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Summary

A pin on disc wear machine was used to study the wear
behaviour of EN8 and EN31 low alloy steels at various loads and at
disc temperatures ranging from room temperature to 500°C. Wear
rate, frictional force and temperatures of the pin and disc were
continuously monitored during each test. The wear debris and worn
samples were examined using x-ray diffraction techniques for the
identification of compounds produced by the wear process. Scann-
ing electron microscopy of worn samples provided not only valuable
topographical information but also a direct measurement of the
thickness of surface oxide films. Auger electron spectroscopy was
employed to study oxygen and iron concentration depth profiles on
some selected worn pin surfaces.

Under all loads and temperature conditions the mechanism
which was prevalent in the wear process was mild oxidational wear.
It was found that transitions occur in the wear rate versus load
curves at certain critical loads, the magnitude of which increase
with temperature. These transitions were found to be associated
with change in surface oxide, lower wear rates being recorded when
the predominant oxide was the spinel Fej30y. At disc temperatures
above 300°C out of contact oxidation appears to be the most import-
ant wear limiting factor.

A method was developed enabling contact temperature, numbers
and size of contacts and critical oxide film thickness to be
deduced from direct measurements of heat flow into the pin.
Remarkable agreement was found between oxide thicknesses estimated
from this method and measured values using a scanning electron
microscope.

Wear/Friction/Low Alloy Steels/Oxidation
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CHAPTER 1

INTRODUCTION

;A | Background to the problem

Wear has been a subject of practical interest for at
least a thousand years. But because of the inherent diff-
iculties and complications of the subject, most of the wear
studies have been carried out over the last few decades when
fairly sophisticated techniques have been applied to the
subject. Wear may be defined as the removal of material
from solid surfaces as a result of mechanical action. The
rate at which material is removed will depend upon large
number of variables. A list of these variables which are
known to be important are given in Table L1l.

Changes in these variables can cause considerable
variations in the wear rates of rubbing surfaces. So, it
is not surprising that early wear studies revealed that wear
rates found with common engineering materials under unlubri-
cated conditions can cover a range of approximately 10° while
the coefficient of friction covers a range of only 3, and
high values of wear rates are not necessarily associated with
high values of friction. Archard(1l) offers an explanation
to why wear rates can vary over a very wide range, while
coefficients of friction show little variation. He suggests
that while every asperity encounter contributes to the
frictional force, only a fraction K results in the formation
of a wear particle. K is the probability factor. In
other words, only one encounter in 1&{ total encounters will
produce a wear particle. The value of K will vary according
to different combination of sliding materials and for diff-
erent conditions of rubbing. Values of wear rates, coeffic-
ients of friction and K for various sliding combinations are

shown in Table l.2.



LOAD

VELOCITY

TEMPERATURE

SLIDING DISTANCE

MATERIAL PROPERTIES

TYPES OF LUBRICATION

CONTACT AREA FINISH

ATOMSPHERE

TYPES OF MOTION

TABLE 1.1 Wear Variables

Materials Wear Rate M K
X1O_1o cr:13c:n1"1
1. Mild Steel on itself 1570 0.62 | 7.0x107>
2. 60/40 Leaded Brass 2Lo 0.24 6.0:;*10"’r
3. PIFE 20 0.18 | 2.5%107°
L4, Stellite 3.2 0.60 5.5x10"5
5. Ferritic Stainless Steel 2.7 0.55 | 1.7x10"2
6. Polyethylene 0.3 0.65 | 1.3x10~7
7. Tungsten Carbide on itself 0.02 0.35 1.0x10‘6

TABLE 1.2 Wear Rates, Coefficient of Friction and

K-Values from Pin on Ring Tests.

are hardened Tool Steel except

Rings

in Tests 1 and 7. Load 400Ogm; Speed 180cm/

sec (90).




As technology progresses, many mechanical systems are

required to operate at high temperatures and under unlubricated
(dry wear) conditions of continuous sliding, e.g. in Nuclear
Power and Aerospace applications. Though there has been a
marked increase in the amount of research devoted to invest-
igating the dry wear of materials, very little has been
concerned with wear at elevated temperatures. Consequently
there is an increasing demand for experimental data on friction
and wear behaviour of materials, in particular of steels
because of its technological importance, at elevated temper-
atures. The aim of the present research was to investigate

the unlubricated sliding wear of two low-alloy steels (ENS8

and EN31) at elevated temperature using a pin-on-disc machine.

1.2 Characterisation of Wear of Metals

As a broad classification, Archard and Hirst (2)
proposed that wear of metals could be divided into two types
which were called '"mild wear'" and "severe wear'., Severe
wear is characterised by intermetallic contact, large scale
damage to the surfaces and production of loose metallic
particles up to a fraction of a millimeter or so in size.

In mild wear the surfaces become smooth and are usually
protected by surface layers generated during rubbing. The
wear debris consists of small particles of the oxide.

Although this classification of wear has been quite
widely adopted, it has been criticised as being arbitrary.
The alternative is to classify wear in terms of the mechaﬁism
by which material is removed, but the problem here is to
decide what the mechanism is. Kragelskii (3) suggests that
the proper classification should be based upon the way the '
junctions are broken; that is, elastic displacement, plastic
displacement, cutting, destruction of surface films, and
destruction of bulk material. On the other hand, Peterson (4)
suggests that the classification should be based upon how
the particle is removed and whether the event takes place at



the asperity level, in bulk, or via a surface film. The

following methods of removal were suggested: adhesion and
shear of junctions, surface fracture or break up, fatigue,
cutting, melting, reactions, plastic deformation, scraping

loose reaction products and tearing.

In his excellent 'Survey of Possible Wear Mechanisms',
Burwell (5) lists four mechanisms, namely:

(a) Adhesive (or severe) wear;

(b) Corrosive (or mild or oxidational) wear;
(¢c) Abrasive wear;

(d) Surface fatigue.

He also includes a fifth classification under the heading
'Minor Types' of wear, which covers erosion, cavitation and
impact chipping. In the sub-sections that follow we shall
consider each one of these four mechanisms separately. In
Section 1.2.5 another wear phenomena, known as fretting,
will be considered which arises due to a combination of the
above mechanisms.

5 | Adhesive Wear

Adhesive wear occurs when surfaces slide against each
other, and the pressure between the contacting asperities is
high enough to cause local plastic deformation and adhesion (6).
Adhesive forces between surfaces arise from atomic attraction
and result in local cold welding of neighbouring asperities.
Adhesion_is favoured by clean surfaces and non-oxidising
condition (7). Adhesion occurs between a few asperities
which increase in size as motion continues. Eventually the
junctions rupture at their weakest point, usually resulting
in metal transfer from one surface to the other (8). 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 '"scuffing".



1:2.2 Corrosive Wear

Corrosive wear is a form of chemical wear which results
from the interaction of the environment with sliding surfaces,
followed by the rubbing off of the products of the reaction.

If the environment is '"hostile" (e.g. liquid sodium), then one
has a form of wear which proceeds rapidly and truly is
corrosive''. If however, the environment is the normal
atmosphere, it is possible to obtain a mild form of corrosive

wear known as oxidational wear (9, 10).

In oxidational wear the reaction products 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
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 suffic-
ient to maintain a protective oxide film between the inter-
acting asperities.

1.2.3 Abrasive Wear

The term 'abrasive wear' covers two types of situation.
Ir both cases wear is occasioned by the ploughing out of
softer material by a harder surface. In the first instance,
known as 2 body abrasion, a rough hard surface slides against
a softer surface (11). In the second case, known as 3 body
abrasion, abrasion is caused by loose hard particles sliding
between rubbing surfaces (12). During abrasive wear smooth
surfaces become roughened with fairly regular grooves. This
type of damage is usually described as scratching, scoring or
gouging, the difference being mainly in the degree of severity.
The presence of hard oxides can increase abrasive wear.
Burwell (5) suggested that abrasive wear occurs most readily
when the abrasive particles are sharp rather than rounded
and when the abrasive material is significantly harder than
the abraded material.



1.2.4 Surface Fatigue Wear

This form of wear is observed during repeated sliding
or rolling over a track. The 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 large fragments ( ~100um in size) leaving large pits in
the surface (13,14). Surface fatigue wear does not occur in
a system in which other forms of wear are occurring since
these other forms of wear will continuously remove surface
material before it has a chance to become fatigued. Only in
cases of rolling contact (e.g. ball bearings or gears), in
which cases other forms of wear are very low, does fatigue
wear occur.

Kragelskii (3) attaches much importance to this mode
of wear, as is implied by his definition of wear, given earlier
in this chapter. He interprets many of his results and those
of other investigators in terms of fatigue. Archard and Hirst
(2) have suggested that the metal transferred by adhesion is
finally detached by a fatigue process. Oxidational wear is-
also likely to be due finally to a surface fatigue process.

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 (13). This is a common
occurrence, since most machinery is subjected to wibration,
both in transit and in operation. Because of the oscillating
small amplitude motion (130um) 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 (16). In air the corrosion product is
oxide. Since many commonly occurring films, notably iron
oxides, are abrasive, the trapped oxide particles can cause



abrasive wear of the surface. Fretting wear of steels at
high temperatures (17,18) has received much attention these
days since this type of wear is likely to be encountered in
the nuclear power stations.

%S General Studies of Unlubricated Wear

In 1930, Fink (19) published the first paper in which
oxidation was identified as a new component in the unlubricated
wear of steels. Rosenberg and Jordan (20) in 1934 suggested
‘that the oxide film which forms on the surface while sliding
in air is able to prevent severe wear of steel of any hard-
ness, while the comparatively thin layer formed in nominally
oxygen-free atmosphere is protective only when the substrate
hardness is sufficiently high. In other earlier work by
Mailander and Dies (21,22) and Siebel and co-workers (23),
the complicated wear behaviour of steels was studied and
attempts were made to account for changes in the magnitude
and character of wear with changes in load and speed.

The most notable early work in the study of wear was
that of Raynar Holm (24). He showed that when the wear rate
was expressed as the volume removed per unit sliding distance
(which has dimensions of an area) the severity of the wear
rate might be assessed by comparing it with the true area of
contact.

The wear of a steel pin rubbing on a flat steel disq
under a chemically inert lubricant was studied by Burwell and
Strang (25). They found that, in general, the rate of wear
was proportional to the load and independent of the area of
apparent contact. However, when the pressure over the
apparent area of contact approached a value of one-third of
the hardness (P,), the wear rate then increased rapidly to a
high value. It was found that at these higher loadings, large
scale welding and seizure occur. Burwell and Strang suggest
that as pressure approaches a value of Ph,s the plastic zones



under individual asperities begin to interact causing the
whole surface to become plastic so that the real area of
contact is no longer proportional to load. This could result
in an increased area of contact and a lowering of the shear

strength of the peaks.

Archard (1) and Archard and Hirst (2) studied the wear
of a wide range of material combinations (mainly metallic
materials) under unlubricated condition. They found that
each wear test began with a period of changing wear rate then
became constant and independent of the apparent area of
contact. For most of the materials the relation between wear
rate and load was close to direct proportionality. From
their comprehensive series of wear tests, Archard and Hirst(2)
proposed that wear of metals could be divided into two types
which were called "mild" wear and ''severe' wear.

Both Burwell and Strang (25) and also Archard and Hirst(2)
drew upon the earlier work of Holm (24) and the studies of
friction by Bowden and Tabor (6) to provide an explanation of
their results. It was assumed that the magnitude of wear
was related to the true area of contact.

The pioneer study of transfer between sliding surfaces
was made in 1951 by Rabinowicz and Tabor (8) using radioactive
tracers. They showed that transfer consisted of discrete
particles and that the volume of transferred material per unit
sliding distance was approximately proportional to the load.
The presence of discrete transfer particles confirmed Bowden
and Tabor's (6) contention that welded junctions are formed
between solids in contact. They also revealed the important
distinction between wear and transfer. In most wear studies,
one is concerned with the removal of material from both
rubbing surfaces. Transfer implies a stronger bond between
the transferred fragment and the surface to which it adheres
than that which exists between the fragment and its parent
body. The mechanisms by which loose particles are produced
were thus shown to require more detailed study.



Rabinowicz (26) extended the radiographic method to
obtain estimates of the size distribution of transferred
particles. He then argued that these sizes (of the order
of 165m diameter) would be comparable with the sizes of the
actual contact areas from which they were produced. Holm(24)
and Bowden and Tabor (6), using contact resistance measurements,
deduced that the diameter of a typical junction was of the
same order.

The way in which adhesive wear particles are produced
was graphically illustrated by the experiments of Green (27)
and of Greenwood and Tabor (28) who used two-dimensional
models of various metals and plasticene to denote asperities,
and then sheared the asperities. They showed that, under
some circumstances, especially when the plane of the junction
was not parallel to the sliding direction, transferred part-
icles are formed.

Kerridge (29) has shown that information about detailed
mechanisms in wear can be obtained by combining tracer tech-
nigques 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 of a wear process. With
steels, however, it was suggested that the subsequent stages
of the wear mechanism were the slow oxidation of the trans-
ferred layer (accelerated by frictional heating) 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 in 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 in contact.
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Kerridge and Lancaster (30) developed the radiographic
method of Kerridge (29) to study the severe wear of 60/40
brass pin rubbing on hardened steel ring - a material com-
bination which gives very reproducible wear rate results and a
wear rate proportional to the load (2). 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 similar 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 radioactive 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 gradually replaced by active brass and the wear
debris therefore eventually became active. By a similar
technique it was established that the material in the
transferred film remained there until it was detached 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 to the ring occurred as discrete particles, and
the material was removed from the ring as aggregates of about
50 such transferred particles. Archard and Hirst (31),
in a study of mild wear using hardened steel rubbing on a
hardened steel surface, showed that back transfer was possible.

Many materials undergo a transition from mild wear to
severe wear (or vice versa) when the rubbing conditions are
changed, and Hirst and Lancaster (32) have described some of
the factors which influence the magnitude of the transition
load. These researchers, in agreement with an observation
of Moore and Tegart (33), show that the early stages of
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rubbing induces changes in the surface layers of the materials
so that in general the wear rate after prolonged rubbing
depends upon the properties of the generated skins rather than
on the properties of the original materials. In consequence
the wear rate usually changes with time until the equilibrium
surface condition becomes established. By measuring the wear
rates of newly prepared surfaces of various degrees of rough-
ness, Hirst and Lancaster showed that the transition load is

lowered by increasing the roughness amplitude.

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 (1.3cm sec') was used to
minimise frictional heating and temperature was increased by
external heating. Two regimes of wear were found. At light
loads protective surface films were generated during sliding
and there was little intermetallic contact (mild wear). At
heavier loads the wear rate increased by several orders of
magnitude and there was extensive intermetallic contact (severe
wear). At the transition load between these two regimes of
wear, 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, i.e. an increase in
temperature of the sliding metals facilitates the formation
of a protective film.

In further investigations, Hirst and Lancaster (35) and
Lancaster (36) studied in detail the conditions under whiéh
the wear of this same combination of materials changes from
the severe to mild regime. The load, speed and ambient
temperature of the system were varied over a very wide range.
It was found that the mechanism of severe wear exposed clean
metal surfaces and this was the condition which favoured the
continuation of the process. On the other hand the exposure
of the surfaces to the atmosphere leads to the formation of

oxide films and, if sufficiently protective, lead to the
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onset of mild wear. Mild wear takes place at light loads,
low speeds and low temperatures, when there was sufficient
time between contacts for a surface film to be established.

In addition, mild wear also occurred at heavy loads, high
speeds and high temperatures because of an increase in the rate
of oxidation. Figure 1.1 shows the wear rate of 60/40 brass
on hardened steel as 2 function of speed for various ambient
temperatures (36). At an ambient temperature of 20°C

severe wear occurs over a range of speeds from approximately
10°cmsec’ to 10 cmsec’. As the ambient temperature was |
increased the range of severe wear was reduced by the increa-
sed rate of oxidation until at 400°C the wear was mild through-
out. A similar effect may be produced by carrying out the
experiments in an atmosphere of oxygen, as demonstrated by
curve F in Figure 1.1, In addition, it may be noted that

the change from mild to severe wear, and vice versa, is much
more abrupt than that occurring in air at the same temperature
(curve D). The increase in the wear rate at high speeds was
shown to be due to thermal softening of the brass since when
specimens were adequately cooled a fall in wear rate was
observed (35).

The wear rate of hardened steel rubbing on hardened steel
was investigated by Archard and Hirst (37) using such techni-
ques as radioactive tracers, electron microscopy, and electron
diffraction. It was found that metal transfer occurred in
the early stages of rubbing, but in the later stages, when the
surfaces had run in, the wear process was primarily governed
by oxides. They concluded that oxidation of the sliding
surfaces is an important phenomenon in the mild wear region.

Perhaps the most definitive work in separating modes of
dry wear of steel is that of Welsh (38,39). He showed that
great changes in wear rate could result from small changes in
applied load when sliding a steel pin against a steel ring
as shown in Figure 1.2. These sharp transitions which Welsh
observed between mild wear and severe wear he refers to as
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the T; and T, transitions. 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 breakdown of the protective surface
oxide produced at lower loads. Plastic deformation of the
substrate occurs, caused by a higher bulk temperature, and the
wear rate increases considerably with the production of metallic
debris. Between T; and T, severe wear occurs. At the T,
transition the surface temperature is high enough for phase
hardening (martensitic phase transformation) to produce a hard
'white layer' stmcture 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 (not shown in Figure 1.2) has been
reported by Welsh (39). Above T; permanent phase hardening
occurs so that oxide formation is no longer necessary for the
mild wear behaviour to be sustained.

Figure 1.2 also shows the effect of tempering on the pat-
tern of wear. As the hardness increases, the range of loads
over which severe wear occurs shrinks until at a hardness of
between 360 and 436 VPN mild wear occurs over the full range
of loads. An increase in speed reduces the loads at which
the transitionstake place and higher the carbon content of the
steel, the smaller the range of loads over which severe wear
is obtained (39). Steels with carbon content of 0.78% and
0.98% exhibited mild wear at all loads whereas a 0.026%
carbon steel gave severe wear throughout the range of loads.
The effect of oxidation was investigated by Welsh by testing
in an inert atmosphere of argon. It was found that the
critical load T, was decreased .but the T, and T3 loads are
increased, i.e. the load range where severe wear will occur
is therefore increased when the oxidising potential is
decreased.
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Welsh (39) determined two critical hardnesses using tem-
pering and etching experiments, the first being that value which
was required to support an oxide film and lay between 340 and
425 VPN. The second critical hardness was that minimum value
required for mildwear without the intervention of an oxide
film and fell between the limits 553 to 775 VPN. Welsh
indicated that phase hardening can occur under conditions
where the theoretical flash temperatures are sufficient, in
terms of normal metallurgical behaviour, to cause hardening.
Moreover, he remarks that the low carbon steels harden more
intensively during rubbing than is possible during normal
heat treatment.

Below T; Earles and Hayler (40) found that increases of
speed in ENIA steels decreased wear rates while load increases
increased wear rates. Increasing speed tends to raise surface
temperature so that below T; more complete oxide coverage
results and wear decreases. Load increases, however, increase
the points of contact so that wear rates increase. Earles
and Powell (41,42) examined the.effect of speed on mild wear
rates and found that speed increases do lead to lower mild
wear rates.

Eyre and Maynard (43) suggest that it is possible to
obtain load/speed transition graphs for materials which clearly
indicate the boundary between mild and severe forms of wear,
and that mild and severe wear may be related to both oxidation
characteristiés and the metallurgical changes taking place in
the surface layers.

During running-in the hardness of the metal surfaces
increases until a critical hardness dependent on the material
composition is exceeded. This hardness (normally in the
range 340 to 425 VPN for steels (39)) indicates that the
substrate possesses the strength necessary to support an oxide
so that fracture will occur within the oxide. Since mild
wear depends on the uniform formation of an oxide layer,
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altering the bulk composition to make the material more
oxidation resistant has been found to prolong running-in.
It has been found (43) that a 3% chromium steel has double
the running-in distance of a 1% chromium steel under the
same test conditions. Independent oxidation rates have
shown that 3% chromium steel oxidised at a significantly

slower rate.

