oxidational wear theory of Quinn[68] and is as

follows:

T, K =T, + + (4.9)

where H; is the heat flow into the pin, K is the thermal
conductivity of oxide and all other parameters have been

previously defined.

. Using tpis equation in terms of the model developed in
the previous section allows a number of simplifying
assumptions to be made. Firstly we assume that oxidation
takes place between two clean metal asperities which are
then scraped on the next of subsequent encounters to remove
any oxide before further oxidation takes place. Underxr
these conditions the oxide thickness, &, is zero prior to
each contact leading to oxidation, and the last term in

equation (4.9) is thus zero. Further, to calculate the
minimum possible contact temperature the Archard single

contact model(4?] has been adopted and thus N = 1. Using

w .
the equality wal = W/Pm we define a = 7?5; and equation

(4.9) becomes:

A0 A .




Lastly the fact that 1load bearing area actively

promoting oxidation is a fraction 8 = % of the total load
pearing area must be considered, so finally an approximate

maximum value of the contact temperature is found using:s

Hy

c S W
4/ZﬁP Ks
m

The heat flow into the pin, H;, is found from the

axial heat flow equation in section 2.15:

A] s t dx

and at the limit where x = 0 and Tx - TS

-K_7wR

S
"
m
-
"

where all constants have been previously defined, and the

i .14,
constants By and By are found from equations 2.13 and 2




Although this approximate form of the Rowson and Quinn

expreSSion gives the maximum value of the contact
temperature it can be seen from tables 4.2 - 4.5 that at
the higher speeds the temperatures calculated produce
theoretical wear rate orders of magnitude above those
observed and contradict the experimental observation that
only e-Fe,03 was found in the wear debris, as can be seen

in figures 3.17 - 3.20.

A more critical attempt to calculate contact
temperatures has not yet been performed as the general
surface temperatures have been found to be the important
rate determining parameter in this work, however, such an
attempt would probably have to resort to the iterative

techniques used by previous workers[45’69],



CHAPTER FIVE

DISCUSSION

5.1 Introductioh

This chapter will provide a discussion of the results
and theoretical data presented in the preceding chapters.
Experimental results from the various physical methods of
analysis will be considered for both the unlubricated and
lubricated data with respect to prior investigations, and
conclusions dréwn on the friction and wear behaviour of the

system in each case studied.

Oxidational wear mechanisms relevant to the
unlubricated and lubricated  wear results will be
considered, along with a critical appraisal of the theory
presented in Chapter 4.

Finally, a direct comparison of the results and

wearing mechanisms found in this study for unlubricated and

lubricated sliding will be made. Experimental data from

each system will be analysed with respect to the

corresponding data from the other with any differences oOr

similarities being pointed out and expanded on.



Discussion of Unlubricated Results

The two most apparent features of the equilibrium wear
behaviour shown in figure 3.2 are the increase in wear rate
with load and the decrea;e in wear rate with increase in
speed. The former is to be expected and leads directly
from the Archard wear law. It is simply due to increased
real area of contact at higher loads. The latter feature
has been observed before by Earles and Hayler“lm and
Earles and Powell[63f117], who explained this decrease 1in
terms of increased speed leading to higher frictionally
generated surface temperatures and thus better oxide
coverage, increased surface protection and reduced wear
rates. A similar argument has been put forward for the

reduction in wear rate with increase in speed above the T;

transition[44’118] In this case, at equilibrium,

increased oxide production at higher temperatures is
paralleled by increased oxide removal, to maintain

equilibrium, as debris at higher speeds. This 1is at

variance with the observations of this study, where, as 1s

Seen clearly in the micro-densitometer traces of figures

3.17 to 3.20, there is a progressive increase i“_the

metallic component of the debris with speed for a given

load. This is the opposite to what would be expected if

i ; i iscussed
increased oxidation were occurring. As will be di

. : 1 r
later, this effect is indicative of a difference in wea

Mechanisms below T,; and above T2 -



The upper dgraph in Figure 3.1 showing the change in

sear rate with time, from the start of the test to

equilibrium, shows the process to take about 30 minutes
which 1s typical of wear-in times seen in other

[109], However, in some cases, at lower loads and

studies
speeds, the wear-in time was seen to be somewhat less, with
oxidised debris appearing in small amounts. almost
immediately. This effect seems to be due to the moderate
wearing conditions combined with this particular sliding
geometryo Unfortunately the small amounts of debris
produced in these experiments did not allow sampling of the
wear products at various stages during running-in. However
the initial contact must undoubtedly be metallic, and the
equilibrium contact via an oxide film; such an analysis
would be expected to show a gradual change from
predominently metal to mainly oxide as the equilibrium was
established. This change would be seen around 20 to 40

minutes into the test for the specimens exampled in Figure

3.1

A further result apparent from the wear rate curves of
Figure 3.2 is the shift of the T) transition to higher

speeds for lower loads. The transition itself 1s also seen

to become 1less abrupt. This effect 1is caused by an

increase in load leading to an increase in the numbe : and

thus frequency of contacts. The rate of growth of oxide 1in

this case, for the region approaching the T) transition.

! i allic wear ensues.
Increases less rapidly and severe met




por a given transition speed the abruptness and severity of
the transition will depend upon the level of oxide coverage
necessary to sustain an equilibrium mild wear mode, this
1jevel of coverage is determined by the equilibrium wear,
and thus generation, rate of oxide which must be higher for
higher loads. Exceeding this transition speed at higher
loads leads to a larger number of adhesive metallic
contacts and an abrupt transition. At lower 1loads the
number and frequency of these contacts 1is reduced in the
transition region causing a less abrupt change between mild

and severe equilibrium wear modes.