A series of detailed studies of the oxidational wear
of steels (above the T, transition) has been carried out by
Quinn (44,45,46). He has proposed that in the conditions
of his experiments the mechanism of wear is simply the
growth of oxide (without metal transfer) until it reaches a
critical thickness such that it breaks up to form a wear
particle, allowing the process to start again. Quinn
suggested that the wear rate was controlled by the oxidation
rate rather than by the abrasion of the oxides from the
surfaces as suggested by earlier mild wear studies (37).
An oxidational theory of mild wear (44,47), appropriate to
the mild wear of steels by oxide film removal, has been pro-
posed by Quinn and is discussed in Section 4.5.

Suh and his co-workers (48,49,50) have studied the dry
wear of steels below the T; transition using pin-on-ring and
cross—-cylinders machines. Loads from 10 to 20N and sliding
speeds from 10 to 30 mmse€1 were used but protection and
wear by oxidation observed in the earlier studies were
suppressed by sliding in argon atmosphere. In these
conditions the wear debris was metal flakes (of area 0.0lmm
and thickness 1 to 10um) formed by fatigue failure of the
sliding surfaces. The measured wear rates were one or two
orders of magnitude less than observed in severe conditions.
To distinguish it from mild or severe wear, this form of

wear was called delamination wear.

A review of earlier studies on the sliding wear mechan-
ism of metals has recently been made by Childs (51). He
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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: at 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 (delamination). 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 friction heating coupled with the possib-
ility 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 dom-
ination exists.

1.4 The Influence of Surface Oxides on the Friction and

Wear of Metals

The interactions between metals are profoundly affected
by the oxide films present at the interface. Under normal
atmospheric conditions most metals are covered by oxide films
and clean metal surfaces will acquire such a film 5 to 50
molecules thick within a few seconds.

The effect of the oxide layer on friction coefficient
was observed by Whitehead (52) in the sliding of copper on
itself and on steel. He carried out a series of tests with
various normal loads at a low sliding speed at which fric-
tional heating would be negligible. As the load was
increaséd, the friction coefficient py remained virtually
constant until a load of 1 gram was reached. Further
increase in load caused an increase in p, but above 10 grams
it became constant at a new higher value. In this higher
load range, the surface showed signs of metallic adhesion and
large scale plastic deformation whereas below the transition
the oxide layer appeared unbroken. Whitehead suggested that
the oxide layer produced in air provides protection against
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metallic contact, but breaks down if the load exceeds 1 gram.
Further experiments by Whitehead led him to suggest that for
low p, the surface oxide film should resist penetration and
at the same time be easily sheared. For example, the hard-
ness of copper oxide is comparable to that of the base

copper metal, and the metal and oxide can, therefore, undergo
plastic deformation together. For amorphous aluminium oxide,
the greater hardness of the oxide layer when compared to the
aluminium metal causes plastic deformation in the underlying
metal before the stress is sufficient to cause plasticity in
‘the oxide. This results in a rupture of the oxide film

which leads to eventual metal-to-metal contact.

Wilson (53,54) confirmed the role of oxide films in
preventing intermetallic contact at low loads by measuring
the electrical contact resistance between sliding solids.
Below the transition load, the contact resistance was high
showing that the solids are separated by an insulating layer.
Above the transition load, a low resistance was obtained,
indicating the existence of appreciable metallic contact.

Cocks (55) showed that surface films in metallic contacts
are seldom penetrated to any appreciable extent under normal
loading. When shearing forces were applied to the contact
it was found that the films were not broken up until the
frictional force reached a critical value, and with certain
metals they remained intact even during sliding. When the
film was penetrated, the area of metallic contact was small
first, and was distributed over a number of tiny junctions.

As sliding proceeds these junctions grow, and eventually
coalesce, so that nearly the whole of the contact area suffers
damage.

An experimental study of the role of oxidation due to
frictional heating in unlubricated high speed sliding of
metals has been made by Cocks (56,57).- With steel on steel
(56), microscopic examination showed that at light loads the



surfaces were severely damaged indicating the formation and
tearing of welds. At higher loads this tearing was much less
severe and the surfaces were covered with dark film. The
decrease severity of tearing with increasing load was attri-
buted to the greater amount of protective oxidation resulting
from the increased frictional heating at higher loads. The
relative freedom from welding was also evidenced by the low
value of friction coefficient obhserved at higher loads.

With other material combination (57) the results indicate that
the oxide generated due to frictional heating gives consid-
erable protection against surface damage. The degree of
protection and the way in which it responds to changing load
varies considerably from one combination to another. Cocks
suggested that the extent to which oxide film prevents metallic
interaction must depend on such factors as the mechanical
properties of the oxide and of the underlying metal and the
adhesion between the metal and the oxide.

In a paper by M¢glgaard (58) it was shown that the basic
factors determining the oxidative wear process are mechanical
characteristics of the oxide layer and that the oxidation
process, while important, was a secondary influence. These
will determine both the oxide thickness and the attrition
rate which will, however, be such that on the average the
oxidation rate will equal the attrition rate. This author
also shows that an increase in oxidation temperatures in
wear, e.g. through an increase in the sliding speed, can in
some instances lead to a decrease in the attrition rate, an
increase in the oxide layer thickness and hence a decrease
in the oxidation rate.

Stott et alia (59,60) have shown that the development
of compacted oxides, particularly so-called 'glazes',6 on
sliding metal and alloy surfaces can result in significant
decrease in friction coefficient and wear rates. The 'glaze'
consists of a thin, physically homogeneous, surface layer on
top of either highly compacted oxide particles above a grow-
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ing steady-state oxide layer or a metal deformed to varying
degrees (depending on time of sliding, ambient temperature
and strength of alloy). All experiments reported by Stott
et alia were carried out using either unidirectional or
reciprocating sliding modes.

While the oxidation is important for the maintenance
of mild wear, the oxide composition has also been found to
be significant in determining the magnitude of the wear rate
(17,40,61-65). Iron oxide formed during unlubricated sliding
of ferrous materials changes it composition with temperature,
that is, o« - Fe, 03 below 200°C, Fe;0,from 200°C to 570°C and
FeO above 570°C is predominant (66). Quinn (46) has sugges-
ted that by determining the oxide composition the asperity
temperature could be estimated. Good et al. (61) and
Bisson et al. (62) examined a number of surfaces after
sliding and found that Fe3O,offered better surface protection
than a« - Fe 03, resulting in lower surface friction and wear
rate. Clark et al. (63) measured the wear rate of hardened
steel sliding on hardened steel at various ambient temperatures.
The wear rate increased with ambient temperature up to about
200°C after which the trend was reversed. At high tempera-
tures, a complete unbroken film was found on the surface and
the debris was identified as Fe3O,. Below 200°C, the film
was generally incomplete and o - Fe,0O3;was produced. Avail-
able evidence on the wear properties of FeO seems to be
slightly contradictory. Both Bisson et al. (62) and
Cornelius et al. (64) found FeO to be protective whereas
Earles et al. (40) and Hurricks (17) found a distinct
increase in wear between 500°C and 600°C where FeO becomes
predominant. Quinn et al. (65) suggest that FeO is less
mechanically stable than the other iron oxides giving rise
to low oxide film thickness and hence high wear rates.

1.5 Mechanisms of Oxide Formation and Removal

Most experimental observations of oxidation rates show
that the rate of increase of oxide layer thickness decreases



as the thickness itself increases, since it becomes harder

for the oxygen to reach the unoxidised material, Various

growth laws have been proposed the most common and best
understood being the parabolic law:

3

E ~ t (1.1)
and the logarithmic law:
E ~ilog (1 + t) (12

where E is the film thickness and t is the time of oxidation.
The parabolic dependence is almost universally applicable to
thick oxide films (approximately greater thanm 0.5um) as these
are almost certainly produced by a diffusion process.

Although oxidational data for iron and steel are available

from static experiments with bulk samples (67,68), no reliable
data are available for the small values of t which occur in
the sliding process.

The growth of oxide film occurs in two stages. In the
first stage the oxygen atom, after dissociation of the oxygen
molecules, is chemisorbed onto the surface of the metal.

The second stage of oxidation is due to the thermal diffusion
of either the metal ions, oxygen ions or in some cases both.
For example, Carter and Richardson (69) have shown that for
the oxides of iron, oxygen diffusion is responsible for the
growth of o -Fe, O3, iron and oxygen diffusion for that of
Fe304, and iron diffusion for the growth of FeO. -

Oxide formation depends on temperature, oxygen partial
pressure and many other factors. At high temperature
oxidation is accelerated. During sliding, any given part of
the surface will be in actual contact for an extremely short
time, but during this period its temperature will be very
much higher than when it is not in contact. Quinn (9)
reviewed both wear studies and oxidation experiments and

showed a correlation between the oxides actually obtained in
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wear tests and those to be expected from the oxidation experi-
ments at the contact temperature. Quinn (9,44) therefore
argues that, since the oxidation rate increases rapidly with
temperature, most of the oxidation will take place during the
contact period at the contact temperature Tc' He supports
this theory with experimental observations of the oxides
produced. In his experiments, Quinn (44,45) found evidence
of Fe3O4 debris and therefore argued that the oxidation temp-
erature must have exceeded 30000, this being higher than the
bulk (or non-contact period) temperature TS in his sliding
system. The alternative viewpoint advanced by Clark,
.Pritchard and Midgely (63) and implicit in the arguments of
Lancaster (34) and Yoshimoto and Tsukizoe (70) is that oxid-
ation takes place during the non-contact period and hence
depends on the bulk temperature Ts only. Archard (71) carried
out a rough calculation using typical values for TS and Tc and
found that most of the oxidation should take place during the
actual contact period, which supports Quinn's hypothesis.
However, the question is complicated by the fact that when an
area is in actual contact, the free flow of oxygen to the
interface is obstructed. A third possibility is that most of
the oxidation takes place shortly after a period of actual

contact, when the temperature is somewhere between Tc and TS.

A wide range of mechanisms have been proposed to account for
the removal of the oxide film by wear. The most straight
forward assumption, advanced by Yoshimoto and Tsukizoe (70),
is that the whole film is removed from the actual contact area
at each interaction. Tao (10) proposed two idealised models
representing two extreme cases for build-up and removal of
oxides on the rubbing surface. These are shown in Figure 1.3.
Model 1 assumes the gradual growth of an oxide layer which is
removed instantaneously by the rubbing action when a certain
critical thickness £ is reached. Model 2 assumes that the
time for oxide growth is negligibly small in comparison with
the time for rubbing off the oxide layer. Another possibility
is that once the oxide reaches a critical thickness it is
continually abraded in some manner so that any further growth

is removed (58). This is illustrated . in Figure 1.4.
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Quinn (44) suggests that the oxide thickness is built
up over a number of traversals until at some critical thickness
¢ it becomes unstable and cracks away from the surface to
produce oxide flakes, after which a new layer begins to form.
Electron micrographs of Quinn (45) show signs of cracking and
detachment of the oxide layer, possibly caused by thermal or
contact stresses.

The strength with which the oxide film adheres to the
substrate will obviously depend upon the amount of mismatch
between the lattices since a highly strained film will attempt
to relieve the stresses by detaching itself from the metal.
Kubackewski and Hopkins (67) suggest that the ratio of the
unit cell volume in the oxide to the volume of the unit cell
in the metal (known as Pilling-Bedworth Ratios) give an
estimate of the stresses set up within the oxide. The
stresses set up as a result of the differences in unit cell
volumes will increase as the film thickness increases and may
eventually overcome the attractive forces at the interface.

In the case of iron, the volume ratios are 2.15, 2.1 and 1.7
for a-Fe,0;3, Fe3O, and FeO respectively. During sliding

the internal stresses will be reinforced by external stresses
arising from the applied load and frictional force.

Earles and Powell (72,73) found experimentally that the
oxide layer generated by sliding builds up gradually to a
critical thickness before becoming detached from the substrate
to form a wear particle. Tenwick and Earles (74) suggested
that, in addition to the adhesive strength between oxide and
substrate and the volume ratio of oxide/metal, the critical
thickness is also likely to be a function of applied load,
friction, sliding speed and temperature.

M¢glgaard (58) suggests that separation of oxide from a
surface depends on the cohesion strength between oxide and
bulk surface and on the mechanical properties of oxide,

notably shear stress, fracture stress and ductility.
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Aronov (75) has attributed the distruction of the oxide film
to a fatigue process at the oxide/metal interface. The
fatigue mechanism involves thermal and mechanical stresses
within the oxide and at the oxide/metal boundary. Oxide
elements under repeated stress subsequently develop cracks
and eventually become detached as loose wear fragments.

16 Flash Temperature Theories

When two surfaces are placed together, contact is only‘
made where small asperities meet. During sliding these
asperities are heated by frictional contact with opposing
asperities, resulting in localised sudden rises in temperature
which may be sufficiently high to change the conditions of
sliding. These high temperatures are often referred to as
"flash temperatures'. As sliding commences, contacts
continue to be made and broken, and the "hot-spots'" on the
surface shift their location. The flash temperature reached
at any of these hot spots, however, tends to be reasonably
constant under constant sliding conditions (7).

Although the maximum temperature is made up of two com-
ponents, a bulk temperature rise and a flash temperature rise,
we are usually more interested in the latter, since the
former is usually less, and is generally quite readily mea-
sured. The measurement of flash temperature is extremely
difficult as they are commonly of only a few milliseconds
duration and occur over an extremely small area in comparison
with the geometric contact area. The best direct method of
measurements of flash temperature is based on the principle
of dynamic thermocouple (76,77). In brief, the method cons-
ists of using dissimilar metals and measuring the thermo-
electric voltage generated. However, such measurements tend
to be restrictive as regards the choice of sliding material
combinations. This has led to a number of flash temperature
theories being proposed. The classical work on flash
temperature theory was performed by Blok (78,79) in 1937.
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Blok investigated the problem of temperature rise at the
centre of both stationary and moving sources of heat by ass-
uming the bodies to which the heat is supplied have infinitely
large heat capacity. The treatment involved relatively
complicated mathematics. A theoretical study somewhat similar
to Blok's was later made by Jaeger (80), who carried out the
calculations in considerable numerical detail. In his theo-
retical analysis, Jaeger used uniform plane sources of heat of
various shapes moving with constant velocity in the surface

of a semi-infinite medium with no loss of heat from the
surface. It was shown that for a wide range of shapes
considered, the average temperature differed by a factor of
less than two. Jaeger also conluded that the thermal proper-
ties of a thin surface layer can have a marked influence on
the temperature of the surface.

Simpler mathematical studies have been made by Holm (81)
and Bowden and Tabor (6), More recently, Jaeger's findings
have been stated without its mathematical complexities by
Archard (82) who considered contact area determined by both
elastic and plastic deformation. Archard developed equa-
tions for the rise in surface temperature over the contact.
The temperatures were calculated on the assumption that the
heat is generated at the area of contact and that this heat
is conducted away into the bulk of the rubbing members. The
model used by Archard is a protuberance on the surface of
body B forming a circular area of contact which moves with a
velocity V over the flat surface of body C. Body B there-
fore receives heat from a stationary heat source while body
C receives heat from a moving heat sources. It was shown
that the mean rise in temperature over the contact area, € >
for a stationary heat source could be calculated from the
following equation:

Qp
REVL g e (1.3)

where Qg is the quantity of heat supplied per second to body
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B, a is the radius of contact and Kg is the thermal conduct-
ivity of body B. For a slow moving heat source, there is
enough time for the temperature distribution of a stationary

contact to be established in body C and therefore:

Qc

4aK,

o = (1.4)

where Q¢ and K, refer to body C.

At higher speeds equation 1.4 will not apply because
there is insufficient time for the temperature distribution
of stationary contact to be established in body C. The
speed at which this occurs is related by Jaeger (80) to the
dimensionless parameter:

Va
L = — (1.5)
2X
where y (= K/pc) is the thermal diffusivity of a material
and K is its thermal conductivity, p the density and C is
its specific heat. Therefore, at higher speeds, Archard
showed that the average temperature is given by:

3

0.31Q
i = 7T ) (1.6)
a)

(
B aKe (

Archard states that to a reasonable approximation, Equation
1.4 applies for L < 0.1 and equation 1.6 for L > 5. For
intermediate values (0.1< L<5), Archard presents a graph-
ical procedure.

To apply the above results to a practical example, the
proportion of the total heat supplied to each of the two
bodies must be taken into account. Archard's method of deal-
ing with the distribution of heat to the two bodies is
summarized by the expression:

(1.7)
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where the flash temperature for each body (6p and 8c) is
calculated on the assumption that all the heat is supplied
to it.

In his analysis Barber (83) considered the mechanism of
a single interaction between two asperities on opposing sur-
faces. By making the assumption that the load is carried by
a single asperity, Barber was able to calculate the average
temperature rise produced on the surface of each of the cont-
acting asperities. Powell and Earles (84,85) have shown
that Barber's model predicted total temperatures which, on
Ithe basis of the worst comparison, are only 60°C lower than
those predicted by the Archard theory.

There seems to have been only a few attempts to deduce
surface temperatures from measurements of the heat flow from
sources of frictional heating at the sliding interfaces.

One of the first theoretical papers in which an attempt was
made to estimate surface temperatures from heat flow para-
meters was that by Grosberg, lMcNamara and Mglgaard (86).

In a later paper, Grosberg and Mglgaard (87) applied the
theory to some pin and disc experiments to determine the
contact temperature between the rubbing surfaces. In this
paper the experimentally measured and theoretical derived
values of division of heat were compared. The theoretical
values of division of heat were deduced from a surface model
consisting of N circular areas of contact (radius a), and
each with a thin layer of oxide of thickness &. Quinn (83)
uses a very similar model to that proposed by Grosberg and
Mglgaard (14) to modify the expressions for flash temperature
given by Archard (82). This is discussed in detail at a
later stage.
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Friction is the resistance to motion which is experienced
whenever one solid bhody slides over another. It has been
found experimentally that there are two basic laws of friction:

3 The friction force F is proportional to the
normal load W between the bodies, that is:

E = u¥ (1.8)

where yu is the coefficient of friction. p is a
constant only for a given pair of sliding
materials under a given set of ambient conditions
and varies for different materials and conditions.

2, The friction is independent of the apparent
area of contact between the contacting bodies
(true for most materials excluding elastomers).

When surfaces are loaded against each other they make
contact only at the tips of the asperities. The pressure
over the contacting asperities is assumed high enough to
cause them to deform plastically. This plastic flow of
the contacts causes an increase in the area of contact until
the real area of contact is just sufficient to support the
load. Under these conditions Bowden and Tabor (6) state
that the real area of contact A is given by the expression:

w
A= (1.9)
/p_

where B, is the penetration hardness (vield pressure) of

the softer material.

The adhesion theory of friction due to Bowden and Tabor
(6) assumes that friction is mainly determined by the shear
strength of the cold-welded junctions formed between bodies
in contact. If s is the average shear stress required to
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shear the welded junctions, then:
F = As + Pe (1.10)

where Pe is a term introduced by Bowden and Tabor to take
account of the force required to 'plough' hard asperities
through a softer surface. Bowden and Tabor state that for
most situations involving unlubricated metals, Pe is small

compared with As and may be neglected.

Ignoring the ploughing term, from Equations (1.9) and
(1.10) we can write:

(1:12)

and from Equation (1.8) we have:

F
e (1.12)
W

bl @

m

Since shearing usually takes place in the softer material
Bowden and Tabor suggest that we take s equal to S0 the
critical shear stress of the softer material. Thus we may
write:

critical shear stress of the softer material (S )

0
e (1:13)
yeild pressure of the softer material (Pm)

This ratio £,/P, is fairly constant for most metals and
the above analysis gives and indication of why u lies within

a fairly narrow range for a wide range of materials.