The friction coefficients presented in Figure 3.5 are
seen to vary little over the range of load and speed
investigated in this work. While the wear rates are seen
to change over an order of magnitude, the corresponding
changes in friction coefficient are in the range of 0.4 -
0.6. These values are typical of those seen in oxidational
wear and indicate that the remarkable protection afforded

by the oxide is consistent over a large range of sliding

conditions. The mechanisms of friction governing the

magnitude of the friction coefficient are likely to be due

largely to the effect of oxide particles prior to

agglomeration, or as wevidenced on the photomicrographs,

regions of oxide production where, according to the theory

Presented in chapter 4, it is postulated that predominantly

metallic and metallic-oxide contact is occurring.




The initial variation in friction coefficient seen in

rigure 3.4 has been observed by Blaull19] i, pis study of
frictional break-in behaviour and he explains the cause and
severity of the friction changes as due to a number of
compet ing parameters such as oxide growth, surface
composition changes caused by diffusional processes, the
effects of component temperature rises due to sliding
friction, mechanical disruption of surface oxide films with
increasing metallic contact and contact geometry changes.

(119,120] ¢hat the final equilibrium friction

Blau predicts
will depend upon the sum of these parameters, the dominant
component of which is decided by load and speed and sliding
geometrye. Blau”zl] also found that storage time after

polishing affected the magnitude of the initial friction

break-in due to the growth of static oxides, this view is

in agreement with the observations of other workers[73]
although this phenomenon was not studied in this work. The
e in

observed reduction in friction coefficient with increas

load has been reported previously[122] especially in the

region under present study[63]. This has been considered

i 121]
due to surface modifications due to oxide coverage[ but
has not been successfully quantified.
in Figures 3.6 and 3.7 that

It can be seen clearly

-1 ure
below 10 msml the increase in general surface temperat
. ilibrium
due to frictional heating approximates to an equl
. cumented
around 2°C above ambient. 1t is also a well do



giew that at low speeds or where external temperature i
nper .

high, then out of contact or general surface temperatures

jominate the oxidation process[56' 57, 60] This view j
. is

-1

-1
supported here, where below 10 s frictional heating is

effective only by maintaining the surfaces at a constant

level above ambient. This level will be determined

primarily by the external temperature and the thermal

properties of the wearing pair.

Considering the asperity contact which takes place in
this region we see £hat the time of contact is long which
provides an adequate time for frictional heat to conduct
away from the surface, preventing any sharp rises 1in
temperature. In this case thé oxide which grows as a
result of this contact will do so immediately after the
contact at a temperature little greater than the general
surface temperature. At higher loads and speeds the time
between contacts is reduced, so although the oxide grows at
a higher temperature the time for growth is greatly

reduced, thus 1leading to an increased number of contacts

resulting in metallic debris. This effect 1is not

Compensated for by the relatively meagre temperature

rises. 1In Chapter 4 the wear rate was found to depend upon

i ion; see
the rate determining factor of oxide production; Wwe

] : 3 5 'r
here a reduction in oxide production combined with a highe

irm the
Probability of metal production. These effects conflrm

; . e curves of
®Xperimental evidence provided by the weat rat

i i eeds
Figure 3.2, showing reduced wear rates at higher sp '

; i es 3.17
and the powder diffraction data of the debris, flgur




to 3.20, showing increasing metallic debris at high
er

speeds. The increased oxidational temperatures at higher

speeds and loads, assuming an Oxidation-scrape—oxidation

nodel are seen to be ineffective due to reduceq time of

oxidatione.

For these reasons, and results based upon the

comparison of surface and contact temperatures with
theoretical and experimental data, the contact
temperatures, figures 4.2 - 4.5, have been rejected 1in
favour of the general surface temperatures, figures 4.6 -
4,10, in calculations of wear rates using equation (4.8).
This correlation may be seen <clearly, 1if all other
parameters remain constant, as the general surface
temperatures used 1in equation (4.8), as opposed to the
contact temperatures, provide a much superior theoretical
set of curves. In every case, by comparing the temperature
data given in tables 4.2 - 4.9 we see that for a given
load, at low speeds the contact temperatures are similar to

the general surface temperatures. However at only slightly

higher speeds the contact temperatures deviate more and

more from the general surface temperatures.

Correspondingly, the theoretical curves shown in figures

42 - 4,10 show fair agreement for all temperatures at low

: : i ints at
Speeds, but enormous variation with experimental po

. 49.1 N
highor speeds for the contact tempe);atures. The *

; contact
load being an exception, where it can be Seen that

re similar
temperatures and general surface temperatures a
this 1is thought to be

for the whole speed range:




exclusively due to the low sliding Speeds. The results of
0

this temperature analysis 1is 1in complete agreement 4R

previous workers data (56,57,60]

°

The oxides depicted in the scanning electron

micrographs of figures 3.8 - 3.13 display all the major
features seen 1in this study. Oxide thicknesses seen here
are in general similar to those found in other
studies[44v109] of between 2 and 5 um. However for the
19.6 N load, shown 1in figure 3.13c, and 0.05 ms_1 the
platea@x thickness is clearly around 10 um. A major
difference, however, in this oxide formation 1is the
structure, seen clearly 1in figures 3.10b, c¢; 3.llc and
3.12c. These photomicrographs show particularly well the
grainy agglomerate nature of this oxide providing evidence
toward the mechanism of its formation. These oxides may be
directly contrasted with those from a diffusion controlled
mechanism which show the oxide plateau edge to be a uniform

homogeneous layer from the base to the surface of the

oxide [44,109]

Further to this, the photomicrographs seen in figures

3.8a, ¢ and 3.9a, b and particularly 3.9c show that the

oxide plateaux rest over existing roughened surface
: e
features, indicating that the oxide formed elsewhere,

merate
became detached and transferred to form an agglo
i istic, a
layer in the observed position. This character '

ide, seen
Troughened surface underlying a smooth compacted ox1de,

i of an
also ip figure 3.13c supports the hypothesls




agglomerate mechanism of the oxide production Although
: hough

the oxide generating region would become Smooth, the reqgio
n

over which the agglomerate plateaux form is protected and

remains in a roughened condition. On break up of this

plateaux the resulting 3-body abrasion caused by trapped
debris could roughen the previously smooth oxide generating
area prior to the formation of an agglomerate over that
region. The break up of an agglomerate plateaux is seen in
figure 3.8a where large flakes of oxide are seen to be
breaking away from the surface. In theory these oxide
flakes may either be removed as debris or be recompacted at
another site on the surface. The photomicrograph of figure
3.10b appears to show the result of Jjust such a
redeposition, where one oxide plateau seems compacted onto

another.

Bas_ed upon the evidence of these photomicrographé we
deduce that in this study the large oxide plateaux are
formed of agglomerates of small oxide flakes, and their
thickness is not limited by the oxide formation mechanism.

As was found in the study of wear above the T, transi-

tion{44] thicker oxide plateaux are formed at higher

. : increased
Speeds, however in this case 1t 1S not due to 1incC

. . : h
frictional heating leading to increased oxidation, althoug

i » : i : te
t»hls effect may facilitate the sintering of the agglomera

: ation
Plateaux providing more stability- A possible explan

: ed in
lies in the consideration of the wear model develop

The prediction is that

Chapter 4 and in equation (4.8)«

roduced
the rate of production of oxide in terms of volume D




r unit distance of sliding is inversely proportional t
- 0

pe

che 1inear sliding velocity which thus

explains ' the

Jecrease in wear rate with increase in speed seen in figy
ure

3.2 It 1s probable that the higher rate of oxide

production and removal at the lower speeds favours thinner
less stable plateaux which are more easily penetrated by
opposing asperities and thus more easily removed aiding the

wear process. Conversely at higher speeds oxide production

and removal are observed to be lower, this may allow time

for thicker more stable oxides to form and be maintained.

The oxide plateaux have been found to rest over a

work-hardened layer as would be expected and is in support

of many other studies[3l’33’35]. This layer was

investigated for selected pins and a range of hardnesses
were found between 300 and 340 VPN, seen in figure 3.14.

These values are somewhat lower than the previously

determined minimum value found by Welsh[35] and

Athwa1[109], necessary to support an oxide layer. This is

probably = due to the fact that extensive surface

transformation and work-hardening occur during the severe

running-in stage of wear[33'36] and that this 1is not as

i i in other
Protracted or indeed as severe in this work as in

studies[31], This may indicate that below the T; transition

i the
the work hardened layer forms quickly and only to

i . The
degree necessary to support the agglcmerate oxides

i i with
®xistence of the layer is “however in agreement

Welsh [35]




The contact resistance results foung in this stug
' udy are

in basic agreement with those from previous investj
vesti=-

. 3 i
gat1ons[10 I, The trace shown in figure 3.15 shows the

rapid increase from low contact resistance and low metallic
contact. The equilibrium value of ~ 1062 is typical of the
contact resistance through an extensive oxide layer. The
continuity of the trace with time shows how stable the
generated oxide films are, although, as may be seen in
figure 3.lb, periodic rapid drops in resistance occur where

a metallic contact shorts the oxide layer.

The breadth of the trace gives some indication of the
variation of resistance around the disc but no real
conclusions may be drawn from this as the trace can be
narrowed using a suitable filter over the input device.
The comparison of this trace with that from the lubricated

results, section 5.4, is much more revealing.

The experimentally observed brown/red oxide produced

in these tests was expected to be a - Fep03 and this was

confirmed for all loads and speeds on inspection of the

powder X=-ray data shown in figures 3.17 to 3.20 from

debris collected on completion of each test. The absence

t temperatures

of the oxide Fe30, indicated strongly tha
- eed 250°cl44],
responsible for oxide production did not exc

i i VL surface
N important point in favour of using the geweral

or every
temperatures as the oxidational temperature: F

. - Fe,04 with
Sample examined the debris consisted of ¢ 2Y3

Varying amounts of a - Fe.




Another important fact emerges when considering th
‘ e

densitometer traces. In each case the debris 'j_s
predominantly oxide at the lower speeds with the metallic
component increasing with increasing speed for a given
load. When this 1is compared with the wear rates seen in
Figure 3.2 we see that it is the lowest speed which
exhibits the highest wear rate and the highest oxide
content in the debris, ignoring the transition effects of
the higher speeds. This implies that it is an increase in
oxide production which causes an increase in the wear rate,
and thus that it 1is the production of oxide and metal
debris, in areas not covered by plateaux, which is the rate
determining factor. Oxide plateaux formation and removal,
and attainment of critical thickness, is an intermediate
stage in debris production, although plateaux growth of
course reduces those areas available for the oxide
produc‘t';ion in the initial stages of wear. The increasing

metallic component in the debris at higher speeds is caused

by adhesive asperity contacts causing more severe metallic

wear and thus debris; the removal of such large particles

i e
and consequent severity of the wear increases the wear rat

toward the Ty transition.