For most metals, So is about one-fifth of Pm and
therefore the simple adhesion theory predicts that u = 0.2.
But many metal combinations in air give a friction coefficient
higher than 0.5, and metals in high vacuum give much higher
values of yu. This led Bowden and Tabor to re-examine some
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of the assumptions in the simple theory and to present a
modified and more realistic description of friction in terms

of adhesion. By considering the phenomenon of junction growth
(brought about by the superposition of the shear stress on

the normal stress) and presence of thin contaminating film

(of critical shear stress Sf) on the junctions, they showed
that the coefficient of friction should be correctly given

by the following relation:

critical shear stress of the interface (S¢) (1.14)

yield pressure of the bulk metal (Pm)

The interface, they maintain, is not usually one between
metal and metal, and so it is incorrect to take critical
shear stress of the bulk metal So instead of S¢. This inter-
face may consist of thin film of boundary lubricant, or an
oxide film, or even some contaminant. When the interface is
no longer homogeneous and uniform, i.e. when it becomes
damaged, then the situation becomes one in which there is a
mixture of contacts between regions where the critical shear
stress is Sf (undamaged film material) and where it is So
(small metallic junctions). In this case the effective shear
strength of the interface will lie between the shear strength
of the metal and that of the oxide film, its exact value
depending on the relative amount of metal to metal and metal
to oxide contact.

Recently Wilson, Stott and Wood (89) have proposed a
model based on the adhesion theory of friction to account for
the infiuence of the developing compacted oxide '"island" on
the coefficient of friction. The model relates the coeffic-
ient of friction to the area of the compacted oxide in terms
of several metal, oxide and metal/oxide interfacial para-
meters. In particular,

2 2 S
{ om (1-Q) + am-o (26-2Q ) + oor Q) (1.15>

=
Il
o) |OUJ
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where Q is fraction of real area of contact covered by
oxide layer

1-Q is fraction of real area of contact not covered
by oxide layer

m is junction growth constant for metal-metal
asperity contact

®m-o0 is junction growth constant for metal-oxide

asperity contact

o0 is junction growth constant for oxide-oxide
asperity contact

i is ratio of shear strength of oxide to that
of metal

k is ratio of yield pressure of oxide to that
of metal

Wilson, Stott and Wood (89) showed that the metal-oxide asper-
ity interactions are not very critical in determining

frictional behaviour although the oxide junction growth constant
is important.

An alternative to traditional friction theories has
recently been proposed by Rigney and Hirst (90). Their
ideas are based on the work required for plastic deformation
in the near surface region, described in terms of work hard-
ening, recovery and the cellular microstructure existing
during steady state sliding.

A recent paper by Tabor (91) gives a general critical
picture of our present understanding of the frictional process.
In particular it emphasizes the three main elements involved,
namely the true area of contact, the nature and strength of
the interfacial bonds formed at the regions of contact, and
the way in which the material around the contacting regions
is sheared and ruptured during sliding.



158 Oxidative Wear Theories

Oxidative wear consists of two processes, formation of
oxide at the interface and its separation from the surface.
A number of analytical theories have been proposed to estimate
oxidative wear (44,70,74). Some theories differ by approach,
others by interpretation of various parameters. However ,
the general assumption is that practically all of the material
which is transformed by attrition to debris has previously
undergone oxidation. Under equilibrium conditions the
oxidation rate is then equal to the attrition rate. A
critical review of the early development of oxidational wear
theories during the 1960's and 1970's has recently been given
by Quinn (92). Since this type of wear is of particular
interest in the present work a brief outline of the main
oxidational wear theories is given below.

Yoshimoto and Tsukizoe (70) based a wear theory on
oxidation occurring during non-contact periods, the mechanism
proposed was that the whole oxide film is removed from the
actual contact area at each encounter and grows again to a
constant thickness before the next encounter. Assuming a
logarithmic growth rate, they showed that the thickness of the
oxide film £ in time t which elapses between two events at
any given point on the surface is approximately given by:

i
— 1.17)

B
where n and B are constants. During this time t the surfaces
slide a distance 1, where 1 = ut and u is the sliding speed
(see Figure 1.5).

Thus equation (1.17) becomes:

§ = o (1.18)
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The volume AV of a wear particle is given by:
AY = xa & (1.19)
where a is the contact radius.

Substituting equation (1.18) in equation (1.19):

2
mnla

AV = i (1.20)

‘Assuming a simple model which represents the profile curve
of the metal surface, Yoshimoto and Tsukizoe were able to
deduce theoretically the number and size of the individual
areas of contact, as well as the average distance 1 between
two neighbouring asperities. They showed that the total
wear rate per unit sliding distance for the whole surface

is given by:

™ - 3 3w
(O 48T {( ;P—m) xW - ﬁm} (1.23)

where x is the length of the profile curve.

Despite the fact that this was one of the first theories
of oxidational wear, Yoshimoto and Tsukizoe did not produce
any experimental validification of this expression. The
assumption that every contact produces a wear particle is
most unlikely, as suggested by Archard (1). Hence this theory
has always been treated with some scepticism.

The theory advanced by Quinn (44) differs from that of
Yoshimoto and Tsukizoe both in the proposition that oxidation
takes place during the actual contact process and in the
assumption of a different wear mechanism. He argues that the
oxide film will continue to grow until at some critical thick-
ness it become unstable and cracks away from the surface,
after which a new layer begins to form. Quinn's oxidational
wear theory is discussed in detail in Section 4.5.
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FIGURE 1.5 Idealized Model of Yoshimoto and Tsukizue (70).
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FIGURE 1.6 Typical Asperity Contact - Tenwick & Earles (74).
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Tenwick and Earles (74) proposed a simple model, based
on linear oxidation, to represent oxidative wear by flaking.
In this model they assumed that contact between the sliding
surfaces occurs at only one asperity. Figure 1.6 shows a
schematic diagram of a typical asperity. It is further
assumed that this asperity remains continuously in contact
with the opposing surface until an oxide layer generated by
sliding builds up gradually to a critical thickness (hc)
before becoming detached to form a wear particle. The
process is then repeated with anotherasperity. Tenwick
and Earles showed that the thickness of the oxide formed
after time t can be expressed by:

h= (53)t exp (-Qp/(R_6)) (1.22)

where Co is the Arrhenius constant for linear oxidation,
Rg is the universal gas constant, Qp is the activation energy,
6 is the temperature and B is a constant.

Thus :

- (Co 3 _
h, = (g)t, exp (-Qp/(Rg6)) (1.23)
If A (=W/Py) is the contact area of the asperity, then volume
of the wear particle is given by:

AV = haA = =— (1.24)
Therefore, the wear rate (volume removed/unit time) is:

o= = @98 exp Pl (n ey (1.25)
Tenwick and Earles suggested that general surface temp-
erature Ts is the controlling temperature since any given
point on the surface will spend more time out of contact, i.e.
consecutive collisions for a given asperity will be infrequent.
The experimental results showed reasonable agreement with the
theoretical predictions for T, values between 300°C and 500°C.
Outside these limits, they suggested that wear mechanisms
other than that employed in the theory become increasingly
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important. However, oxidation of steel above 200°C is known
to follow a parabolic law. Although Tenwick and Earles
derived an expression for the wear rate (which involves hg)
assuming a parabolic rate law, they failed to apply this to
their experimental results because of the difficulties in
determining the critical oxide film thickness.

In9 Research Programme

The unlubricated wear of steels at elevated temperatures
has received very little attention from previous investi-
gators, which is surprising in view of the great practical
and economic importance of such materials.

The first aim in the present research was to investigate
the unlubricated wear of two low-alloy steels (EN8 and EN31)
sliding against EN8 steel at various loads and ambient
temperatures. Tests were performed in air, using a pin-on-
disc type machine. Wear rate, frictional force and tempera-
tures of the pin and disc were continuously recorded during
the tests with the aid of chart recorders. Wear debris
collected from each test was examined using X-ray diffraction
analysis and Glancing Angle X-ray Diffraction technique was
used on selected worn pins to identify the compounds present
on the surface. Bulk and microhardness tests were carried
out on worn specimens' surface using a Vickers hardness
tester and a Miniload hardness tester respectively. Taper
sections were made through several worn pins to enable micro-
hardness to be measured as a function of depth. The worn
specimens were studied in a scanning electron microscope with
the double purpose of examining surface topographies and for
direct measurement of thickness of surface oxide films.

These oxide films were also analysed by scanning Auger electron
spectroscopy in an attempt to obtain in depth analysis

through them. A method, based upon the theoretical expres-
sions for the contact temperature of the rubbing surfaces and
involving experimental and theoretical estimates of the
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division of frictional heat at the sliding interface, is pro-
posed whereby the contact temperature T,, the number of
contacts N, the contact radiue a and the critical oxide film
thickness & can be deduced. The validity of this method

is confirmed by the reasonably good agreement obtained between
the expected and predicted values for T, (expected value
estimated from the oxide composition in the wear debris)

and &

The theoretical estimates of TE, N, a and £ are used,
together with the results from the various metallographical
and physical techniques employed to examine the worn speci-
mens and wear debris, to give a clearer picture of the wear
behaviour of the steels investigated in this research.

It has always been assumed in the Oxidational Wear
Theory that negligible oxidation occurs at those parts of
the sliding interfaces not actually in contact at any given
instant. However, for the study of wear at elevated
temperatures, where temperatures are induced externally as
well as by frictional heating, then we can no longer neglect
the '"out-of-contact'" oxidation in our wear theories.
Therefore, the second aim of this present research was to
modify the existing Oxidational Wear Theory of Quinn (44)
to take into account the '"out-of-contact'" oxidation.



CHAPTER 2

EXPERIMENTAL DETAILS

2:1 Introduction

Experimental details and description of the various phys-
ical the metallographical techniques of analysis that have been
used in the examination of worn specimens and debris are given
in this chapter. In Sections 2.2 - 2.5 the pin-on-disc type
wear machine used in the present study is described. Details
of specimen preparaticpn and experimental procedures are given
in Sections 2.7 and 2.8 respectively. Bulk and surface hard-
ness measurements of worn specimens is described in Section 2.9,
and in Section 2.10 a method used to estimate the wear rate of
the disc material is given. Scanning electron microscopy
(Section 2.12) was found most useful in the examination of sur-
face topographies and oxide thickness measurements, whilst
oxide composition and chemical structure was investigated by
X-ray diffractometry (Section 2.11) and Auger electron spectro-
scopy (Section 2.13).

e The Wear Test Rig

The wear test rig used for these experiments has already
been described elsewhere (93). Essentially the test machine
consisted of a pin and disc, in which the pin was loaded pneu-
matically against a rotating disc. A general view of the wear
test rig is shown in Figure 2.1.

The disc was mounted on the main shaft of the machine
with three %" BSF screws. A 2kVW electrical resistance heater
could be attached to the non-wearing side of the disec. The
electricsd power to the heater was supplied, via carbon brushes
running on copper slip rings, from a 270 volt Auto-Transformer.
This provided disc temperature up to 600°C. The heater and
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copper slip rings, together with an insulating annulus and a
securing plate, were mounted on a secondary shaft screwed into
the main shaft.

The pin was held in a calorimeter fixed to the loading

shaft. This shaft was mounted in linear and rotary bearings,
in separate housings alongside the main shaft. See Figure
L The loading shaft can move forward in its bearings when

loaded and during the wearing process, and has the freedom to
rotate slightly in order to measure the frictional force on the
pin. Loads of up to 170N could be applied pneumatically by an
-air piston mounted along the axis of the load shaft. Because
of the difficulty in regulating small pressures, and problems
of friction in the loading shaft bearings and seals due to
debris contamination, a simple dead weight system was used for
loads below 10N.

The bulk temperature of the disc was measured by a thermo-
couple connected via carbon slip rings mounted on the main shaft.
To prevent overheating at higher temperatures, the bearings of
the main shaft are water cooled, and an asbestos insulating ring
(30mm thick) was sandwiched between the disc and carbon slip
rings.

A 3-phase, 4 H.P. electric motor, a variable speed pulley
and a reduction gear-box provided the main driving mechanism
for the machine. This gave a range of disc speeds of 60 to
1440 rpm cqfresponding to linear velocities in the range q.31
to 7.5 msec.

Accilary equipment consists of devices to measure and
continuously record the various temperatures, wear rates,
friction and speeds.

One of the criticisms of using a pin-on-disc is that
trapped debris (between pin and disc) could affect the wear
process. In this present work this particular problem is
largely overcome by using a horizontallpin on a vertical disc.
Hence the majority of the debris will fall away from the sliding

interface due to gravity.
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2.3 Wear Measurement

Equilibrium wear rate is expressed in this work as the
volume of pin m%tqfial removed per unit sliding distance
(expressed as m.m. ). A Linear Voltage Differential Trans-
former (LVDT), which sensed the forward movement of a plate
fixed to the load shaft, was used to measure wear on a contin-
uous basis by means of a chart recorder. The sensitivity of
the LVDT was 825mV per mm of distance moved by the pin as it
wore down. The trace on the chart recorder gave the rate of
decrease in the length of the pin and when multiplied by the
cross—-sectional area, the volume removed per unit time. Under
equilibrium conditions, the slope of the trace divided by the
linear track speed gave the volume removed per unit sliding
distance, i.e. the wear rate.

Discrepancies are introduced in this method when the
area of the pin increased, due to deformation of the pin
surface. This occurred during either particularly severe
wear or at the higher elevated disc temperature.

2.4 Friction Measurement

The frictional force of pin on disc was continously mea-
sured by a strain gauge dynamometer. The dynamometer was
connected to the end of friction arm clamped to the loading
shaft. This detected the torque exerted on the loading shaft
by the frictional force. A miniature ball race was fitted
to the dynamometer to act as a rolling line contact when the
friction arm moved forward during the wearing process.
Mechanical damping was introduced to reduce the effect of
bouncing of the friction arm against the dynamometer. This
was achieved by fixing a perpex strip to the friction arm.
Output of the dynamometer was recorded via a strain gauge
amplifier unit on the same chart as the wear trace on a 2-pen
chart recorder. The sensitivity of the friction transducer
was 25mV per 10N force on the pin.
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By altering the sensitivities and chart speeds of the
recorder, it was possible to resolve small variations in the

wear and friction simultaneously.
2.5 Heat Flow

The cylindrical pin was held in a calorimeter, which
enabled heat flow along the pin to be measured continuously.
This is achieved by measuring temperatures at three positions
along the pin with spot-welded chromel-alumel thermocouples.

A schematic diagram illustrating the calorimeter is shown in
Figure 2.3. This figure shows the three thermocouples T,,

T, and T3 connected to the pin measuring temperatures Tp, Tp
and Tc respectively. The cold junctions of the thermocouples
were placed in a dewar of ice. Outputs from those thermo-
couples were connected to chart recorders for continuous
monitoring. A method by which these temperatures were used
in the Heat Flow Theory is given in reference 94. From this
theory two parameters can be found, Tg the surface temperature
of the pin and H; the heat flow per second at the interface.
That is:

Ts = (Ta - Tc) cosh 1.y + sinh M1 . 4+ Tp (2.1)
ZR¢ KRy ZE¢
and
TR+K . L1 L1
Hy = ThE (Ty= Tp) sinh ( + H,cosh (7% ) (2.2)
1 = (T T 7R, ) * R ZR+
where
K 3
AR T
(2R h . (2.3)
te
he = heat transfer coefficient between cylindrical exposed
surface of pin and the air
Kg = thermal conductivity of steel

Ry = radius of the pin
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FIGURE 2.3 Cross-sectional diagram of the Pin and Pin-Holder
showing Heat Flow and the Thermocouple Positions.
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H, = heat flow per second entering the section of the pin
where the thermocouple measuring Tp is conducting heat
away

L, = length of pin exposed to the air between the holder
and the disc

In the heat flow analysis, the values of Kg were taken at
temperature T, throughout. The variation of thermal conduct-
ivity of EN8 steel with temperature (95) is illustrated in
Figure 2.4.

2.6 Specimen Materials

The wear of two low alloy medium-carbon steels, EN8 and
EN31, was investigated in this work. The mass percentage
composition of the alloys in these steels was as follows:
C Si Mn S P Cr Fe
EN 8 (%) 0.35-0.45 0.05-0.35 0.6-1.0 0.06Max 0.06 = Remainder

EN31 (%) 0.9°-1.2 0.1 -0.35 0.3-0.75 0.06Max 0.06Max 1-1.6 Remainder

Both EN8 and EN31 were used as pin material, but only ENS8
as disc material throughout the experiments.

A Specimen Preparation

The pins were 3.8lcm in length and 0.625cm in diameter
and were taken from cold-rolled rods and turned to a smootﬁ
finish of about S5um Centre Line Average (CLA). The bulk
hardness of the EN8 and EN31 pins was 250:10VPN and 280+10VPN
respectively. Discs were cut from EN8 black bars and randomiy
ground to about 0.2%0.1lum CLA. The discs were 12cm diameter
and 1.25cm thick. To provide specimens of the worn disc
surface for analysis, two removable taper plugs were inserted
into some of the discs. These could easily be removed by
tapping out from the back face of the disc without damage to
the surface. Bulk hardness of disc material was 200:+10VPN.
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Before each run, both the pin and disc were washed in warm
soapy water and rinsed in clean water. After this, they were
thoroughly decreased in acetone and petroleum ether before

being carefully mounted on the wear test machine.

2.8 Wear Tests

2.8.1 Room Temperature

Experiments were carried out at various loads
beﬁfeen 4.9N and 120N, at a constant sliding speed of
2ms . Wear debris was collected when the initial severe
wear rate gave way to a much milder wear rate after the
surface had '"run-in". This transition to mild wear was
marked by a fall in the frictional force, the "levelling-
off" of the pin temperatures, and more than an order of
magnitude decrease in the wear rate. The severe wear
rate was always associated with large metallic debris,
while the mild wear rate was always associated with
small oxidised wear debris. Normally equilibrium
conditions were obtained after about half an hour.

2.8.2 Elevated Temperature

In these wear experiments, at a constant speed
of zmé , the disc temperature was raised by external
electrical heating. The experiments were carried out
at loads in the range 4.9N to 160N and at bulk disc
temperature of 100,200, 300, 400 and 500°C. At the start
of each elevated temperature run, the bulk disc temper-
ature was raised to the desired value and maintained for
about 15 minutes. When the load was applied to the pin,
the voltage of the heater was reduced to compensate for
the temperature rise of the disc due to frictional
heating. The wear debris was collected once equilibrium

conditions were reached.



2.9 Hardness and Microhardness Measurement

The microhardness of the worn pin and disc surfaces
were measured using a Miniload Hardness Tester. The
impressions were made by means of a diamond indenter, with a
load of 100 or 200 grams. Because of the difficulty encoun-
tered in measuring microhardness on rough surfaces, it was too
time consuming to carry out measurements on all of the pins

and discs.

Bulk hardness of the worn pin surfaces were measured
using a Vickers Hardness Tester for some selected experiments.
The indentation load used throughout was 20Kg. All hardness
readings were taken cold after completion of the relevant wear

experiment.

Microhardness as a function of depth was measured from
tapered microsections through worn pin surfaces. The
specimens were prepared by moulding into conducting bakelite
and tapered using 180, 240, 400, 600 and 1200 grit SiC abrasive
paper (wet). This was followed by final polishing with 6um
and luym diamond wheels. Taper angles of about 10° were used
throughout. The subsurface microstructure was examined after
etching with 2% nital solution.

Hot bulk hardness were measured by Lucas Research Centre,
West Midlands, on both EN8 and EN31 samples. Tests were
carried out over a range of temperatures from 100°C to 800°C.
The variation of hot hardness with temperature for both EN8
and EN31 materials is illustrated in Figure 2.5. Unfortuna-
tely the hot hardness values obtained for EN31 material had an
initial bulk hardness which was lower than that used in this
work, i.e. 204VPN. The broken curve shown in Figure 2.5 was
taken to represent the hardness/temperature variation for
EN31 material having an initial bulk hardness of 280VPN.
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2.10 Surface Profile Measurements

Surface profiles of worn discs were measured using a
Taylor-Hobson Talysurf. This comprises a stylus, mechanical
system, electronic unit and a recording device. The vertical
movements of the stylus relative to a suitable mechanical
datum are magnified and a record made (this recording is
usually referred to as a profile graph). The stylus was a
pyramidal diamond with a rounded tip of 0.0001 inch (z.gum)
radius. Because of the mechanical arrangement of the instru-
ment, difficulties arose when the surface profiles of the worn

pins was measured.