1 i increase in
Figure 3.21 further shows a progressive 1

. : iven
the metallic component of the debris with load for a g

fmi i but
Speed, while Figures 3.17 - 3.20 show similar increases

. f we consider
for a given load and increases 1 speed. I

Chapter 4 we see€ that

briefly the wear model proposed in

there is an explanation readily available:

o . .




73000, 2-4

w = {ALEXD - RT ) a B
o]
- 2 W )
t Ky (1-a)® ) i (4.8)

where each symbol has 1its previously defined meaning and

value.

In this equation the metallic component is seen to
remain constant with speed, whereas the oxidational

component is seen to reduce. The oxidational temperature,
1 _1

To’ is known to vary only a little below 100 ms and so

on increasing the speed for a given load the metallic
proportion of the wear rate is seen to increase relative to
the oxidational component. This is reflected in the debris

and is responsible for the observed increase in

the a-Fe peak of the powder X-ray spectra.

Physically, on increasing the load or speed, as has

: ts
just been explained, the number and frequency of contac

i load
also increases. At the higher speeds a thicker
i ’ ; otection;
bearing plateau exists affording more surface Ppro

. . to be
however’ the amount of metallic debris 1s thought

. i ber of
‘Ndependent of speed but proportional to the num

some minimum
Contacts, it is thus reasonable to assume that



Typical values are for

a 9.8 N load, & = 7 um,.

a

- 0 7
- 2 um, To 93.7YC and the theoretical wear rate is 3.31

31 3 _1 _ ﬁ
x 10 mm ° To in these examples are iterated contact

temperatures relevant to the other parameters,

Another result of this series is for ¢ = 5 um,
_ . -21 3 _1
a =1 um,To =1139°C and WTheory 3.3 x 107 mm”
=5um, a = 9 um, T = 102.20C =
£ > ;; ,l e T and WTheory 1.6 x
0O mm . It becomes clear on examining these results

and many hundreds of similar sets that the wear rates found
at sensible temperatures are too small to consider by
roughly 15 orders of magnitude, and that to obtain
reasonable wear rates the temperatures are excessively
high. It is known that such temperatures are not generated

in these experiments from examination of oxide type.

Because the theory is based wupon a homogeneous

diffusion grown oxide it was rejected as inappropriate to

the experimental evidence and a new model sought. This new

model was the mathematical form of the Earles and Powell

theory [63] developed by Tenwick and Earles [65] and is given

as equation (1.3) in section 1.5.1. This model was found

ants
to fail where this work is concerned because the const

nius
adopted by those authors, KPO and Q, were the Arrhe

i i ion, and
constant and activation energy for parabolic oxidationy
: he theory
as  sych predicted wear rates far too low. T
in form to that of

Presented in Chapter 4 is similar




renwick and Earles but uses logarithmic growth constant
~ nts

providing the higher rates of oxidation at the Tows
r.

SpeedSI_necessary to explain the observed wear rates

This failure to make quantitative wear predictions

from previous work indicated that a new approach was

necessary. The work of Yoshimoto and Tsukizoel®l] pade a

good prediction of the shape and magnitude of the Welsh
curve below the T; transition, but their expression for
wear rate, equation (l.2) section 1l.5.1, was unsupported by
experimental evidence. This approach, combined with the
observations of Stott et a1 [70,71,74]  yhich agree in many
areas with this work, provided the guidelines to develop a
quantitative wear model to predict wear rates over a range

of loads and speeds.

An attempt at such a wear model is presented, with all

relevant arguments in Chapter 4 of this work. The

theoretical curves presented, along with the corresponding

experimental curves, are shown in figures 4.6. to 4.10;

restricting our discussion for the moment to the general

i h
surface temperature solutions to equation (4.8). In eac

- is
curve, prior to the T; transition, remarkable agreement

i . The
found between theoretical and experimental data

speeds
theoretical curves are seen to preak down at P

ivion, but this
corresponding to the onset of the T) transiziofs

‘ P i i ion no
Is only to be expected as conditions ift this regi
In this
tonger comply with the assumed surface model.
i F1q include
feglon the model would have to be modified to




abraSive and ploughing terms more appropriate to the s |
O the severe

qear mode dominant above the T, transition. As would b
g e

gxpected the severe wear term incorporated into equation

(4.8) is seen to dominate the oxidational term at higher
speeds, as the increased metallic proportion of the debris
seen 1in the powder X-ray results, figures 3.17 - 3,20

° 14

would suggeste

The use of equation (4.8) relies very much on the
adoption of an appropriate Arrhenius constant. The values
calculated in this work, shown in Table 4.1, are of the
correct order of magnitude expected of such constants (691,

within certain 1limitations, for oxidational wear under
tribological conditions. The limitations include
reproducibility of results, materials in use and of course
the mechanism of oxidation. These major points introduce
serious uncertainty in any prediction of wear rates and it
is realised that the Arrhenius constants used in this work

could vary by orders of magnitude from any actual values.

Nevertheless, the furthest deviation from a mean value 1is

30%. The values given in Table 4.l could then be altered

: i es
to some mean value and the corresponding theoretical curv

; . ant
changed similarly. This would then introduce a const

: n
Arrhenius constant but otherwise serve little purpose whe

than
the uncertainty in those constants would be greater

. : i - 19 that the
those in Table 4.1. Addressing this directiyr _

: i i oad then
Arrhenius constants decrease with 1increasing 1 ’

. i increases
also introduces discrepancye An increase 1D load

he system,
the surface disruption and thus entropy of ¢t Y




could possibly lead to an

increase

which

In Arrhenius

constant such as 1s seen between static and tribological

salues. This variation remains unaccounted for

In consideration of this model it should be made clear
that the system geometry has a profound effect on the wear
nechanism. In this case the agglomeration process is aided
as any oxide flake when detached is trapped between the
surfaces in a vertical pin, horizontal disc geometry. This
flake could remain thus for many revolutions of this disc
before either being lost as debris or compacted into an
oxide plateaus Conversely a horizontal pin and vertical
disc is unlikely to trap a particle so, and it would be
expected to drép free within a revolution of the disc. The
speed through centrifugal force will also have an effect.

Such a geometry is not conducive to agglomeration and thick

oxides are liable to form by another mechanism[51’lo9].

The case of the vertical pin and horizontal disc under

lubricated conditions presents an interesting situation

where the geometry £favours agglomeration but where the

lubricant acts to remove the debris. This will bDe

discussed in more detail in the next section.

: i i ion for
Considering the results discussed 1n this sectlo

s : . 4 w
52100 steel sliding upon itself 1t 18 possible to dra

i s the T
Cértain conclusions. The wear behawviour below 1

, : ate with
transition consists of a reduction 1R wear. I
i i cases the
Increase in speed for any given load, and in all
. . . the debris
Oklde a-Fe,0; is found with metal particles 1n




indicating the moderate temperatyres existing betwe K
ctween the

surfaces. Scanning electron micrograph examination of th
e

surface reveals oxide plateaux to bpe aggl‘omefates f
(o}

smaller oxide particles,

and this is substantiated by the
auger electron oxygen depth profiles which show a gradation
of oxygen with depth, expected from such agglomerate

plateaux. The constitution of those plateaux and the
magnitude of the wear rates at low speeds has led to the
deduction that a thin film logarithmic rate law must govern
the oxidation process, which indicates that an oxidation-
scrape-oxidation mechanism is  responsible for the
production of the oxide flakes prior to agglomeration into
thicker, load bearing, oxide plateaux. Based upon this
logarithmic rate law a theoretical expression can be
derived which makes accurate estimates of experimental wear
rates below the T; transition. Based upon previous worky,
and analysis conducted here, the use of general surface

temperatures as the oxidational temperature is thought to

be justified.




6.3 Discussion of Lubricated Results

The lubricated wear behaviour shown against sliding

speed in figures 3.24 and 3.25 and against friction

coefficient in figure 3.26 is dependent entirely upon the
form of contact achieved due to lubricant-surface inter-
action. Hence, in the case of the Technical White 0Oil the
lubricant contains very few polar molecules which could
physi- or chemisorb onto the rubbing surfaces, such that in
the comparative tests with the stearic acid additive, all
such adsorption was due to the acid. It has, however, been
reported that white oils themselves become oxidised and
polarised via a free-radical chain reaction[ez], however,
although this will have occurred to some extent in these
experiments, causing some boundary film formation, the
effect must be negligible as no boundary film action is

observed. Effects of boundary additives in concentrations

of 12 ppm have been investigated[93'97'], indicating that in

these tests free-radical alteration of the White 0il occurs

to a degree approximately resulting in no boundary

action. The primary functions of the lubricant 1n this

case, then, 1is to produce a fluid separation of the

i ough
surfaces which redistributes loading stresses throug

‘ osing
itself and uhus over a greater ared of the ©OPP g

: erated at
surface; to act as a coolant, removing heat gen

: i tside the
hot-spots into the main reservior of oil ou
pris that 18

de
contact areas and to remove any wear




generated and which might otherwise remain as a third bog
) ody

petween the sliding pair.

Load and speed combinations have been chosen which

provide substantial amounts of asperity contact between the

surfaces. This contact leads to oxidation of the surfaces

via dissolved oxygen 1in the lubricant; these oxide layeré
can be seen clearly 1in the surface photomicrographs of
figures 3.32, 3.33 and 3.34. Figure 3.32 is showing an
extensive, uniform oxide coverage which was found to extend
over that, and all other worn pin surfaces. To gain
further information about the oxide formation, it was
necessary to break up the oxide surface. The resulting

broken surface is shown typically in figures 3.33 and 3.34.
Shown particularly well, in figure 3.33¢c, is a fragment of
oxide caught edge on; it may be seen here that the oxide
layer was about 0.2 um thick and is of uniform texture from

base to top. Oxide thicknesses are seen to vary over the

photomicrographs, between 0.1 ~and 0.2 um. seemingly

independent of the presence of the stearic acid, which

evidence is supported by the Auger electron spectra 3.35 -

3.46. These homogeneous oxides shown in figures 3.33 and

3.34 may be directly contrasted with those from other

studies (44,1091 yhere, although an order of magnitude

i imi hysical
thinner, these oxides are seen to possess gimilar phy

qeneity. It
Characteristics, that is, smoothness and homogenellty

. . via a
has been postulated that such oxides are formed

(44,981 and it is
Parabolic diffusion controlled growth law ' '
governs the

‘ . s ism
Feasonable to assume a similar mechan




formation and growth of the oxides seen ip this study, The
sifference in thickness in oxide between the two studies ig
undoubtedly due to the presence of lubricant in this study
poderating the rate of growth oxide. This will not alter

the deductions made concerning the wear mechanism as the
presence of  oxygen dissolved in lubricants and its

importance in oxidational wear is well documented(88,92]