Wear rate of the disc was estimated from the profile of
the wear track. The volume of material removed from the disc,

wear volume wp, was calculated according to the following
equation:

ISi

where Si was loss area of profile, m was the number of
profiles taken from the disc and Rm is the mean radius of the
wear track. The loss areaawas measured by a planimeter.

The ratio of wear volume (m ) to the total distance slid in

3 -
metres by the pin gives the wear rate for the disc inmm .

2.11 X-Ray Analysis

The wear debris collected during the experiments was
examined using an X-ray diffraction technique. A conventional
114.6mm diameter powder camera was used for the analysis.

This enabled values of 26, where & is the Bragg angle, to be
measured directly from the film. Wear debris was placed
inside a thin-walled glass capillary of 0.5mm diameter and
irradiated with filtered Cobalt Ka radiation. Cobalt Ka
radiation was used because its wavelength was longer than the
K absorption edge of iron, therefore the mass absorption co-
efficient of the ironwas relatively low.



aa

The unwanted Kg component which has a
shorter wavelength was absorbed by an iron filter. The
x-ray tube was operated at a potential and filament current
of 40kV and 30mA respectively, and exposure times of about
45 minutes were used. The interplanar spacings (dhkl)
obtained from the powder pattern were compared with the
interplanar spacings noted in the x-ray powder data file issued

by the American Society for Testing and Materials (ASTM).

A glancing angle x-ray diffraction technique was used
for some selected worn pin surfaces. The specimen was
.positioned in the powder camera so that the x-ray beam impinges
on an edge of the surface. Cobalt Ka x-rays were used to
irradiate the desired area of the specimen, at an x-ray tube
setting of 40kV and 30mA, for one hour. Typically, the
glancing angle used throughout was about 30°. At this angle,
the maximum depth of penetration of the x-rays was about 20um (96).-

The line profile of each pattern was obtained using a
microdensitometer. This instrument produces linear density
profiles and the 'density versus 2¢ '"curves obtained from the
debris are directly proportional to the x-ray intensity. The
relative integrated intensities of the diffraction lines can
be determined from the product of '"peak height" times "width
of the peak at half its height" (97).

2.12 Scanning Electron Microscopy

A scanning electron microscope (SEM) was used for
topographical study of the worn surfaces. In this instru-
ment, a narrow beam of electrons is scanned across the
specimen in a T.V. type raster, and the secondary electrons
created by the scanning beam are utilised to give a picture
of the specimen surface. The major advantages of the
machine are that it has a very large effective depth of focus
and after a little practice, studying surfaces with known
topographical features, the micrographs can be easily



interpreted. The specimens required no special preparation
anart from cementing them onto specimen holders provided,
ensuring an electrical contact between the specimen and

specimen holder.

With the aid of specimen tilt correction control, oxide
film thickness were measured from the specimen micrographs.
The tilt correction control unified the magnification over
the area of the specimen under study, i.e. the vertical
magnification was equal to the horizontal magnification.
Only those oxide edges were selected which corresponded to
the general oxide film thickness on the worn surface.

The wear debris particles were also examined directly
with the scanning electron microscope. They were mounted
by sprinkling them onto the surface of aqueous carbon which
was placed on an aluminium specimen holder. This simple
procedure was sufficient to fix them in position and to
prevent charging.

2.13 Auger Electron Spectroscopy

Auger electron spectroscopy (AES) was used on some
selected worn pin surfaces using a Kratos XSAM 800 instrument.
The XSAM 800 is based on a hemispherical electrostatic
electron energy analyser but it is fitted with a sophisticated
electron optical system which is designed to combine high
performance X-ray Photoelectron Spectroscopy (XPS) with high
transmission Scanning Auger Microprobe (SAM), hence the name
'XSAM'.

The technique of AES was employed to study concentra-
tion-depth profiles of worn pins. Composition profiles
were obtained after successive removal of atomic layers from
the surface by sputtering with 2kV argon ions at a gas
pressure of 5 x 10° torr. At this gas pressure the total

ion current impinging the specimen was approximately 3025 pamps.



- 55 -

All the Auger spectra were taken at an incident electron beam
energy of 5keV. Approximate values for the relative concen-
tration of the elements were obtained by measuring the peak-

to-peak heights of selected Auger peaks and incorporating the
appropriate sensitivity factors (98).
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CHAPTER 3

EXPERIMENTAL RESULTS

Ol Introduction

Friction and wear results, together with the results of various
physical and metallographical techniques of analysis used to
examine worn specimens and debris, are described in this |
chapter. In Section 3.2, the equilibrium wear results
obtained for a series of wear tests are discussed extensively,
and Section 3.4 gives the results of heat flow analysis per-
formed on the pins. Hardness measurements and x-ray diffra-
ction results are given in Sections 3.5 and 3.7 respectively.
The technique of proportional analysis of wear debris is
examined in Section 3.9, using pre-mixed samples of known
concentrations. In the examination of worn specimens and
wear debris, scanning electron microscopy was found most
useful. The results obtained from this technique are dis-
cussed fully in Section 3.10. This section presents a
selection of scanning electron micrographs of worn pin and
disc surfaces to illustrate how the surface changed with app-
lied load and temperature. In Section 3.11, the results of
Auger electron spectroscopy are described in detail.

3.2 Wear

This section describes the wear results of ENS and EN31 steels
over a range of loads from 4.9N to 160N with no external
heating and at constant disc temperature TD af 100, 2005 300,
400 and 500°C. The experiments which were carried out with
no external heating of the disc will be referred to as room
temperature wear experiments. Those experiments which were
carried out with external heating will be referred to as
elevated temperature wear experiments. The graphs of the log
wear rate against log applied load for EN8 and EN31 are shown
in Figures 3.1 and 3.2 respectively.
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8.2 Room Temperature Wear of EN8

From the room temperature wear results illustrated in
Figure 3.1(a), it can be seen that the wear rate increases
with applied load, and no transitional behaviour in the wear
curve was Observed. Initial severe running-in wear was
always very high before mild wear was established. The
wear debris, once equilibrium conditions prevailed, consisted
of black oxide particles with traces of bright metallic
particles. For loads up to 40N, the worn surfaces had a
dull appearance and were covered with loose, black oxide
particles. At 58.9N (not shown in Figure 3.1(a)), the
running-in wear was so catastrophic, producing large metallic
particles, that the experiment was terminated after only 10
minutes. The surface of the pin had experienced plastic
flow causing considerable widening of the disc wear track.
Because of the limitations of the rig, a longer pin could not
be used to enable equilibrium wear to be established. Macro-
scopic islands of metallic transfer were clearly visible on
the wear track of the disc at this particular load.

32,2 Elevated Temperature Wear of ENS8

(i) T, = 100°C

The room temperature wear behaviour of ENS8
sliding at 2m.s™ was characterised by a distinctly
non~-transitional and a directly load dependent wear
pattern. However, the effect of raising the disc
temperature to 100°C was to induce a transition in
the wear rate curve at 10N, as shown in Figure 3.1(a).
At this transition the wear rate increases from 1.0
x 100 .°mn? to approximately 4.0 x 10043 mt. For
experiments carried out below this transition load,
the surfaces were heavily oxidised and the wear
debris was mainly brown in colour with traces of
bright metallic particles. At the transition, the
debris changed character and consisted of black
oxidised particles. The appearance of worn surfaces,
above the transition, was similar to room temperature
experiments.
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(11). Ty, w200°C

The effect of increasing the bulk disc
temperature to 200°C by external heating was to
increase the transition load observed at 100 C by
about 25N, See Figure 3.1(a). At this
transition the wear debris changed colour from
brown to black. The wear rates above and below
this transition were load dependent.
(2483 Tp = 300°C

The transition in the wear curve occurred

at a load of 98.1N, as shown in Figure 3.1(a).
In experiments below this load, the wear debris again
consisted of red-brown oxide particles. Plastic
deformation of the pin surface had taken place at
98.1N applied load and evidence of metallic transfer
could be  seen on the disc wear track, The debris
at this load was metallic with black oxide particles.
The wear rate for the 88.3N load experiment showed
a transitory behaviour. The initial wear rate for
a period of about one hour was very high with
debris similar to 98.1N experiment. It then
dropped by an order of magnitude and the debris
changed character and consisted of light brown
oxide particles. Both wear rates are plotted in
Figure 3.1(a).

(iv) Ty = 400°C and 500°C

The wear behaviour of 400°C and 500°C, as
shown in Figures 3.1(b) and (c) respectively, was
non-transitional and load dependent. During the
initial running-in period a negative wear rate was
recorded due to thermal expansion of the pin. The
debris was very fine red powder. Worn surfaces

were heavily oxidised.
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32N Room Temperature Wear of EN31

The wear behaviour of EN31 at room temperature was
characterised by three distinct wear regimes as shown in
Figure 3.2(2). In the first wear regime, at loads below
30N, the wear rate was strongly load dependent. The
wear debris produced in this load range consisted of light
brown oxide particles. Traces of metallic particles were
also present in the debris, particularly so at low loads.

In the second wear regime, occurring between 30-80N,
a decrease in the slope of the wear rate curve was noted.
Experiments carried out in this load range were character-
ised by highly oxidised worn surfaces and production of
fine dark brown wear debris. Another important feature
of this wear regime was the fall in pin temperature once
equilibrium wear was established. For example, in the
58.9N load experiment a fall of 55°C was recorded in
temperature T, measured by thermocouple T1 (see Figure

A
2.3). Accompanying this fall was an increase of 30°C
in the temperature TD' The conclusion drawn from these

observations was that a thick oxide film had developed

on the wearing pin surface causing more frictional heat

to flow into the disc. Results obtained from scanning
electron microscopy and Auger electron spectroscopy verify
this hypothesis.

Finally, in the third wear regime, occurring at loads
greater than 80N, the wear rate once again was strongly
dependent on load. The debris from these set of
experiments consisted of black oxides with traces of
bright metallic particles. Worn surfaces had a metallic
appearance and were covered with loose black oxide
particles.

3,2.4 Elevated Temperature Wear of EN31

(1) TD = 100°C

The general characteristic wear behaviour
was very much similar to that obtained with room



- 52 -

~11
10" -
18 e ROOM TEMPERATURE
[ (o) 100 ¢
x _
S 3
=
1071 -
10'13 —
o 1h | e N G N | R T R A
1 10 100
LOAD (N)

FIGURE 3.2(a) Wear Behaviour of EN31 at Room Temperature and 100°C.
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temperature wear experiments. See Figure 3.2(a).
External heating was only applied to experiments
carried out at loads below 60N, At higher loads
frictional heating was sufficient to take the disc
temperature in excess of 100°C. The combined
effect of frictional and external heating at low
loads resulted in a small reduction in the wear
rates.

(44D 4 Ty o 200°C

The effect of elevating the disc temperature
to 200°C has produced some significant change in the
wear behaviour of EN31, as shown by Figure 3.2(b).
Only a single less well defined transition takes
place in the wear pattern, and lies at a load a little
over 80ON. The wear rate on either side of the
transition was load dependent. At low loads, the
wear debris was light brown in colour but became
darker brown as the load increased. Above the
transition, the debris consisted of black oxide
particles.

(1i1) T, = 300°C

Wear debris collected in experiments carried
out at loads less than 120N was light brown in
colour but became darker brown as the load increased.
Worn surfaces were heavily oxidised giving a dull
appearance. At 157.0N load the wear rate increased
abruptly (see Figure 3.2(b)) but no characteristic
change was observed in the wear debris, i.e. colour
of debris was similar to that observed in the 117.7N
experiment. Limitations of the rig prevented the
carrying out of experiments at loads greater than
157.0N.
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(iv) T. = 400°C and 500°C

D

The wear results for 400°C and 500°C are
shown in Figures 3.2(c) and 3.2(d) respectively.
The general wear behaviour was similar to that
obtained with EN8 at 400°C and 500°C, that is,
the wear rate increased without obvious trans-
itions. The debris from these experiments was
very fine red powder and worn surfaces were
heavily oxidised.
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BadieD Disc Wear

The wear rate of the disc versus load graphs for 200°C,
SOOOC, 400°C and 500°C EN8 experiments are shown in Figures
3.3(a), (b), (c) and (d) respectively. Disc wear rates
versus load graphs for room temperature, 100°C, 200°C and
400°C EN31 experiments are shown in Figures 3.4(a), (b)), ()
and (d) respectively. The values plotted are the mean of
at least three separate talysurf measurements made on the
disc wear track. Since this method includes the initial
running-in severe wear, only a semi-quantitative assessment
'can be made for the disc wear. In general, the wear rate
of the disc increases with applied load and was comparable
in magnitude with that of the pin.

3d Friction

The frictional force was measured continuously for all
the experiments in this present work. In general, during the
running-in period, the friction had a very erratic behaviour
and coefficient of friction values of 1 or greater were
Observed. However, once equilibrium conditions were estab-
lished, the frictional force attained 2 reasonably stable
value. For externa11§ heated experiments, especially at
400°C and 500°C, the initial severe wear was very rapid and
continuous sparking was evident from the pin/disc interface.
This reduction in the amount of initial severe metallic wear
was attributed to the pre-oxidised nature of the surfaces;
i.e. before the start of each elevated temperature experi-
ment the bulk disc temperature was raised to the desired
value and maintained for about 15 minutes. This reduces the
probability of metallic adhesion between the surfaces. The
friction values referred to in this section are the steady-
state values. Any changes occurring on the pin surface,
such as oxide removal, were reflected by variation in the

ctional force and mechanical noise of the rubbing.
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The variation of the coefficient of friction u with
applied load for EN8 and EN31 experiments is shown in
Figures 3.5 and 3.6 respectively. In general, p peaked at
low loads (between 10N to 20N) and then tended to decrease
with increasing load. Talysurf analysis, discussed in
Section 3.6, shows that worn surfaces are generally rougher
at low loads.

Figures 3.7 and 3.8 respectively, show the coefficient
of friction of EN8 and EN31 steels versus disc temperature
for a series of loads. All curves show the same general
trend, that is, u decreases with increasing disc temperature.
This decrease was attributed to the formation of protective

oxide films between the two rubbing surfaces.

By comparison with the general wear patterns, it appears
from the non-transitory behaviour of py that friction is
independent of the wear rate.

3.4 Heat Flow

Heat flow results for EN8 and EN31 experiments at room
temperature and elevated temperatures are given in Tables
3.1 to 3.6 and Tables 3.7 to 3.12 respectively. Tabulated
here are three important parameters; namely the division of
heat Gexpt at the interface between the pin and disc, the
surface temperature TS of the pin, and the heat flow rate
H, entering the pin. The division of heat along the pin is

given by the following expression:

H,
6expt % EE' 3l

where HT is the product of the frictional force at the

pin (F) and the linear speed of the pin (V) with respect to
the disc.



TOAD P R B, | Oexpt
N o 0q O 0c % W W %
4.9 L2 25 20 25 ks 0.83 134 6.2
9.8 L9 L6 36 3L 51 0.48 1.4 4,2
14.7 106 73 L8 L2 119 3.7 24.8 | 14.9
2k.5 154 96 61 39 173 6.1 26.8 | 22.8
29.4 153 98 69 53 168 Be? 32.0 | 17.8
34,3 183 93 76 Lg 208 8.9 29.6 | 22.5
39.2 218 112 78 52 2kL7 9.9 Lo.o | 24.8
TABLE 3.1. Heat flow data for EN8 Steel at room temperature

LOAD T, Tq Tq Tq H H, 5expt
N O¢ Oq Oc O W W %
k.9 83 57 L8 ok 257 6.0 45.0
6.9 89 63 45 | 101 2.9 7.4 39.2
8.3 100 69 52 | 116 3. | 114 29.8
9.8 120 77 58 W55 5.5 | 16.8 32.7
19.6 143 98 71 | 159 4.8 | 22.8 1.1

TABLE 3.2.

Heat flow data for EN8 steel at Tp = 100°C




oA | T, T e = E, Hy dexpt
N o¢ o ¢ ¢ W W %
L9 | 116 100 61 137 0.2 2.0 10.0
6.2 | 118 115 80 123 1.1 8.4 13.1
2.8 | 113 105 81 120 1.1 | 16.0 6.9
19.6 | 125 92 84 131 1.6 | 27:.0 6.7
29.4 | 123 99 90 142 3.3 | 42.0 7.9
29.2 | 183 98 90 238 6.5| 50.0 13.0
49.1 | 204 138 ok 250 9.0 | 58.0 15.5
58.9 | 208 120 100 2k2 8.6 | sk.o 15.9
68.7 | 218 181 100 2Ly 6.0 | 62.0 9.7
78.5 | 208 163 105 234 6.3 | 74.0 8.5
83.4 | 252 49 | 105 | 269 71 e 1158
88.3 | 219 148 113 258 9.2 | 76.0 12
98.1 | 266 193 111 204 10.0 | 84.0 11.9
147:2 1 290 179 121 337 14,7 | 100.0 14.7
1373 ) 305 185 169 362 14.4 |1 118.0 12.2
TABLE 3.3 Heat Flow Data for EN8 Steel at T, = 200°¢
o4 | T, ol 2 T H, 2 Sexpt
N °¢ ¢ ¢ % W W %
L9 | 285 210 148 539 11.2 - -
9.8 | 280 175 154 332 19.7 ] 18.2 64.3
14,7 | 292 188 127 337 11.0 | 22.2 ko.5
29.4 | 310 185 130 360 13.8 | 39.6 34.8
34h.3 | 321 173 130 363 14.5 | 37.0 39.2
39.2 | 341 208 146 398 14.8 | 50.4 29.4
49.1 | 315 215 141 365 12,17 80.0 24,2
54,0 | 344 189 150 384 1%.3 | 53.0 27.0
58.9 | 338 220 | 150 | 409 | 14.6 | 57.2 | 25.5
63.8 | 330 231 165 296 12.5 | 61.4 20.4
73.6 | 362 22k 169 k19 1|50 Th.2 19.8
78.5 | 270 240 161 Lok %.5 | 72.0 20.1
88.3 | 357 246 174 hhg 15.7 | 76.0 20.7

TABLE 3.4 Heat

Flow Data for EN8 Steel at Tp = BOOOC
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LoD | T, & T 2, H, H, |Oexpt
N o g % W W %
7.4 280 206 161 316 7.8 5.4 5
14.7 276 196 154 308 8.0 | 21.6 37.0
k.5 289 196 144 330 9.4 | 28.8 32.6
29.4 295 194 159 34l 10.0 | 33.0 20.3
39.2 321 232 170 359 8.9 | Lh.h 20.0
54.0 363 223 168 k21 13.5 | 57.9 23.4
68.7 380 240 167 431 13.1 | 63.8 20.5
88.3 | 393 245 1 LLE 13.5 | 82.0 | 16.5
98.1 Los5 290 188 LLq 1.1 | 84.0 13.2

TABLE 3.5 Heat Flow Data for EN8

Steel at Tj = 400°¢C

o | T, T 4 T H, Hy 8 expt
N °q % ¢ o W W %
9.8 361 242 190 Lk 11.3 | 12.2 92.6
14.7 362 2k2 190 416 1.4 | 16.8 67.9
19.6 381 246 175 438 12.6 | 24.2 5.1
39.2 387 265 194 Lo 1.5 | 37.6 30.6
58.9 397 257 190 457 12.9 | 53.8 2k.0
78.5 Lo5 258 180 462 13.5 | 66.6 20.8
98.1 L20 295 199 468 13.3 | 65.8 20.2
197.7 419 274 202 473 13.0 | 84.0 15.5