Returning to the Auger electron depth profiles for the
tests in Technical White 0Oil alone, we see particularly in
figures 3.36, 3.38 and 3.40 a slight plateau region in the
oxygen concentration which is suggestive of a thin
homogeneous layer, of the correct order of thickness as
seen .in the photomicrographs, existing on the worn pi‘n
surface. Such plateaux have been observed previously[logl
and are evidence of homogeneous diffusion controlled oxide

growth which further supports the view that such oxidation

is responsible for the oxides observed in this study.

It is postulated, then, that wear takes place via this

oxide film, with oxide plateaux growing through asperity

contacts due to a homogeneous diffusion controlled rate

law, to a critical thickness where instability at the

i i 1 as
Plateaux-substrate boundary leads to 1ts final remova

debris into the oil[98].




Increasing the sliding speed causes more hydrod ;
ynamic

jift and SO reduces the surface asperity contact. Reduced
. e

asperity contact will lead to reduced wear.

A relationship-
shou}d then be apparent between wear rate and friction
coefficient, which is of course also related to the amount
of asperity contact. This is seen in figures 3.24 and 3.26
where wear rate decreases with increasing speed and where
there is a direct relationship, as expected, between wear
rate and friction coefficient. This is further illustrated
in figure 3.27, where the relationship between wear rate,
load and speed 1is shown based on Cameron‘s[%} estimation
of fluid film thickness. Figure 3.27 shows, with a 75%
correlation coefficient, that wear rate is directly
proportional to the number of asperity contacts as
determined by the fluid film thickness, h. Decreasing the
sliding speed reduces hydrodynamic 1lift, increasing
asperity contact, friction coefficient and wear. The wear
rate varies in figure 3.26 with friction coefficient by the

relations

log(w) = 6u = 15 (5.1)

' i 11
With an 85% correlation coefficient: showing that for sma

. s : : ion, large
changes in friction coefficient 10 this regions

i s s in
changes in wear follow. This is due entirely to change

i i ickness

load ang speed causing changes in the fluid film thic /

i i ntact and
¥hich in turn determines the amount of asperity co

thus wear.




Th? variation of wear rate with
3/9 = /2 £1 :
g U in igure 3.27 is supported by the curves

the function

in
figure 3.24 which clearly show an increasing wear rate with

load. Although the exact form csf the constant of

proportionality is not given 1in equation 3.2, as a full
solution to the Reynold's equation was not undertaken for
this geometry, the fact of the variation is enough to

support the previous discussion.

This is to be contrasted with the case of Technical
White Oil with 0.1% stearic acid, a polar molecule and well
documented boundary lubricant[123]. The addition of the
acid caused a marked change in the wear behaviour of the
sliding pair, as seen in figure 3.25 which is the
corresponding variation to that seen in figure 3.24. From
examination of the X-ray photoelectronspectra of figures

3.47 - 3.49; figures 3.48 and 3.49 for White 0il with acid

compared with 3.47 for White 0il alone, the existence of a

surface film in the presence of the acid is noted. The

notable decrease in the wear rates of 49.1 and 98.2 N loads

is thought to be due to this surface film which 1S

. . 1 il
Postulated to be iron-stearate. This is deduced primarily
. ere a

from the oxygen curves, of figures 3,48 and 3.49 wh

' Xygén
clear increase in the single bond and double bond OXYY
3.47 with

i igure
can be seen, compared with those ponds in figu

N0 stearic acid additivee.




For this 1iron-stearate soap Vfilm to form. it
T 1t iS_

necessary that an oxide layer be present (78]

That such oxides are present is shown clearly in

photomicrographs of figure 3.34, where oxide layers are
seen to be similar 1in construction and thickness to those

tests conducted without the acid, figure 3.33. Further

proof is provided by reference to the Auger electron depth
profiles of figures 3.43 - 3.46 which show the existence of
an oxide layer of similar formation and thickness to those
observed without the acid. It is thus likely that the
formation of this oxide occurs by the same mechanism as
that observed without the acid additive. At the outset of
rubbing it is postulated, then, that the oxide grows
according to a diffusion controlled growth law observed in
other studies[44] but that after the initial oxidation of
asperity surface‘s, a soap film can form rapidly on the
oxide which  prevents  further metallic contact [98],
resulting in increased surface protection and reduced wear

rates.

e
At equilibrium, it is seen then, that wear takes plac

' imi hite 0il
Vla an oxidational wear procesS; similar to a W

- i d
alone, but dependent in this case on the physical an

. , i is the
chemical properties of the boundary layere- This

. : i barrier
Case because the iron-stearate film 15 acting as a

or contact
Preventing direct asperity contacts and thus f
" Hence the

d.
and wear to occur that film must be remove




in speed leads to g3

rapid drop ip friction

coefficient. This decrease is not readily apparent j
_ in

gigure 3.29. The explanation is probably that the stripecy
C

curve shown in figure 1.1 has been flattened out jptg that

seen in figure 3.29 by this formation of a.gelatinous

deposit ~which —could interfere with the hydrodynamic

characteristic of the Stribeck curve. As stateq above
4

this deposit is seen to build up on the leading edge of the
pin in the lubricant and is possibly formed of discrete
particles of oxide, removed from the wearing couple and
covered in soap molecules, if these then become entrapped
between the wearing surfaces, they  could become
indistinguishable from opposing asperities and generate

boundary lubrication friction values, as depicted in figure

5.1, even at higher speeds.