TABIE 3.6 Heat Flow Data for EN8 Steel at Ty = 500°C




LOAD Ty g To Tp Tq B, En #expt
N °g ¢ % ¢ W W %
9.8 62 L9 36 50 68 1.6 18.2 | 8.8

19.6 100 67 37 Lo 113 Ba? 2.2 [11.5

2k.5 106 86 54 62 114 2.5 %6.3 | 6.9

29.k 131 7 62 71 153 5.6 Lo.2 [13.9

4.3 124 87 60 87 138 L.0 47.0 | 8.5

39.2 129 89 61 86 140 .1 56.4 | 7.3

58.9 145 100 63 10¢. | 158 L.8 22s2 | 6.6

78.5 173 119 75 121 192 5.8 ok.0 | 6.2

98.1 23k 155 95 136 250 8.4 95.0 | 8.4

1977 292 162 112 159 311 12.8 109.2 [11.7

TABLE 3.7 Heat Flow Data for EN31 Steel at Room Temperature

it A g Te Ts = S e
N g ¢ °%c % W W %
k.9 81 50 L5 93 3.1 5.8 |53.4
6.9 83 55 Lk 96 3.0 8.8 |34.1
9.8 113 68 L6 130 4.8 20.2 [23.8
14.7 107 77 51 119 3.2 29.6 |10.9
19.6 131 69 50 156 6.4 37.0 [17.3
29.4 117 0 58 129 3.2 6.4 | 6.9
34.3 133 80 56 152 5.5 51.1 [10.8
39.2 130 81 57 147 5.0 53.8 | 9.3
L9, 140 84 57 158 545 62.2 | 8.8
58.9 155 89 62 176 6.5 75.2 | 8.6
68.7 200 107 75 217 9.1 82.4 |11.0
78.5 224 115 79 252 10.2 89.0 |11.5
88.9 257 | 159 | 100 27k 9.3 77.2 [12.0
98.1 268 148 86 290 10.9 82.4 |13.2
11%:7 211 173 107 326 12.1 105.2 |11.4

TABLE 3.8 Heat Flow Data for EN31 Steel at Ty = 100°¢C
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LOAD | T, e 2 . H, Hy Sexpt
N ¢ ¢ °¢ % W W %
9.8 | 157 113 87 182 L6 | 17.4 26.4

2k.5 | 192 115 80 216 7.5 | 33.6 22.3
Li.1 | 194 127 88 215 6.7 | 58.8 1.4
54.0 | 205 133 90 232 7.6 | 69.2 11.0
.58.9 | 204 157 96 224 5.4 | 70.6 7.6
63.8 | 251 154 95 281 9.6 | 62.2 15.4
73.6 | 212 143 105 238 7.2 | 786 9.7
83.4 | 264 149 100 298 10.9 | 84.0 13.0

103.0 | 275 124 120 216 12.6 | 94.0 13.4

137.3 | 309 168 129 357 12.5 |122.6 10.2

TABLE 3.9 Heat Flow Data for EN31 Steel at Tp = 200°¢C

o | T, o . T H, 8 Sexpt
N o % % % W W %
9.8 | 203 131 121 230 7.0 | 16.8 4.7

14.7 | 236 161 118 268 7.8 | 25.5 30.6
19.6 | 245 152 104 283 Q.7 1 226 25.1
39.2 | 250 162 121 284 8.8 | 49.7 17.7
58.9 | 277 176 131 315 10.0 | 61.2 16.3
68.7 | 292 195 120 331 9.8 | 69.2 14.2
78.5 | 295 182 128 235 18.2 + 78,6 14,2

117.7 | 302 181 137 356 12.1 [100.8 12.0

137.3 | 337 183 144 285 13.9 |119.2 U

157.0 | 374 192 152 L33 15.4 [129.4 11.9

TABLE 3.10 Heat Flow Data for EN31 at T = 200°C




IOAD | T, T T, T, E, H, S expt
N g °c 0 0 W W %
9.8 | 294 209 | 189 | %37 8.9 | 16.2 | 54.9

19.6 | 324 200 164 379 11.9 | 29.6 4o.2
29.4 | 355 231 161 418 12.2 | 33.0 37.0
39.2 | 334 208 171 Loo 12.8 | 42.0 30.5
58.9 | 346 208 167 k19 13.9 | 57.2 2h.3
78.5 | 37k 220 157 432 th.3 | 74.0 19.3%
88.3 | 365 216 154 4326 14.7 | 77.2 19.0
98.1 | Lo8 23k 173 L7 14,7 | 84.0 17,5

117.7 | 408 261 176 476 14.2 (100.8 14.1

137.3 | 40O 221 192 L72 15.9 [107.5 14.8

157.0 | 416 2L2 192 L38 15.9 [122.6 13.0

TABLE 3.11 Heat Flow Data for EN31 Steel at T = 400°C

wm | T, 2 e oo-elim el g 6 expt
N o ¢ ) %% W W %
9.8 | 352 248 189 410 10.7 | 13.4 79.9

19.6 | 387 256 212 L56 12.7 | 19.5 65.1
39.2 | 384 252 206 Likg 13.4 | 29.6 45.3
49.1 | 411 263 201 k72 13.5 | 39.6 34,1
58.9 | 399 239 199 473 4.5 | 43.0 33.7
78.5 | 405 252 212 k70 13.9 | 53.7 25.9
98.1 | 416 252 211 486 4.9 | 65.5 22.7

107.9 | 432 232 | 205 | 514 17.3 1 73.9 | 23.%4

1172.7 | 437 265 | 205 Lok 4.6 | 80.6 18.1

137.3 | 439 256 208 520 16.6 | 86.7 19.1

157.0 | 439 269 214 515 15.7 | 99.1 15.8

TABLE 3.12 Heat Flow Data for EN31 Steel at T, = 500°C
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The variation of surface temperature versus applied load
for EN8 steel sliding against itself is illustrated in Figures
3.9, 3.10 and 3511 Similarly, surface temperature versus
load plots for EN31 steel pins sliding against ENR steel discs
are shown in Figures 3.12 and 3.13. In general, the surface
temperature increases with load and the form of these curves
are similar to "wear rate versus load'" graphs.

In Chapter 4, values of 6th calculated on the basis
of a simple surface model to deduce the number of asperities
in contact beneath the pin (N), the oxide film thickness (£),
and the temperature at the real areas of contact (Tc).

3.5 Microhardness and Bulk Hardness

All results given in this section were obtained cold
after completion of the relevant wear experiment. High
accuracy cannot be claimed in the microhardness measurements
owing to the roughness and highly oxidised nature of the
surfaces which made measurements difficult. The hardness
quoted is not the average hardness of the whole surface but
only of those areas which appeared to be the contact regions
at the moment rubbing ceased. In the mild wear state these
usually consisted of burnished patches on a comparatively
rough (and soft) background. The distinction between contact
areas and out-of-contact areas disappears at elevated temper-
atures because most of the surface becomes oxidised. This
was particularly important at disc temperatures of 400°C and
500°C. Another problem encountered at these high tempera-
tures was the cracking of oxide under the impression load
owing to its brittle nature.

b5 di i | Microhardness of Worn Pins

Under all experimental conditions, microhardness measure-
ments indicated that the hardness of the EN8 and EN31 pins is
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in the range 500-800 VPN. These values are consistent with
the range of critical hardness value for steels found by
Welsh (39) associated with the T, transition (i.e. 553 to 775
VPN).

Figure 3.14 shows the microhardness of pin and disc from
200°C EN8 elevated temperature experiments plotted against load.
Each point on the curve is an average of at least ten impres-
sions. The results were illustrated in this manner so that
comparison with the wear rate versus load curve given in
Figure 3.1(a) can be made easily. For the 200°C experiments,
‘Figure 3.1(a) showed a transition in the wear rate curve at
about 35N applied load. However, it is clear from Figure 3.14
that no transition occurs in the microhardness versus load
curve at this particular load. Some typical standard
deviations are given in Figure 3.14.

3.5.2 Microhardness of Worn Discs

Illustrated in Figure 3.15 is the variation of micro-
hardness of disc surface against applied load. Curves for
two experimental disc temperatures (i.e. 300°C and 500°C) are
shown in this figure. The results show a steady decrease in
hardness with load.

s Bulk Hardness of Worn Pins and Discs

Figures 3.16 and 3.17 show the variation in bulk hard-
ness of worn EN8 and EN31 steel pin surfaces as a function of
disc temperature respectively. Curves for two different
loads are illustrated in each figure for comparison. Each
point on the curve was an average of at least ten separate
measurements. For both pin materials the result show a
decrease in hardness with increasing experimental disc
temperature. This is attributed to less work-hardening of
subsurface layers at the high temperatures. The fall is
more significant with the high load cufve indicating the
influence of frictional heating on the subsurface layers
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immediately below the real areas of contact. It is worth
recalling that the original bulk hardness of EN8 and EN31
materials was 250 VPN and 280 VPN respectively.

Bulk hardness results of the disc showed a small
decrease with temperature but the effect of applied load was
negligible. For example, consider the 500°C EN31 elevated
temperature experiments at 19.6N and 98.1N applied loads.
The bulk hardness (disc) measured for these experiments was
199 + 8 VPN and 197 + 6 VPN respectively.

3.5.4 Microhardness Variation with Depth

Microhardness versus depth curves from some selected ENS8
and EN31 experiments are shown in Figures 3.18 and 3.19
respectively. Both figures show that pronounced hardening
had occurred below the worn pin surface (up to 800 VPN for
some EN8 pins). This was attributed to the formation of
work-hardened subsurface layers during sliding. The depth
to which the pin surface was affected increased with applied
load. All microhardness versus depth curves tended to the
original bulk hardness value of the materials, i.e. 250 VPN
and 280 VPN for EN8 and EN31 respectively.

The subsurface of a 137.3 EN8 200°C pin was very rough
and dark which made measurements of microhardness near to the
surface very difficult. However, measurements were made
relatively easily at depths greater than 30um below the
surface, See Figure 3.18. Even at these depths pronounced
hardeniﬂg was evident. No evidence of subsurface hardening
was detected on pins from 400°C elevated temperature experi-
ments due possibly to less work-hardening of subsurface layers
at high temperature.
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36 Surface Profiles

This part of the work has only been partially fulfilled
since talysurf profiles of the pin could not be obtained owing
to the mechanical arrangement of the profilimeter. However,
some typical talysurf profiles taken of worn disc surfaces are
shown in Figures 3.20 and 3.21. The vertical and lateral
magnification of these profiles was 1000x and 20x respectively.
It is clear from these profiles that surface roughness
decreases with applied load and surfaces tend to be much
smoother at high disc temperatures.

S Powder X-ray Diffraction of Debris

Experimentally measured dhkl values and relative
intensities of various constituents found in the wear debris,
together with the dhkl values and relative intensities noted
in the x-ray powder data file (ASTM index), are given in
Tables 3.13(a) and (b). In the sub-sections that follow
the microdensitometer results will be referred to these
tables.

3.7.1 EN8 Experiments

) Room Temperature

Analysis of x-ray diffraction patterns showed
that the debris consisted mainly of FeO and a-Fe.
Figure 3.22 shows the microdensitometer trace of
x-ray diffraction pattern for 29.4N load experiment.

As expected, in 58.9N load experiment only the a-Fe
lines were present.

! - 0
(i) TD = 100°C

The oxide produced from the experiments below the
transition load of 10N was a mixture of o-Fe,03 and
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EXPERIMENTAL VALUES

ASTM INDEX VALUES

DIFFRACTION d.hkl(i) RELATIVE IDENTITY — d, . ( Z) RELATIVE
LINE INTENSITY INTENSITY
1 4.795 13(4) Fe}% 4,850 8
2 3.672 34(7) «-Fe 0, 3.686 25
3 2.950 29(8) Fe.0y 2.967 20
L 2.680 100 cx--Feao3 2.703 100
g 2.525 100 Fe,0,, 2.532 100
6 2.513 73(13) c:-F9203 2.519 50
? 2.468 51(13) FeO 2.486 80
8 2.195 35(7) =~Fe 0, 2.208 20
g 2.149 100 FeO 2.153 100
10 2.093 37(9) Fe304 2.099 20
1 2.082 - AUSTENITE  2.080 100
12 2.012 100 =-Fe 2.027 100
13 1.839 L6(9) oc-F3203 1.843 Lo
14 1.843 - AUSTENITE  1.800 50
15 1.707 19(6) Fe 0y, 1.715 10
16 1.688 61(11) ac.-Feao3 1.696 60
17 1.610 41(13) FeBOI+ 1.616 20
18 1.595 15(4) «~Fe 0, 1.601 16

TABLE 3.13(a)

Wear Debris Identification




EXPERTMENTAL VALUES

(o]
dhkl(A)

ASTM INDEX VALUES

DIFi?ﬁgTION ¥§$%£§¥§Y IDENTITY dhkl(i) ﬁﬁigggggY
19 1.520 91(21) Fe0 1.523 60
20 1.485 44 (9) «-Fe 0, 1.487 35
21 1.480 71(16) Fe304 1.485 Lo
22 1.450 44(9) «-Fe 0, 1.454 35
23 1.434 26(6) «=Fe 1.433 19
2l 1.349 5(2) «-Fe 0, 1.351 f
25 1.322 3(2) Fe;0, 1.328 =
26 1.3209 20(5) a=Fe 0, 1.313 20
27 1.297 34(9) Fe0 1.299 25
28 }.275 20(6) Fe.0, 1.281 10
29 1.256 10(3) =-Fe 0, 1.260 8
30 1.242 33(8) Fe0 1.243 15
31 1.211 8(2) m—Fe203 1215 b
32 1.189 9(2) a—Fe203 1.191 8
33 1.168 64(13) «-Fe 1.170 30
34 1.161 12(3) ac-Fezo3 1.165 10
35 1.140 18(4) =-Fe 0, 1.142 12
36 1.076 23(6) Fe0 1.077 15
37 1.013 45(10 «-Fe 1.013 9

TABLE 3.13(b) Wear Debris Identification
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Fe 30, . The major e«-Fe lines were also visible on
the x-ray diffraction patterns. See Figure 3.23.
This figure shows the microdensitometer trace of
x-ray diffraction pattern for 8.3N load experiment.
As the load increased above the transition the
debris changed into predominantly FeO and «o-Fe.
(i1d) , T, = 200°C

A transition was observed in the wear rate
curve at a load of about 35N. See Figure 3.1(a).
The constituents of wear debris below this transition
was o-Fe,03, Fe3O, and a-Fe. Traces of FeO were also
detected in 29.4N load experiment. The debris changed
character for loads immediately above the transition
and consisted of FeO, Fe30, and a-Fe with traces of
a-Fep03. Figure 3.24 shows microdensitometer traces
of x-ray diffraction pattern for 29.4N and 39.2N load
experiments. The 39.2N load trace shows a marked
increase in o-Fe and FeD. As the load increased, the
oxide gradually changed into a mixture of FeO and
Fe304, with FeO becoming more predominant. No
a-Fe,03 was detected at loads greater than 85N. The
a-Fe lines were always present.

(iv) T s 8500°C
Wear debris collected for each experiment
below 98.1N applied load was very fine light brown
poﬁder. X-ray diffraction examination of debris
indicated that o-Fe,03; was the main constituent with
traces of a-Fe and Fej30,. See Figure 3.25(a).
However, the Fe3O0, lines became stronger as the
load increased. At 98.1N load, the debris consisted
mainly of FeO and o-Fe with traces of a-Fe,0; and
Fe 04, as shown by the microdensitometer trace of the
wear debris from this load given in Figure 3.25(b).
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FIGURE 3.24 Microdensitometer graces of the Wear Debris from EN8
Experiments at 200°C.
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(Al T 400°C and 500°C

The major constituents of the wear debris at
all loads were a-Fe,03 and Fe30,. No Feo was
detected and o-Fe lines were barely visible.
Microdensitometer results showed the peak height
ratio of 2.703A o-Fe,O3(diffraction line 4 in Table
3.13) and 2.528 o-Fe,0/Fe;0, (diffraction lines
5/6 in Table 3.13) lines was approximately constant
for all the loads considered. This indicated that
the composition of wear debris did not vary with
load. A typical microdensitometer trace from 400°C
and 500°C experiments is shown in Figures 3.26(a)
and (b) respectively.

T EN31 Experiments

(i) Room Temperature and T = 100°C

The wear behaviour of EN31 steel at these
temperatures was characterised by three different
wear regimes. See Figure 3.2(a). Microdensito-
meter traces taken from powder patterns of wear
debris produced in each of these wear regimes are

shown in Figure 3.27. The debris was selected
from 19.6N, 58.9N and 98.1N load experiments carried
out at room temperature. The debris was irradiated

with Cobalt Ke x-rays for 45 minutes at a potential
and filament current of 40kV and 30mA respectively.

Figure 3.27(2) shows that in the first wear
regime, at loads below 30N, the constituents of
wear debris were o-Fe,O03, Fe30,, FeO and o-Fe. For
loads in the range of 30N to 80N (second wear reg-
ime) large increase in Fe;0, was observed. A
microdensitometer trace from 58.9N load experiment

shows this quite clearly in Figure 3.27(b). However
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in the third wear regime occurring at loads
greater than 80N, the wear debris was a
mixture of FeO, Fe30, and o-Fe. See Figure
3.27(c). The disappearance of o-Fe,031lines
is also apparent from this figure.

(i1) T, = 200°C

For loads below 60N the composition of
wear debris as analysed by x-ray diffraction was
a mixture of o-Fe,0;, Fe3O, and o-Fe.  See
Figure 3.28(a). This figure shows a microdensi-
tometer trace for 24.5N load experiment. In 63.8N
load experiment, the appearance of faint FeO lines
was evident from powder diffraction pattern. The
microdensitometer trace of the pattern showed an
increase in o-Fe. Debris from all experiments
carried out at loads higher than 63.8N showed an
increase in FeO with load. However, at 83.4N, an
increase in Fe30, oxide was observed. At the
highest load employed (137.3N) the a-Fe,03; lines
were barely visible, as shown by the microdensito-
meter trace given in Figure 3.28(b).
(111) B, = (300RC

The debris from all the experiments at

this disc temperature was a mixture of o-Fe,03 and

Fe30y4. Figure 3.29(a) shows a microdensitometer
trace for 58.9N load experiment. Samples of debris
from 157.0N experiment showed an increase in Fe3Oy
oxide. No FeO lines were detected. See Figure
3.29(b).

(iv) T, = 400°C and 500°C

The oxide detected was similar to that detec-
ted in the EN8 experiments at these temperatures, i.e.



- 106 -

5/6
o-(-Feao31
4 x<-Fe_0
W -Fe, 3 20/21
o('-FeEO3 ”
2 22
: 8 13
L 10 12
(a) 24.5N

(b) 137.3N
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a mixture of a-Fe,03; and Fe30,. The a-Fe lines
were very faint and barely detectable. A
typical microdensitometer trace taken from 58.9N
load 400°C experiment is shown in Figure 3.30.