It is immediately apparent that the oxide formed in
this case is much more uniform and allows little serious
metallic breakaown of the sort typical of figures 3.15 and
3.16, The overall variation is very uniform after the

initial rise to equilibrium. No difference was found

between contact resistance traces in tests conducted with
and without the acid. This is not surprising where. as 12

seen in figures 3.33 and 3.34 there is no discernable

difference in the oxide formation and thickness.
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,Asperity contact

Figure 5.1

Representation of oxide debris
covered with iron stearate

molecules,

Low speed boundary contact:

Higher speed showing hydro-

dynamic wedge and

Higher sp ing debgis
nce with hydrodynamlc

interfere
£ the surfaces. The

separation o
large arrows indicate movement
of the lower surface.
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‘several experimental and theoretical set-backs which

Many difficulties have been encountered in attempts t
mpts to

calculate theoretical wear rates. Sullivan's (98] wea
r

theory, given quantitatively in equation (1.5), has been

the primary focus of these attempts, however there were

have

confounded realistic approximations to experimental wear
rates. The first, and foremost, has been an inability to
nake consistent temperature measurements. No lubricated
temperatures have been presented in the experimental
results section due to their extreme variability. The
problem stems from the thermocouple spot-welded onto the
pin near to the wearing interface; and temperature measured
here is very dependent upon the 0il film which is formed or
which actively flows over the contact. This film is of
course dependent upon the velocity of the disc; when it is

low it allows a thick film to flow past the joint, and when

it is high it drags an appreciable oil film up the leading

edge of the pin, while leaving the trailing edge relatively

free from oil. The temperature calculations presented 1n

Chapter 2 do not take into consideration any of these

conditions; that is preferential heat loss in differing

s - in
Parts of the pin, heat transfer coefficients between P

in and
and 0il, oil and air, and especially petween the pin

. s imes forms
the gelatinous debris aeposit which ~sometin

. : dge.
Substantially over the joint on the pin's leading €¢d




A
o
;}

modification to the heat flow equations being undertaken p
DYy

other Workers: but this, at the present time, unfortunatel
¥

leaves the lubricated general surface, contact and

oxidational temperatures unknown.

pue to this initial problem, guesses of the surface
temperature have been made on evidence of oxide type. It
has been impossible to collect sufficient quantities of
oxide to make a positive identification by powder X-ray
diffraction, however the bright red nature of the oxide

indicates a predominance of a-Fe,0j3 which presents an upper

[118] ,

limit of around 250°C assuming no Fe30, 1s produced,

although some of this oxide is probably present, especially
at the higher 1loads. Knowledge of this temperature,
however, still leaves variables such as asperity radius "a"
and oxide thickness "E" in doubt, although estimates can be

made . It is thought that a computer search iterative

solution would be more rigorous, such as that developed by

Quinn et all31¢32] and sullivan et a1[69]1, but this has not

been attempted here.

: 3 and
The 1lubricated evidence presented 11 Chapter

. ) : ional wear
discussed here points towards an oxidation

: diffusion
Rechanism. The oxide is seen tO form via 4 *

i lateauX
controllled growth law, forming homogeneous oxide P
wearing

between 0.1 and 0.2 um in thickness over the whole
brown in colour

Surface., The oxide was observed tO be red/
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5.4 Comparison i
of Unlubricated and Lubricat
ated Resuults
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COTllPaCted O i e e on
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3.34, 2
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and 0.2 wm 1P thickness. The lubricated worn pin surf
Urfaces

js0 exhibit 100% oxide coverage unlike the unlubricateg
. | ated

pins which have variable coverage dependent upon the stat
-ate

of agglomeration at the time of examination.

Although, of course, both geometries favour debris
entrapment being vertical pin on horizontal disc, this is

only seen to occur in the unlubricated tests. Clearly this

is due to the action of the 1lubricant washing away loose
debris particles thus preventing agglomeration and any 3-
body abrasion which might have adverse effects on the
growth of homogeneous plateaux. This result illustrates
the crucial importance of sliding geometry and environment

on the mechanism and thus severity of wear.

The 0.1 - 0.2 um oxide plateaux covering the whole
lubricated worn pin surface provided a superior protective
coverage, as can be seen by comparison of the contact

resistance traces of figures 3.16 and 3.31. For the

lubricated case the fluctuations to lower resistance,

figure 3.31, are seen to be much smaller than those 1n

figure 3.16. This indicates that although the unlubricated

. . . ; al
Oxide plateaux are much thicker, theilr intermittent remov

more
and  incomplete coverage of the surface led to

:1iprium contact
electrical and metallic contact. The equilibrium ¢

. . s syer, and
*®sistance for both systems Was similar, how=veLs

: . surfaces-
‘aried around 1062 as expected from oxide covered




CHAPTER SIX

conclusions and Further Work

For the unlubricated unidirectional slidi‘ng of AISI
52100 on 52100 steel conducted below the Welsh T,
transition under geometric conditions such that debris was
sllowed to remain on the wearing surface, wear rates were
found to increase with increase in load and decrease with
increase in speed. The T, transition speed was found to

decrease with increase in load.

The protective load bearing plateaux formed during
unlubricated sliding consisted of agglomerates of particles
of wear debris, the composition of which varied from mainly

metallic particles at the boundary between plateaux and

substrate to mainly oxide (a-Fep03) at the outer plateaux

sirface.  Plateaux thickness increased with sliding speed

and decreased with applied load and were in general between

a
? and 10 ym in thickness, and in all cases rested on

WOrk -
ork-hardened surface.

. : : i roduces
A wear model based upon logarithmic oxidation P

‘ ' s1iding
theoretical values of wear rate for unlubrlcated

. 'nedo
Which are close to those experimentally determl




General surface temperatures were found to be the
functional oxidational temperatures responsible for oxide
growth, based wupon examination of oxide type, and by
comparison of theoretical wear rates calculated using
general surface temperatures with those for the

corresponding contact temperatures.

Wear rates increase with increase in load and decrease
with increase in speed. Without the stearic acid, wear
rates were found to be directly related to load, speed and
fluid film thickness and friction coefficients. Addition
of stearic acid to the White 0il causes a marked reduction

in wear rate.

Friction coefficients, without the acid, were found to
increase with decrease in speed. On addition of stearic
acid, over this load and speed range, friction coefficents
were markedly reduced below the generally accepted boundary
values of between 0.1 and 0.3, however, boundary action was

still seen to occur as evidenced by the production of

oxidised debris.

Reductions in friction and wear on addition of stearic
N {

acid to the White 0il are probably due to the formation o=

an iron-stearate socap film on the oxidised surfaces of the

wWearing pair.



The red/brown oxide a-Fe,03 was formed predominantly

during allvlubricated wear testse.

Sliding geometry is a major factor in determining the
mechanism of wear between two bodies and in this case is
exemplified by the ready formation of agglomerate oxide
plateaux in a geometry conducive to debris entrapment.
Further, the importance of environment is shown where the
presence of lubricants to wash away debris may result 1in

the predominance of another wearing mechanism.

The conclusions drawn here may be expanded upon if
further work were to be conducted in the following areas.
Firstly an extension of the original Welsh curves shown in
figure 3.2 for more loads, and for lower speeds. Higher
loads should result in a reduced mild wear region below
the T, transition and would provide valuable data on the
behaviour of that transition at very low speeds. A series
of tésts into speeds 1in the range below 10"'3ms“1 would
provide very interesting information on the trend of
increasing wear rates with decreasing speed. The limits of
both decrease in speed and increase in load would be very
instructive in terms of the restrictions on the wear model
proposed in Chapter 1IV. Using a wider range of loads
should narrow down the variation seen in the Arrhenius
constant used in equation (4.8). Further experiments would

help define this quantity better and perhaps make it a

universally accepted constant for this form of wear.



A second important region requiring further work is
the development of an adequate temperature measurement and
heat flow analysis for the 1lubricated wear system,
permitting, then, an investigation 1into the effect of
temperature on lubricated wear. Along with this a more
accurate measurement of lubricated wear rate particularly

in the presence of stearic acid, is needed.

Finally, a direct comparison of wear mechanisms and
oxide formation should be performed using a horizontal pin
and vertical disc for the same material and more
importantly the same load and speed combinations used in
this work. This will allow more precise deductions to be
made on the effect of sliding geometry on the mechanisms of

wear.
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Summary

A vertical pin on a horizontal disc wear test machine has been used to
conduct a series of experiments on 52100 steel in air under dry sliding con-
ditions. The experiments were performed under conditions of low load and
speed, corresponding to the mild wear region below the Welsh T, transition.
The investigation involved loads from 5 to 50 N and a range of speeds from
1072 to 1.0 m s !; the resulting pins and wear debris were analysed using a
number of techniques including scanning electron microscopy (SEM),
powder X-ray diffraction, Vickers’ microhardness testing and Auger electron
spectroscopy (AES).

Wear rates were found to decrease with increasing speed up to the T,
transition, and to increase with increasing load, while the T, transition speed
decreased with increase in load. The protective load-bearing plateaux con-
sisted of agglomerate wear debris composed of the rhombohedral oxide «-
Fe,0;, with varying proportions of metal debris. SEM and AES results show
oxide thickness increasing with speed from about 2 to 10 um, reflecting the
increase in thickness of the work-hardened subsurface layer with load and
speed.

1. Introduction

Lancaster [1] and Welsh [2, 3] were the first to demonstrate clearly
that under dry sliding conditions large changes in wear rate can result from
small changes in applied load and/or sliding speed. Welsh produced a series
of curves, the general pattern of which now bears his name, from which
three transitions, T,, T, and T3, were defined. These transitions were origl-
nally defined in terms of applied load at a fixed sliding speed but subsequent
work has shown that sliding speed at a fixed load is an equally valid defini-
tion. Below the T, and above the T, transition the equilibrium wear mode is
oxidational mild wear. Above T; a further different mild wear mechanism
predominates. The severe wear region between the T, and the T, transition

0043-1648/88/83.50 © Elsevier Sequoia/Printed in The Netherlands
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