3.8 Glancing Angle X-ray Diffraction of the Worn Specimens

A glancing angle x-ray diffraction technique was used
to study the surface films formed on worn pins. Diffraction
‘lines on the x-ray pattern were measured using the o-Fe lines
110, 200, 211 and 220 as internal standard. The results
showed that oxides detected on pin surfaces corresponded to
those found in the wear debris. Compounds identified on worn
pin surfaces and in the wear debris for selected EN8 and EN31
experiments are presented in Table 3.14. This technique also
revealed that. subsurface layers of some worn pins contained
austenite (y-Fe). This was evident from.the detection of
2.083 and 1.803 lines on the x-ray pattern. Microdensito-
meter trace of the x-ray diffraction pattern of 58.9N load
200°C EN8 worn pin is shown in Figure 3.31. Confirmation of
this was obtained from the absence of these two lines from x-
ray diffraction pattern of an unworn pin. X-ray data
indicated that austenite is present in the following exper-
iments: at loads greater than about 30N and 50N for the ENS8
experiments conducted at room temperature (and 100°C) and 200°C
respectively; at loads greater than about 90N for the EN31
experiments conducted at room temperature, 100°C and 200°C.
Therefore, the presence of austenite suggested that contact
temperature must have been in excess of 730°C, i.e. the
martensite - austenite transformation temperature. Welsh (39),
in his comprehensive study of wear of plain carbon steels,
observed that soft stéels can undergo profound structural
changes and intense surface hardening (600 - 850 VPN). it
was assumed that this hard phase represented material trans-
formed to austenite by local temperatures above the a-y
transformation point and then converted to martensite by
rapid cooling.
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EN31 Experiments at 400 C and 500 C.
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EXPERIMENTAL CONDITIONS X-RAY DIFFRACTION ANALYSIS
PIN LOAD TEMPERATURE WEAR DEBRIS PIN SURFACE
(N) (°c)
EN8 29.4 Room Fe0, %-Fe FeO, o«-Fe
EN8 29.4 Room FeO, «Fe FeEOL}(T),FeO,u-—Fe
Austenite (T)
EN8 9.8 200 “—Fe203,Fe30L} erZOB, Fe30,+
«Fe FeO (T), oFe
ENS 58.9 200 oeLFe203, .'t"'eBC}l+ n«-FeEOB, FeBCIJL+
FeO, %-Fe «-Fe, FeO,Austenite(T)
EN8  117.7 200 FeBOh,FeO,-e—Fe Fe301+, Fe0, «-Fe
Austenite
ENS 98.1 - 500 rx-Fe203, Fe}{'J,+ ﬂ-FeEOB, Fe30,+
«-Fe (T) x-Fe
EN31 29.4 Room N'Fezo'j»‘F"‘}oli «-Fe203, Fe301;
~-Fe, Fe0 (T) o-Fe, FeO (T)
EN31 9.8 100 u-Fe203, FeBOh H-Fe203, Fe30,+
o-Fe <-Fe
ENZ1 98.1 100 Fe30h, FeO FeBOL}, FeO,«-Fe
*-Fe Austenite (T)
o~
EN31  39.4 Loo F9203, Fe30,+ ae-Fe203, Fe3 i
~-Fe (T) -Pe
T = Traces.
TABLE 3.14 Compounds Identified in the Debris and on Pin Surface

by X-Ray Diffraction.
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3.0 Proportional Analysis of Wear Debris

The intensity of a diffraction maximum depends upon the
volume of the material irradiated and several other factors.
From basic x-ray diffraction theory (99), it can be shown that
the intensity of x-rays diffracted into a2 maximum at 2ehk1 to
the undeviated direction is given by Equation 3.2:

2
FxmL exp(-2M)

P
Ix o 7 } Ver (3.2)
Vg

where
Fx is the structure factor of the component x
m is the multiplicity factor of the diffraction

plane (hkl)
Lp is the Lorentz polarisation factor

exp(-2M) is the Debye-Waller temperature factor
@ function of ¢)
v is the volume of the unit cell of substance x

v is the volume of substance x irradiated

and Ae is the sample absorption factor, dependent
upon angle of diffraction.

These terms are discussed in more detail in Appendix 1.
Since for any sample only the relative intensities are
required Equation 3.2 can be written as:

i RV R (3.3)
where FmL_exp(-2M)
e Ry ) (3.4)
X

Following Averbach and Cohen (00), Quinn (97) showed that
if graph. of IX/RX is plotted against Bragg angle 68, a curve
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should be obtained which represents the variation of Ae with
8. Assuming that absorption of x-rays depend upon the mixture
as a whole and not on the individual components giving rise to

the maximum, then curves if I/R plotted against €& for two

components (x and y) should be the same, except for a
difference in ordinate representing the ratio of their
volumes. Thus, at angle 8
I
AR o
y T Vy '
/RY y
Taking logs of both sides of Equation 3.5 we get
U3 “x Iy
Log s = Log. = - Log (3.6)
Vv R R
e y e R, [ v

Thus if the logs of the ratio (I/R) are plotted against @
the difference in ordinates of the graphs gives the log of
(Vx/v The relative intensities can be measured fairly
easily via a microdensitometer trace of the x-ray diffraction
pattern. Typical microdensitor traces are shown in Figures
3.22 to 3.30. To a reasonably‘good approximation, Quinn (97)
showed that the relative integrated intensity (when referred
to the microdensitometer trace) is given by the product, '"peak
height" times '"width of the peak at half its height". The
factor R can be readily evaluated for crystalline substance of
known structure (see Appendix 1).

Quinn et al. (46, 101,102) have applied this technique
to the proportional analysis of wear debris, namely the
proportional analysis of the wear debris formed during the

unlubricated sliding of low-alloy medium-carbon steels.
However, it was later shown (103) that the R values used by
Quinn in his analysis were incorrect. The inconsistencies
arose because of incorrect values used for the multiplicity
factor (m). The corrected R values, recalculated by Rowson
(103), are given in Appendix 1. Using these R values, Rowson
showed that curves of I/R plotted against 6 could be approx-
imated to straight lines of positive slope. Figure 3.32
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shows I/R versus plots for 100% standards of o-Fe, o-Fe, O3,
Fe30, and FeO. The broken lines shown in this figure are
lines of equal slope and the solid lines correspond to the
lines that best fit the results. Clearly Figure 3.32 shows
(apart from the fact that it is possible to get straight lines
of positive slope) that the variation of Ae with Bragg angle @
is approximately the same for iron and its three oxides.

An example of the method of proportional analysis taken
from reference (103) is given in Figure 3.33. The following
procedure is adopted to determine the percentage volumes of
various constituents present in the wear debris. A component
which has the most readily resolved diffraction pattern is
chosen to serve as an internal standard. For example, in
Figure 3.33 FeO is chosen as the internal standard. Consequence
of the assumption made about the absorption factor Ae, lines
through the other components are drawn parallel to the internal
standard. Then the ratios of the ordinates of the points
relating to the other components with the corresponding
ordinate of the standard are compared in order to obtain
estimates of relative volume percentages. If lines of equal
slopes are not drawn through the various components then
different volume percentages at different angular position 8
on the graph would be obtained.

In applying this method to the present work some alarm-
ing results were obtained. It was found that sometimes it
was not possible to obtain I/R versus 6 plots which gave lines
of positive slope. Thus it appeared that the basic idea of
proportional analysis was being contradicted.

It was decided to test the technique using pre-mixed
standards of known percentage volume concentrations. These
standards were prepared from o-Fe, o-Fey03, Fe;O04 and FeO
powders. After mixing these powders into 50/50 proportions
using a rotary mixture, x-ray diffraction analysis was
carried out on samples taken from these 50/50 standards.
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FIGURE 3.32 (I/R) Versus Bragg Angle for 100% Standards of «-Fe, o(-FeEOB,
Fe-501+ and FeO.
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Using FeO as the Internal Standard:
vFe3og /VFeO = 0.00545/0.00700 = 0.77857
v
c-c-Feaca3 /\rFeo = 0.00344/0.00700 = 0.49143
Vot—Fe 4 VFeo = 0.0023570.00700 = 0.33571
VEe0 = 100/ (140.77857+0.4914340.33571) = 38.4% = 38%
vFeBOL} = 38.4x0.77857 =29.9% = 30%
Vet—Fe. 0
S=Fels = 38.4x0.49143 =18.9% = 19%
VyFe  =38.4x0.33571 - =12.7% = 13%

FIGURE 3.33 An Example of the Method of Proportional
Analysis of Wear Debris (103)
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Cobalt Ka radiation was used throughout. A typical set of
results from 50/50 o-Fe;03/Fe0 standard are given in Table
3.15 and Figure 3.34 gives the log(I/R) versus 6 plot for

these results. The calculated perceﬁtage volume for 50/50
o-Fe,03/Fe0 standard, together with result from other 50/50
standards, are tabulated in Table 3.16. To eliminate the
possibility of any uncertainty in the preparation of the
standards, new 50/50 mixtures of both a-Fe;03/a-Fe and Fe30,/
a-Fe were prepared. The calculated percentage volumes for
these mixtures are also given in Table 3.16. Clearly this
table shows that the calculated percentage volumes of these
50/50 standards are in poor agreement with the expected
volumes, especially more so for the o-Fe/a-Fe,0; and a-Fe/Fe30,4
mixtures. This is most disturbing because c-Fe, o-Fe,0; and
Fe3;0, are the main constituents found in debris produced during
the wear of plain carbon steels. Eowever, the agreement between
the expected and calculated percentage volume for the o-Fe/FeO
standard is very good. The reproducibility of the a-Fej,03/
a-Fe and Fe30,/c-Fe results shown in Table 3.16 suggests that
the R values used in the calculations are probably incorrect.
The standard deviation given in this table is the error
associated in the measurement of the relative integrated
intensity, i.e. the area under the peak.

In calculating the value of R for a particular diffraction
line, Quinn (97, 104) and then Rowson (102) had assumed that the
atomic scattering factor f (used in the calculation of Fx) was
independent of the incident wavelength A, as long as the quantity
(SIN o) ~was constant. This is not quite true. When the
incident wavelength A is nearly equal to the wavelength Ak of
the K absorption edge of the scattering element, then the atomic
scattering factor of that element may be several units lower
than it is when ) is very much shorter than kk(96). This
correction for anomalous change Af in scattering factor near
an absorption edge is particularly important for iron atoms
when Cobalt Ka radiation is used. A curve (taken from
reference 9€ ) showing the variation of Af with k/kk is given
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OXIDE dhkl(g) 8° I R I/R
x-Fe,0 2.686 14,20 88210 12.48  6.3520.73
2.703 19.50 329127 36.18  9.09%0.74
2.208 24,05  108%12 6.68 ~16.1721.80
1.843 29.20 17016 15.10 11.26%1.05
1.696 32.00 228120 17.71  12.87%1.10
1.6013 24,10 kote 4,19 10.02¥1.60
1.4873  37.10 14013 12.76  10.97%1.06
1.4343 38.10 150315 1.6 13.19%1.%0
1.2595  45.40  52%7 3.29 15.80%2.20
1.1416 51.75 73%9 4,47  16.30%2.00
1.1042 54.25 7028 4,70  14.90%1.80
1.0571 58.05 779 6.01 12.8121.50
FeO 2.153 24.60 324330 68.28  L.75%0.44
1.523 36,05  248%23 .41 6.6320.63
1.243 46.10 91310 12.9%  7.0320.80
1.077 56.25 8129 8.2k  9.8331.10
TABLE 3.15 Proportional Analysis of a 50/50 Mixture of

=-Fe O, and FeO.

23
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FIGURE 3.34 I/R Versus Bragg Angle for 50/50 Mixture of a-Feao3
and FeO.
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50/50 (Ix/Rx)e (Iy/Py)g Calculated Volume
MIXTURE (vx..vy) %
(X '="%)
u-FeZOB/FeO 11.8 6.0 (66-34) % 7
Fe,0,/Fe0 5.5 g0 (38-62) ¥ 6
+
u-FezosfFez’oq 4.6 27 (37-63) = 12
«Fe/Fe0 - 1.6 1.7 (48-52) I 5
«-Fe ,0,/-Fe 17.1 2.5 (87-13) ¥ 3
7.2 1.4 (84-16) I 4
Fe,0,/-Fe 12.2 2.1 (85-15) = 5
12.2 1.5 (89-11) I 3

TABLE 3.16 Proportional Analysis of 50/50 Mixtures of
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in Appendix 1. Because the variation of Af with atomic
number Z is not large, this curve can be used with fairly
good accuracy to estimate the correction Af which must be
applied for any particular combination of wavelength and
scattering element.

Following on from this work, Rowson (103) has recently
recalculated the R values using atomic scattering factors
corrected for anomalous scattering. These new R values,
together with the original uncorrected B values of Bowson (103L
are given in Appendix 1. These tables show that the new
corrected R values are considerably lower (for some diffraction
lines by a factor of nearly two) than the uncorrected R values.
However, on using these new R values in the proportional
analysis of the pre-mixed standards no significant difference
was found in the calculated percentage volumes. The reason
for this can best be explained if we consider the proportional
analysis results for a 50/50 o-Fe,03/0~-Fe mixture shown in
Figure 3.35. For the sake of comparison, this figure shows
log (I/R) versus 6 plots corresponding to uncorrected and
correct R values. Referring only to the o-Fey03and o-Fe lines
corresponding to the uncorrected R values, the difference in
ordinates of these two lines correspond to a ratio of Va-Fe,03/
Ve-Fe of 7.0 (£2.0). This gave the composition of the
mixture as (87 #4)% a-Fe,0; and (13+4)% o-Fe. Similarly, for
the corrected o-Fe,03 and a-Fe lines the ratio of Va-Fe;03/
Va-Fe is 6.4 (£1.5). This gave the composition of the
mixture as (86+3)% a-Fe,03 and (14+3)% o-Fe. Clearly, since
the corrected R values simply increases the ordinates of
a-Fe,03 and «-Fe lines by approximately equal amounts (i.e.
the difference in the ordinates remains the same) the values
calculated for the percentage volume are not affected. Very
much similar results were obtained for other standard

mixtures.

The o-Fe,03/Fe30, mixture was studied further by preparing
various standards of different proportionms. For this
mixture only five diffraction lines on the x-ray diffraction
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pattern were available for proportional analysis. These

were the (110), (211), (220) and (400), (220) lines from
a-Fe,03 and Fe30, respectively. All the other lines were
either difficult to resolve because of overlapping or were too
faint to be measured. This study showed that if the (220)
line of Fe;C, is not considered in the proportional analysis
then consistently good results can be obtained for the
calculated percentage volumes of the a-Fe,03/Fe30, standards.
These results are presented in Table 3.17. Corrected R values
were used in the calculations. The omission of (220) diffrac-
tion line of Fe3O04 can be justified by referring to Figure 3.32.
This figure shows log (I/R) versus 6 plots for pure 100%
standards of o-Fe, a-Fe,03, Fe3O04 and FeO. Considering only
the Fe30, standard it is clear from this figure that the point
corresponding to (220) diffraction line is low compared with
points from other diffraction lines. The (210) and (250)
lines of a-Fe;03 also show similar deviations from the o-Fe,03
plot. However, if correct R values are used then these two
lines are in good agreement with all the other diffraction
lines on the log (I/R) versus 6 plot for a-Fe;03. In contrast,
only a small improvement is obtained in the (220) diffraction
line of Fe30O4 relative to other lines on the log (I/R) versus

8 plot for this particular oxide.

We are now in the position to apply this technique to
experiments in which the constituents of the wear debris were
only a-Fe,O3 and Fe3O,, i.e. experiments carried out at SOOOC,
400°C and 500°C. Figures 3.36 to 3.40 shows the calculated
percentage volumes of o-Fe,03 and Fe30, for these experiments
plotted against applied load.

3,40 Scanning Electron Microscopy (SEM)

This section presents a selection of scanning electron
micrographs of worn specimens and wear debris. During the
course of these investigations several hundred micrographs were
obtained, but obviously only a small number can be shown here.
These have been selected to illustrate how the surface changed
with load and temperature.
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Fe301+/ o(—Fe203 (I/P)Fe301+ (1/R) -Fe,0, Calculated Volume
STANDARD (Fe304/°(-F9203) %
( % Volume) *8
20/80 3.1 16.0 17/83%
25/75 3.9 10.5 27/73
Lo/60 k.2 9.2 32/68
50/50 6.1 7.8 Ll /56
75/25 8.0 L.2 66/3k
80/20 9.8 2.2 82/18
TABLE 3.17 Proportional Analysis of Fe304/ «-Fe_ 0, Standards.

23
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3.10.1 Topographical Study of Worn Surfaces of ENS8

The vast majority of the scanning electron
micrographs of worn surfaces were obtained with the
specimen surface inclined at an angle of 45° to the
electron beam since this provided good contrast between
surface features and was especially suitable for topo-

graphical studies.

The micrographs shown in Figure 3.41 were taken'
of worn surfaces from room temperature experiments
(load 14.7N). It is clear from these micrographs that
the pin surface is relatively smooth with damaged regions
produced by the removal of the thin oxide film which
covers the surface. In contrast, the disc surface is
covered with debris and is heavily damaged.

Figure 3.42 shows the general pin topography
from 100°C disc temperature experiments for loads below
the transition load of 10N.  The surface is covered
with an oxide layer and is very smooth due to frictional
contact, but surface damage due to the removal of oxide
flakes has revealed relatively rougher areas. The
highly oxidised nature of the pin surface confirms that
wear at these loads was mild. As expected, for experi-
ments carried out above this transition the appearance
of worn surfaces was similar to the room temperature
micrographs shown in Figure 3.41.

Shown in Figures 3.43 and 3.44 are micrographs
taken of worn surfaces from the 200°C elevated tempera-
ture experiments. Figure 3.43 shows the topography of
pin surface at loads of 24.5N and 39.2N respectively.
These two loads were selected to illustrate worn pin
surfaces on either side of the transition observed in the
wear curve at this temperature (see Figure 3.1(a)). The
micrographs for 39.2N load experiment shows that pin
surface has been deeply gouged in the direction of sliding



(v) DISC

o g A 8

rom Iy

N

Topography of Worn Pin and Disc Surface
¥4

Experiments at Room Temperature (14.7N).

v
]
.

JRE 3.42 TOpggraphy of Worn Pin from EN3 Experiment at (
100°C (4.9N).



(b)

Experiments

ace from EN8

gphy of Worn Pin Surf

C.

at 200

FIGURE 3.43 Topogr



(b) =0.2N

FIGURE 3.44 Topography of Worn Disc Surface from EN8 Experiments
at 200°C.



- 131 -

and is covered with loose debris produced by disruption
of oxide film. In contrast the micrograph for the 24.5N
experiment shows a surface mostly covered with an oxide
film, apart frorm regions where oxide has flaked off
revealing relatively rough areas and loose oxide
particles. The corresponding micrographs obtained from

disc surface at this temperature are shown in Figure 3.44.

Micrographs of specimens from 300°C experiments
are shown in Figures 3.45 and 3.46. Both worn surfaces
were heavily oxidised and smooth, but damage due to the
separation of flake-like debris has occurred. See
Figure 3.45. The damaged regions are covered with
small oxide particles which are probably formed due to
crushing of flake-like fragments. An area from which
the oxide has flaked off is shown in Figure 3.45(b).

The micrograph shows that the remaining oxide film
appears fo be lifting from the metal substrate and is
heavily cracked. It is worth noting that these cracks
run in a direction perpendicular to the sliding direction.
The cracking of oxide film just before it breaks off

is evident from Figure 3.46(a). A closer examination
of this region showed that the thickness of the film is
approximately 4um. Separation of the oxide layer as

observed from this micrograph suggests that either
thermal or mechanical fatigue mechanism or differential
volume expansion of the oxide and metal substrate are

the possible causes. The absence of oxide film from
98.1N surface at 300°C, see Figure 3.46(b), could explain
the high wear rate observed at this load. It was con-

cluded that at this load the rate of removal of oxide
was much greater than rate of production.

The micrographs taken of worn surfaces from 400°C
and 500°C elevated temperature experiments showed very
similar surface features. A typical micrograph from
each member of the rubbing surfaces is shown in Figure

3.47. The surfaces are highly oxidised and smooth with



FIGURE 3.45 Topography of Worn Pin and Disc Surface from
1%4.7N Load EN8 Experiment at 300°C.



FIGURE 3.46 Micrographs of Pin Surface from EN8 Experimen

at X ]OC =



(b) PIN, 98.1N, 500°C.

FIGURE 3.47 Typical Topographies of Worn Surfaces from EN8
Experiments at 400°C and 500°C.
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damage occurring only by removal of flakes from the oxide
film.

3:10:2 Topographical Study of Worn Surfaces of EN31

The micrographs shown in Figure 3.48 were taken
of worn surfaces from room temperature experiments. Figure
3.48(a) shows the pin surface at 9.8N load, covered with
smooth oxide islands standing out or above relatively
rough, debris covered areas. Upon increasing the load,
these oxide islands grow in size until almost a single
oxide layer covers the whole pin surface. Micrographs of
a 58.9N load pin surface shows this clearly in Figure 3.48(b).
This micrograph also shows that the surface has suffered
damage only in relatively few areas. Figure 3.49(a) shows
the corresponding disc surface at this load. Disruption
of the oxide film producing oxide flakes of various shapes
and sizes but all having a well defined thickness of 3um
is illustrated in Figure 3.49(b). A change in topography
of worn pins was detected for experiments carried out above
78 .5N applied load. At these loads the pin surface had
only a sparse covering of oxide film. This is illustrated
clearly in Figure 3.48(c) which shows a typical micrograph
of pin surface taken from 98.1N experiment. However, it
must be noted that the micrograph given in this figure is
at a higher magnification than those in Figures 3.48(a)
and 3.48(bh).

A micrograph of 300°C experiment pin shown in

Figure 3.50, shows that heavy cracking and lifting of
oxide film from the metal substrate has occurred. Areas
from which oxide has recently flaked off are also evident
from this figure. These areas are relatively rough and
covered with loose debris probably formed by crumbling of
large wear particles which have recently cracked and
flaked off.
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FIGURE 3.48 Micrographs of Pin Surface from EN31 Experiments

at Room Temperature.

(a) 9.8N
(b) 58.9N
(¢) 98.1N
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(v)

FIGURE 3.49 Micrographs of Disc Surface from 58.9N Load EN31

Experiment at Room Temperature.

FIGURE 3.50 Topography of Worn Pin Surface from 68.7N Load
EN31 Experiment at 30000.
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A selection of micrographs obtained from
400°C and 500°C experiments are given in Figure 3.51.
These micrographs shows that the surfaces are highly
oxidised and smooth due to the mechanical action of
the sliding process, with damage occurring only by
the removal of oxide flakes. The damaged regions are
rather rough and covered with debris. These features
are similar to those shown for EN8 experiments in Figure
3.47.

3303 Oxide Film Thickness Measurements

To study the nature of the surface oxide film
in more detail it was necessary to view some areas with
the'specimen tilted at large angles (between 50o and 600).
At these large angles of tilt it was possible to make
reasonably accurate measurements of the oxide layer thick-
nesses and in some instances see beneath them to view the
pin substrate. Results of oxide film thickness for EN8
and EN31 wear experiments are tabulated in Tables 3.18
and 3.19 respectively. An average of at least ten
separate measurements of different regions on the same
specimen are given in these tables. However, for
relatively few specimens an average of less than ten
measurements was taken owing to the difficulty encountered

in finding suitable oxide edges. The value given
within the bracket in Tables 3.18 and 3.19 is the stand-
ard deviation of measurement. Out of approximately

thirty available EN8 discs used in this work only four
discs had studs inserted in them. This limited the
number of experiments for which the oxide film thickness

on the disc could be determined.

A small selection of some typical oxide edges
found on worn pin surfaces are given in Figures 3.52 and
3+.93% In general, the results showed that oxide film
thickness on the worn specimens increased with applied
load.
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FIGURE 3.51 Topographies of Worn Surfaces from EN31 Experiments
at 400°C and 500°C.

(a) PIN, 58.9N, Loo°c
(b) DISC, 58.9N, Lkoo°c
(¢) PIN, 157.0N, 500°C
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FIGURE 3.52 Typical Oxide Edges from EN& Experiments.

(a) PIN, 49.7N, 300°C
(b) PIN, 19.6N, 300°C
(¢) PIN, 58.9N, L4oo°C



(c)



= i o

Experimental Condition £ (um)

RT - all loads 3.0
100°C - at 4.9N 0.5 (0.5)
100°C - at 8.3N 1.1 (0.7)
(a)
Load(N) Oxide Film Thickness (um)
*
Pin (&) Disc (£)
9.8 1.9 (0.7) 1.6 (0.5)
14.7 3.5 (1:3) -
24.5 2.5 (0.7) 2.4 (0.8)
49.1 2.2 (0.5) -
58.9 2.5 (0.7) -
78.5 3.0 (1.0) -
83.4 2.4 (1.2) 2.6 o)
88.3 3 a8 (1.0) -
117.7 2.1 1.4 -
(b)

Table 3.18. Oxide Film Thickness for EN8 Experiments
(a) Room Temperature and 100°¢C

(b) 200°C
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Load(N) Oxide Film Thickness (um)
Pin () Disc (5*)
19.6 2.0 (0.5) -
39.2 3.0 (0.5) -
49.1 2.5 {6:5) -
58.9 oo S 71 R -
64.8 2.6 (0.6) 2.5 (0.9)
78.5 3.5 10:5) -
(c)
Load(N) Oxide Film Thickness (um)
Pin (£) Disc (E*)
7.4 2.4 (0.9) -
14.7 2.0 (1.1) 3.0 {0.7)
24.5 2.2 +10.5) -
29.4 3.4 (1.0) 2.8 (0.8)
39.2 3.2 (0.7) -
54.0 4.0 (1.0) 3.6 (1.4)
68.7 420 (1.3) -
98.1 4.8 (1.0) =
(d)

Table 3.18. Oxide Film Thickness for EN8 Experiments

(c) 300°%
(d) 400°C
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Load(N) Oxide Film Thickness (um)
*
Pin (&) Disc (& )
9.8 2:2 (0.5) -
14.7 2.4 (0.8) 3.6 (0.6)
19.6 2.4 (0.8)
39.2 2.6: (0.7) 3.8 (0.8)
58.9 3oLl -
78.5 35 M 1.9) -
98.1 3.5 (0.5) -
(e)
Table 3.18. Oxide Film Thickness for EN8 Experiments

(e) 500°C
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FIGURE 3.53 Typical Oxide Edges from EN31 Experiments.

(a) PIN, 29.2N, ROOM TEMPERATURE
(b) PIN, 19.6N, 40o°c
(¢) PIN, 19.6N, 400°C



(a)

(b)

(e)
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Load(N) Oxide Film Thickness (um)
Pin (E) Disc (£)
9.8 1s1 {0.6) -
19.6 1.8 (1.0) 3.0..13.0)
24.5 13510 5) -
29.4 300 {10 -
34.3 2.5 #0.7) -
39.2 3.0 (0.9) 3.8 1{0.5)
58.9 8.2 {0.5) 2.9 (0.9)
78.5 2.9 (0.8) 2.8 (0.9)
98.1 1.8 {0.5) -
(a)
Load(N) Oxide Film Thickness (um)
Pin (&) Disc (E*)
6.9 1.4 {0.5) -
14.7 2.4 (0.7) 3.8 (0.8)
34.3 2.9 (0.7) 1.5 (0.4)
49.1 3.1 (0.4) -
88.3 1.4 (1.0) 3.5 (0.7)
(b)
Table 3.19. Oxide Film Thickness for EN31 Experiments

(a) Room Temperature

(b) 100°%
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Load(N) Oxide Film Thickness (um)
) *
Pin (&) Disc (& )
24.5 2.5 {(0.5) 1.8 (0.5)
44 1 2.7 {B:9) 2:5 (0.5)
54.0 2.9 (0.8) B
63.8 2.8 (0.9) 2.8 (0.8)
83.4 2.6 (1.0) 3.2 {0.7)
103.0 2:8 o1 ) 3.8 (0.7)
(c)
Load(N) Oxide Film Thickness (um)
. *
Pin (&) Disc (&)
9.8 2.1 {0:%) -
14.7 2.8 (0.8) 2.4 (0.6)
39.2 g8 [d1:1) -
58.9 3.4 (0.6) -
68.7 3.4 (0.7) 3.0 (0.8)
2.7 3.9 (0.9) -
(d)

Table 3.19. Oxide Film Thickness for EN31 Experiments

(c) 200°C
(d) 300°%
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Load(N) Oxide Film Thickness (um)
Pin (£) Disc (&)
9.8 2.3 500.7) -
14.7 2.5 (0.8) 2.9 (0.9)
19.6 2on afi o) -
39.2 2.8 A0.7) -
58.9 3.9 (0.7) 3.8 (0.8)
|1 78.5 3.8 [1:4) -
98.1 5.3 (1.8) -
(e)
Load(N) Oxide Film Thickness (um)
Pin YE) Disc (E*)
9.8 2.2 (0.6) -
39.2 3.0 (0.8) -
49.1 3.3 (0:5) 3.8 (1.1)
78.5 3.3 (0.9) -
88.3 4.5 (1.0) 5.0 (2.0)
98.1 4.1 (1.0) -
157.0 4.7 (0.8) -
(f)

Table 3.19. Oxide Film Thickness for EN31 Experiments
(e) 400°C
(f) 500°C
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3.10.4 Examination of Wear Debris

A selection of micrographs taken of wear debris
are given in Figure 3.54. Micrographs such as these
can provide useful information about both the shape and
size of the wear debris. In scanning electron micro-
scope non-conducting materials tend to charge up and show
up somewhat brighter. Thus, the brightly revealed debris
in these micrographs suggests that majority of wear

particles are oxides.

Results of wear debris examination from all the
experiments selected for analysis showed that the debris
consists of flake-like fragments varying from approxima-
tely 10um to 200um in size. The much smaller debris
seen in the micrographs covering these fragments was
probably formed due to crushing of larger wear flakes.
The dimensions of these wear fragments corresponds
reasonably well to the damaged regions found on the
specimen surfaces shown for example in Figuré53.41 to
3.51.

Figure 3.55 shows a typical wear flake from
300°C EN8 experiment whose size is approximately 100um.
On closer examination, the thickness was measured to
be around 2um. The surface of this fragment is smooth
as a result of sliding contact between the rubbing
members before it became detached to form a wear
particle. In the bottom right hand corner of this
micrograph the bottom surface of another wear fragment
(the underlying oxide/metal interface) is clearly visible.
As a result of separation from the wearing surface, the
bottom surface of the wear fragment is rather rough and
covered with small oxide particles.

One important conclusion emerging from this work
was the thickness of wear fragments was found to lie
within the range of oxide film thickness measured on



I()O/UPA

(b) EN31, 14.7N, 100°C

FIGURE 3.54 Scanning Electron Mircographs of Wear Debris.

j

aO/uM

FIGURE 3.55 Scanning Micrograph of Wear Flake (EN8, 49.7N, 300°¢C).
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worn specimens, that is, between 1 to 5um. This
suggests, and agrees with the original assumption
proposed by Quinn (44), that the oxide layer formed
during wearing process fractures at a critical thick-

ness to produce a wear particle.

21058 Subsurface Observations

The microstructure was investigated by scanning
electron microscopy of taper sections through worn pins.
Micrographs shown in Figure 3.56(a) and (b) were taken
of 9.8N and 39.2N pins from EN31 room temperature exper-
iments respectively. The dark unetched regions seen
in these micrographs are thought to be oxide films
formed during wear. Microhardness measurement carried
out on this region gave hardness in the range 490-567
VPN. The oxide film thickness can be estimated from
Figures 3.56(a) and (b), and is 2.5+1.0um and 7.0+1.0um
respectively. Although these values are higher than
those given in Section 3.10.3, the general trend is
still the same, i.e.an increase in oxide thickness with
load in the range 20-80N.

A micrograph of a metallographic section
through a 34.3N load pin from EN8 room temperature
experiments is shown in Figure 3.57. Plastic flow
of the subsurface material in the rubbing direction is
clearly evident from this micrograph. Microhardness_
measurements of the subsurface showed it to be extremely
work-hardened. Values of up to 927 VPN were recorded,
the majority of the readings falling within the range
700-800 VPN. Such intense hardness is normally
produced only by quenching from the austenite range,
i.e. to give the martensite phase (38). X-ray
diffraction analysis of 39.2N load pin taken from the
same set of experiments confirmed the presence of

austenite.



(b) 39.2N

FIGURE 3.56 Scanning Electron Micrograph of Tapered Section
through Worn Pin Surface from EN31 Experiments at

Room Temperature.

FIGURE 3.57 Tapered Microsection through EN8 Room Temperature Pin (

|

—
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A typical micrograph showing the microstructure
of an EN8 pin from 400° C temperature experiments is
shown in Figure 3.58. A heavily deformed subsurface
covered with an oxide layer is clearly evident from
this micrograph. Similarly, the subsurface of an EN31
pin taken from 400° experiments is shown in Figure
3.59(a), and at higher magnification in Figure 3.59(b).
The dark unetched regions seen in these micrographs
(below the black bakelite) are thought to be surface
grooves, produced during the initial running-in wear,
covered with oxide. The separation of these grooves
compares reasonably well with the talysurf profiles
given in Section 3.6.

3.1% Auger Electron Spectroscopy (AES)

The technique of AES was employed to study concentration-
depth profiles of worn pins. Composition profiles were
obtained by sputtering with 2kV argon ions at a gas pressure
of 5 x lo‘storr. Approximate values for the relative
concentrations of the elementss were obtained by measuring the
peak to peak heights of selected Auger peaks and incorporating
the appropriate sensitivity factors (98). A typical Auger
spectrum is shown in Figure 3.60. The peaks considered in
this analysis were 503eV and 703eV from oxygen and iron
respectively. The topmost surface of worn specimens was
found to contain carbon as a result of atmospheric contamin-
ation but this was quickly removed during the ion etching
process (< 2 minutes). Figure 3.61 shows a typical
secondary electron micrograph of pin surface (39.2N load EN8
pin at 400°%) after it has undergone sputtering for some
period of time. The corresponding oxygen map of this area
(obtained by using the AES in its scanning mode and detecting
the 503eV Auger electrons from oxygen) is given in Figure
3.-02. It is clear from these two micrographs that the

raised regions seen in Figure 3.61 are in fact oxide plateaux.



FIGURE 3.58 Tapered Microsection through Pin from EN8 Experiment
at 400 C (54.0N).

(b)

FIGURE 3.59 Tapered Microsection through Pin from EN31 at 400°C (5
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FIGURE 3.61 A Typical Secondary Electron Image of a Worn Surface after
Argon Ion etching for 136 minutes (EN8, 39.2N, 400°¢, 1000X).
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It is important to note that the concentration depth profiles

were carried out on these oxide plateaux.

The results obtained from various worn pins using this
technique are given in graphical form in Figures 3.63 and 3.64.
These figures show the concentration of oxygen as a function
of sputtering time (measured here in pAmin). The total
sputtering time required to remove the oxide film present on
a pin surface can be readily estimated from these figures.
For example, from Figure 3.64, the total sputtering time for
24 5N and 58.9Naload EN31 pins frog room temperature experi-
ments is 4 x 10 pAmin and 1.6 x 10 pAmin respectively. This
suggests that for 58.9N pin a thicker oxide film is present
on the pin surface. Confirmation of this can be found in
Section 3.10.3. The SEM results given in this section showed
that the oxide film thickness on 58.9N load pin, when compared
with 24.5N, was three times as large. On the other hand,
x-ray diffraction analysis of wear debris produced from the
58.9N load experiment (Section 3.7.2) showed that oxide had
changed predominantly into Fe3Q, . The oxide detected ip
24.5N load experiment was a mixture of o-Fe;03 and FezOy .
Numerous workers (61-63) have shown that Fe3zOy adheres more
strongly to the metal substrate than does «-Fe;03. This leads
us to conclude that the change in wear rate observed in EN31
room temperature and 100°C experiments (between applied loads
30-80N) was probably due to both an increase in oxide film
thickness and change in oxide composition.

Although the composition profiles in this study are
plotted against sputtering time (uyAmin), it is hoped that in
future work approximate values for the depth could be obtained
by using experimentally derived sputtering yields for o-Fe,03,
Fe;0, and FeO oxides.
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CHAPTER 4

Theoretical Considerations

4.1 INTRODUCT ION

A theoretical analysis is presented in Section 4.2,
involving equations for the contact temperature and the divi-
sion of heat at the sliding interface, to deduce the contact
radius a, the number N of contacting asperities, the critical
oxide film thickness ¢ and the contact temperature Tc. The
results from this analysis are presented in Section 4.4 in
terms of the variation of these parameters with applied load.
In Section 4.6 a modification to the oxidational wear theory
(discussed in Section 4.5) is proposed to take into account
the out-of-contact oxidation.

4.2 Theoretical Determination of Surface Parameters

The temperature at the real areas of contact between
sliding interfaces is arguably the most important parameter
to be determined since it controls the type of surface compo-
sitions being formed at these interfaces, as well as the rate
at which they are being formed. In this section a method is
proposed whereby the contact temperature (TC), the number of
contacts (N), the contact radius (a) and the critical oxide
film thickness (£) can be deduced. The method involves
equating average contact temperatures of rubbing surfaces’
and searching for values of a and £ which give best comparison

between the theoretical and experimental divisions of heat.

According to Archard (82) the theoretical division of

heat along the pin is given by
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where qn is the "fictitious" flash temperature obtained
assuming all the heat flow rate HT (evolved at the sliding
interface) is supplied to the disc only and Tp is a similar
temperature deduced on the assumption that the heat is
supplied at that rate to the pin only.

Quinn (88), following an approach very similar to that
proposed by Grosberg and Mglgaard (87), has modified flash
temperature equations developed by Archard (82) to take into
account N circular areas of contact (of radius a) each with
an oxide film thickness ¢. For the model suggested by Quinn,
N is related to the contact radius through the relation:-

N = 2w 4.2
Ta Pm

where W is the applied load and Pm is the hardness of
substrate metal. According to Quinn, one of these '"fictitious"
temperatures Tp,can be expressed as
H Hn&
T + T 4.3

T =
P 4a.KSN N,‘Ta‘zK

o

where KS and K0 are the thermal conductivities of the
substrate metal and oxide respectively. From the definition
of flash temperature an expression can be obtained for the

average contact temperature of the pin, namely

T KB mtape wd Bl G Heg
4aKSN NﬂazKo

where TS is the general pin surface temperature and H;
is the heat flow rate along the pin at the sliding interface.
It is worth noting that the actual flash temperature of the pin
is given by equation (4.3) with H; in place of HT'
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To deduce Tm, three equations could be relevant according
to the speed of sliding (82). Quinn et al. (105) claim that
the expression for medium speeds is probably suitable for most

practical conditions, that is

Hy

T, ™ (0.8605'~ 0.1021 Y& y =T
2xs 4aNKS

m 4. 5a

where s is the thermal diffusitivity of the disc material
and V is the linear speed. However, in the derivation of
equation (4.5a) no oxide film was postulated for the disc
'asperities. The SEM evidence, however, given in Section
3.10.3, shows that even for the room temperature experiments
an appreciable oxide film is present on the disc wear track.
Thus, if an oxide film thickness g* is assumed for the disc

asperities, equation (4.5a) can be modified as follows

T B aHT ¥, aHTE 4 5b

4aNK NrmalK
S 0

where o is given by the expression

a = (0.8685 - 0.1021 Ya ) 4.6
2x
o
and Xy is the thermal diffusitivity of oxide. Therefore,

from the definition of flash temperature, the average contact
temperature for the disc is

*
T, (DISC) = Ty + a(Hp-H;) , o(Hp-Hp)eE Y.
- 4allK NnazK0 '

Equating the average contact temperatures given by
equations (4.4) and (4.7), and eliminating N by using equation
(4.2), an expression can be obtained for the contact radius,

namely
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(B=G) % ((B=G)2 — 4EJ)?

a:
s 4.8a
where
G = 0.8605P (Hp-Hy) _ 0.1021P V(Hp-H1)E , g
WK 2x K W
s o o
P -w D101 V(E ~H)) 4.8
2y K W S
08
*
g = 0.8605P & (Hp-H;) 4.8d
KW
J=T+C-—TD-F 4.8e
R v L 4.8%
KW
and e "Rt 4.9g
KW

From equation (4.8a) two numerical values of the contact
radius a are possible, However, simple calculations show
that only the positive root of equation (4.8a) needs to be
considered because the term (B-G) is always positive and the
term J is always negative.

With the knowledge of critical oxide film thicknesses
(¢ and g*) and the physical properties, equation (4.8a) can
be solved for the contact radius (a) using the heat flow data
given in Tables 3.1 to 3.12. (This in turn can be substituted
in equations 4.2 and 4.4 to give values of N and TC respectively.)
However, before such calculations can be carried out, the
important question to ask is at what temperature should the
temperature dependent physical properties Pm’ Ks, KO and %o
be chosen. It was decided that the physical properties of the

metal, KS and Pm’ should be chosen eorresponding to the general
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surface temperature. The variation of Pm (for both EN8 and
EN31 materials) and Ks (for EN8) with temperature are illus-
trated in Figures 2.5 and 2.4 respectively. Without intro-
ducing a significant error in the calculations, the thermal
conductivities of EN8 and EN31 can be considered to be the
same. The temperature at which the physical properties of
oxide (Ko and xo) should be taken is open to conjecture.
However, it was thought that it would be more appropriate to
take those corresponding at or near to the contact temperature.
The effect of evaluating the physical properties at any other
temperature between TS and TC has been investigated and will
‘"be discussed later.

Published work on thermal conductivity of iron oxides is
limited mainly to a few determinations close to room temper-
ature. Of the three possible oxides, no value is available
for FeO, values for Fe;0, between 0.0168 and 0.714 Wem!°? (106)
have been reported, while for the oxide a-Fe,0; values between
0.0252 and 0.147 Wenl®? (106) have been given. Mglgaard
and Sweltzer (106) have shown that the thermal conductivity
of a-Fe,03 and Fe;04 varies with temperature according to the
relationship given by the following equations:-

e
0.0839 - 6.63 x 10 T 4.9a

I

KO(G-FEZOg)

=8
0.0423 - 1.37 x 10 T 4.9b

I

and K (Fe30y)
- .1 y
where Ko is Wdeg cm and T is the absolute temperature in
elvins. Unless otherwise stated the average of equations
@.9a) and (4.9b) was considered throughout this work, even

when the oxide analysed was predominantly FeO.

The thermal diffusivity X of the oxide is given by the

expression
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where
K0 = thermal conductivity of oxide
by = density of the oxide
& = specific heat capacity of the oxide

Since no relevant data relating to the variation of CO
(and XO).Fi}h temperature was found in the literature, a value
of 756JK K (107) for the specific heat capacity was used
throughout. It was also assumed that for any given oxide of

iron, Po is independent of temperature.

To assume that the physical properties of the oxide should
be taken at the contact temperature necessitates the intro-
duction of an iteration process in the calculations. The

following iteration procedure was adopted in this work.

Due to the differences in the thermal and mechanical
stresses experienced by the oxide film on the pin and disc
asperities, the critical oxide thicknesses £ and g* will be
different. However, for simplicity, and to make calculations
manageable it was assumed that £ is equal to g*. Referring to
the measured values of the oxide film thicknesses given in
Tables 3.18 and 3.19 it becomes apparent that, within the
error of the measurement, the values for £ and E* are approx-

imately equal.

A value is assumed for the oxide film thickness £(=£*).
In the first step of iteration the physical properties of
oxide Ko and Xy are calculated from equations (4.9) and (4.10)
respectively at the general surface temperature Ts' On
substituting these calculated values for X and Ko’ together
with other relevant data, a value for contact radius is
calculated from equation (4.8a). This value for contact
radius is then consequently inserted into equations (4.2)
and (4.4) to calculated the number of contacts N and the
contact temperature Tc respectively. In the second step of

iteration, new values for Ko and Xy are recalculated at this



- 169 -

contact temperature and the above procedure repeated to
generate new values for N and Tc, and so on. The iteration
process is terminated when two subsequent contact temperatures
are with 0.1% of each other. Then 5expt (equation (3.1)) is
th (equation (4.1)) before the whole iteration

procedure is repeated for a different value of ¢. The value

compared with §

of £ for which best comparison is obtained between aexpt and

éth is taken, together with the corresponding values for Tc’

a, and N.

The computer program used to perform the iteration is
'given in Appendix 2. In this program the oxide thickness is
varied from 0.5uym to 15ym in steps of 0.5um.

*

The fact that the assumption that £ is equal to £ does
not introduce any significant error in the calculations is
shown in Tab;g Byl This table shows that for a given value
of E. Gth o o -
for this is that as & changes the product af in equation

*
is fairly insensitive to changes in ¢ _. The reason
(4.5b) remains approximately constant. The corresponding
values for Tc and a are given in Tables 4.2 and 4.3 respecti-

vely.

4.3 Heat Transfer Across an Air Gap

Since the theoretical analysis given in Section 4.2 is
based upon the division of frictional heat between the
sliding members, consideration of heat flow along the pin other
than from frictional heating of contact areas is importanf.
Therefore, in elevated temperature experiments where TD is
greater than TS (as a result of temperature drop across the
oxide) substantial amounts of heat flow will occur through
the air gap between the specimens (away from the contact areas)
Hence, the experimentally measured heat flow rate H, entering
the pin will consist of both a frictional heat component plus
a heat transfer component from the externally heated disc.
Consequently the theoretically predicted values of £ will be
very much lower than the actual values measured by SEM.
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%S?D THEORETICAL DIVISION OF HEAT,ﬁth[%)

(" =2um) (€ = &u)  (E" = 8ym)
9.8 8.9 8.9 8.9
19.6 i S 13.7 13.6
24.5 1.8 ) Fol
2924 16,7 k6 =6 16.6
9.2 8.3 8:3 8.3
589 T ad 7.4 7.4
78.5 7.0 iy T
98.1 8.3 8.3 8.3
1X7 7 F S0 14.9 i A

TN,
TABLE 4.1 Influence of £ on Theoretical Division

of Heat.
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LOAD CONTACT TEMPERATURE, T (°c)
(N) - » .
(£ = 2um) (& = 4um) (& = 8um)
9.8 473 484 490
19.6 437 447 453
24.5 487 496 502
29.4 509 525 534
39.2 568 575 579
58.9 626 634 638
78.5 742 618 622
98.1 709 722 730
117.7 769 794 818

*
TABLE 4.2 Influence of £ on Contact Temperature



= 47D &

LOAD CONTACT RADIUS, a (um)
(N)
(%= 2ym)  (£"= aum) (€= 8um)
9.8 f.2 6.6 6.9

19.6 6.4 A & 743
24.5 5.8 6.3 6.6
29.4 Dk 5.8 6.1
39.2 4.9 5.6 5.9
58.9 4.3 4.9 5.3
18.5 3o Dad 5.9
98.1 3.3 4.1 4.5

i . 3.0 3.6 3.8

TABLE Influence of E* on Contact Radius
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To determine the contribution of heat transfer component
to Hy requires calculations of heat transfer across the air
gap by radiation, convection and conduction. Thomas and
Probert (108) have given a condensed theoretical description
of heat transfer across interfaces and a review of experi-
mental results for some of the most often used engineering
materials.

Heat transfer by radiation Qr across an air gap can be
readily determined by using the following modification of
the Stefan-Boltzman equation (109)

5.673 x 10°4, (T, - T*)
Qe l/e; + 1/ep=-1 4.12

where e;, e, emissitives of the two surfaces
T,, T, = absolute temperatures in kKelvins
'Aa = apparent pin area (3.17 X 155m2)

Considering only the experiments in which TD was greater

I

than Ts and taking e; e, = 0.7 (109) it was possible to
show, using equation (4.12), that heat transfer by radiation
can be neglected. For example, considering the 9.8N load
EN8 experiment conducted at 500°C we have T; = 773K and T, =

687K. Hence from equation (4.12) Qi = 0.13W. (cf. H; = 11.3W)

Since the air gap between the two surfaces will only be
of the order of few microns, it is reasonable to assume that
the main source of heat transfer will be conduction and not
convection because the movement of the air within the gap
will be restricted. Lang (110) has suggested that convection
heat transfer is usually negligible for gap widths up to
6.35mm .

Heat transfer by conduction Qcon was determined using

equation (4.13)
Q X KaAa (TD—TS)
con X 4,13
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where Ka is the thermal conductivity of air, X is the
width of air gap, and all the other terms have already been
defined. To calculate Qcon the width of the air gap is
required. In reference to talysurf profiles from 400°C and
500°C elevated temperature experiments (many of which gave
TD> Ts)’ it was possible to conclude that a typical value
for the width of the air gap is likely to be within the 10-+20um
range. A small selection of talysurf profiles are given in
Section 3.6. Therefore, taking the thermal conductivity of
air at Ts’ Qcon was calculated for different widths of air
gap for each experiment in which TD was greater than Ts' The

calculations showed that the contribution of Q to H; was

significant, especially more so in the low loagogxperiments
where frictional heat evolved at the sliding interface was
considerably less. For these experiments the experimental
division of frictional heat Gexpt is given by equation (3.1)
with (H, - Qcon) in place of H,. Fortuitously it was found
that Qcon values obtained for a 15uym air gap, when used in
the theoretical analysis, gave consistently good agreement
between the measured and theoretically predicted values of £.
Therefore it was decided to use an air gap of 15um throughout.
Q values calculated for EN8 and EN31 500°C experiments are

con
given in Tables 4.4 and 4.5 respectively.

4.4 Determined Values of Te, a, N and ¢

This section gives the results of the theoretical
analysis described in the previous sections. For the sake
of comparison with the wear curves given in Figures 3.1 and
3.2, the results from this analysis are presented in terms of
the variation with applied load of the contact temperature
(TG), the contact radius (a), the number of contacts (N) and
the critical oxide film thickness (£). Although the theor-
etical analysis was performed on all the experiments that
were carried out, results from only a selection of these

experiments are given in this study.
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bR Hy con H1Qcon

(N) (W) (W) (W)
9.8 11,3 9.3 2.0
14.7 11.4 9.1 3.3
19.6 12.6 6.9 5.7
39.2 8 s 6.7 4.8
58.9 12,9 4.9 8.0
TBwD 13.5 4.3 9.2
98.1 i35 S 9.6

i) Ly 13.0 Lyt g8

TABLE 4.4 Heat Transfer Across an Air Gap by

Conduction (Q ) for EN8 at 500°C

CON
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JAB0 Hy Qcon H1 Qcon
(N) (W) (W) (W)
9.8 10, 7 8.7 4 €
19.6 12.7 5.0 e
3.2 13.4 St Wil
49.1 13¢5 AN 10,3
58,9 14.5 % 11.2
18,5 138:9 4.8 9.1
98, . 14.9 £.6 I 7 e
21757 14.6 (8 JsiE 13.9
TABLE 4.5 Heat Transfer Across an Air Gap by

Conduction (QCON

) for EN 3

at 500°c.
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The computer predicted values of N, a, Tc’ £ and éth for

EN31 room temperature experiments are given in Table 4.6 and

in Figure 4.1, Table 4.6 shows that the agreement between
6th and aexpt is good. Shown in Figure 4.1(a) are curves of
Tc and TS plotted against applied load. It must be noted

that in the calculation of Tc for loads up to 30N, the value
used for the thermal conductivity Ko was that given by equa-
tion (4.9(a)). This was because the main constituent in the
wear debris was o-Fe;03. Figure 4.1(b) is a graph of the
computed values of oxide film thickness ¢ plotted against load.
For the sake of comparison, the SEM measured values (from
Section 3.10.3) are also plotted on the same graph. Although
the computed values are slightly higher, both curves show a
similar variation with load. The measured E values is around
1.4+ 0.5um for loads less than 30N, 2.9+0.8um for loads in the
range 30-80N and 1.3:0.5um for loads greater than 8O0N. The
corresponding values of £ predicted by the computer are
3.2+1.0um, 5.3+0.9um and 4.0+0.5um respectively. X-ray
diffraction analysis of the wear debris showed that a-Fe;0;
was the main constituent for loads less than 30N, Fe3;0, for
loads in the range 30-80N, and FeO for loads greater than 80N.
Figure 4.1(c) is a graph of the number of contacts N which
have emerged from the theoretical analysis. This graph

shows that the increase in N is almost linear for loads up to
about 100N. The deviation from linearity at 117.72N load

can be best understood if we consider the values obtained for
the contact radius shown in Figure 4.1(d). This figure

shows that the contact radius decreases slightly with load for
loads up to about 100N, that is, from a value of 6.5um at 9.8N
to 4.6um at 98.1N. However, for the 117.7N experiment the
contact radius changed abruptly to a value of 3.4um.

Computer results for EN31 experiments at 200°C are given
in Table 4.7 and Figure 4.2. Curves of Tc and TS plotted
against load are shown in Figure 4.2(a), and Figure 4.2(b)
shows that the agreement between the predicted and measured ¢

values is good, particularly more so in the 40-100N load
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roap| N |a@m | T, (°c) | £Gm) | 8., (%) |Sexpt (%)
9.8 30 6.5 481 3.0 8.8 8.5
19.6 61 6.5 438 2.0 13,9 11.4
24.5 78 6.4 498 4.5 Tt 6.8
29.4 134 5.4 506 2.0 16.6 13.9
34.3 142 5.6 564 4.0 9.4 8.5
39.2 161 5.6 576 4.5 8.2 Ts'3
58.9 281 5.2 637 6.0 7.3 6.7
78.5 457 4.7 703 6.5 6.9 6.1
98.1 576 4.7 675 5.0 10.4 8.4
117.7 | 1244 3.5 791 3.5 14.8 L
TABLE 4.6 Values of N, a, Tc, £ and %ﬂn for EN31l at

Room Temperature.
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LOAD (N)| N a(um) | T (°C) | E(um) | &4(8) | sexpt ()
9.8 47 | 5.2 567 1.5 13.2 13.7
24.5 181 | 4.2 557 1,0 2303 22.3
44.2 215 hE:2 596 2.5 1.7 i3
54.0 395 | 4.2 730 3.0 11.6 10.9
58. 9 283 | 5.2 634 4.5 8.0 7.6
63.8 581 | 3.8 720 2.5 17.7 15.4
73.6 375 | 5.0 629 4.0 10.4 9.6
83.4 548 | 4.5 638 2.5 16.1 12.9
103.0 | 1046 | 3.6 766 3.0 16.2 13.4
137.3 | 1026 | 4.3 694 3.5 14.2 10.1

TABLE 4.7 Values of N, a, T & and &, for EN31 at 200°C.
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range. Graphs of the number of contacts and the contact
radius versus load are shown in Figures 4.2(c) and (d)
respectively. The contact radius versus load curve (Figure
4,2(d)) shows a small but a steady fall with increasing
load. The form of the N versus load graph (Figure 4.2(c))
is similar to that observed with the room temperature
experiments shown in Figure 4.1(c).

The computer results for EN31 experiments at 500°C are
given in Table 4.8 and Figure 4.3. The variation of Tc and
Ts with load is shown in Figure 4.3(a). This figure shows.
that Tc varied linearly with load, in the same manner as Ts'
Figure 4.3(b) shows that curves for both the measured and
predicted £ values show a very similar trend, that is &
increases with increasing load. X-ray diffraction analysis
showed that the wear debris was a mixture of o-Fe,03; and
Fe;0,, with Fe30, increasing with load. Figure 4.3(c) shows
the graph of N versus load for the EN31 experiments at 500°C.
The contact radius versus load curve for these experiments
is shown in Figure 4.3(d). Comparison of Figures 4.1(c) and
4.2(0)-with;31gure.4.30qj iﬁdicates that at any given load
the number of contacts have inéreased with temperature. For
example, for 9.8N load EN31 experiment at room temperature,
200°C and 500°C, the number of contacts was 30, 47 and 67
respectively.

Computer results for EN8 experiments at room temperature,
100°c, 200°C, 300°C, 400°C and 500°C were obtained and those
at room temperature, 200°C and 500°C are given in Tables
4.9, 4.10 aﬁd 4.11 respectively.

The variation of contact temperature (Tc) and general
surface temperature (Ts) with load for EN8 experiments at
room temperature is shown in Figure 4.4(2). This figure
shows that Tc varies linearly with load. The wear debris
identified by x-ray diffraction consisted of FeO and a-Fe.
Figure 4.4(a) shows that the 'I'c values for the room temper-
ature experiments are (with the exception of 4.9N load
experiment) in excess of 570°C, i.e. the formation temper-
ature of FeO.
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LOAD (N)| N am) | T_(°) £(um) S¢p (8) | Sexpt (3)
9.8 67 4.7 722 3.0 5.4 o
19.6 708 2ie 2 672 05 34.1 39.4
39.2 632 Sl 736 1.5 22.4 26.0
49.1 1116 2.8 787 L5 24.2 26.0
58.9 1083 3% 739 1S 23.6 25.16
78.5 1256 3.3 810 3.0 15.6 16.9
98.1 1492 3.5 759 2.5 /5 18.7
107.9 2735 249 770 2.0 24.3 23.4
A ) 2226 3l 818 el 16.9 2
1373 3388 3.0 821 3.0 201 1951
157.0 2915 3.4 799 3.5 16.5 15.8

TABLE 4.8 Values of N, a, Tc' £ and Qt

h

for EN31 at 500°C.
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LOAD (N) N a (um) TC{OC) € (um) § o p () 8 expt. (%)

4.9 19 6.0 548 3.5 6.4 6l
14.7 91 4.8 574 2.0 17.0 14.9
29.4 254 4.0 622 2.5 21.3 17.8
34.3 448 3.3 576 1.5 29.3 22.4
39.2 887 245 615 525 33.4 24.7
TABLE 4.9 Values of N, a, Tc' £ and le for EN8 at

Room Temperature.
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Graphs of the number of contacts and the contact radius
versus load for these experiments are shown in Figures
4.4(p) and 4.4(¢c) respectively.

The computer results for EN8 experiment at 200°C are
given in Figure 4.5. Graphs of Tc and 'I‘S versus load
are given in Figure 4.5(a). This figure shows a trans-
ition in Tc and Ts at 35N load. Examination of the wear
debris indicated that FeO was the predominant oxide in
experiments carried out at loads greater than 35N. It
is worth noting that values for Tc given in Figure 4.5(2a)
are greater than the formation temperature of FeO, even
though at loads less than 35N only a-Fe,03 and Fe30, were
detected (with the possible exception of 29.4N experiment
in which traces of FeO were found) in the wear debris.
Nevertheless, the presence of FeO at 29.4N load suggests
that Tc values of around 59%°C determined for the low load
experiments (<25N) are of the correct magnitude. Figure
4,.5(b) shows the variation of measured and computed oxide
film thickness with load. Graphs of the number of
contacts and the contact radius versus load for EN8 exper-
iments at 200°C are shown in Figures 4.5(c) and 4.5(d)
respectively.

Figure 4.6 gives the computer results for EN8 exper-
iments at 500°C. The variation of Tc and TS with load is
shown in Figure 4.6(a). It is obvious from this figure
that TC increases linearly with load in the same manner as
TS. The correlation between the measured and computed
oxide film thickness for these experiments, as shown in
Figure 4.6(b), is very good. This figure shows that the
oxide film increases steadily with increasing load, that
is, from 1.5uym at 9.8N to 4.5um at 117.7N. X-ray diffra-
ction analysis showed that the wear debris was a mixture
of o-Fe,03 and Fe30,, with Fe3;0, increasing with load.
Graphs of the number of contacts versus load is shown in
Figure 4.6(c). Comparison of this figure with Figures
4.4(c) and 4.5(c) indicates that the number of contacts
have increased with temperature, particularly more so at
the higher loads. Figure 4.6(d) gives the contact radius
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LOAD (N) No| am [ T(°) | E(um) | 6, (%) |Sexpt (8)
6.9 o 599 3.5 L 13
538 46 | 5.5 592 5.0 5.8 6.9
19.6 95 5.4 592 6.0 5.8 6.7
S 172 | 4.9 652 5.0 Jed 7.9
S0k 240 | 4.8 660 2.5 13.9 13.0°

et 270 | 5.0 620 2.0 172 15.5
o 485 | 4.1 702 3.0 17.0 15.9
687 505 | 4.3 678 5.0 10.6 9.7
s 495 | 4.7 642 5.5 9.1 8.5
83k 631 | 4.3 672 3.5 15.3 13.6
a2 631 | 4.4 657 4.0 13.5 12.1
8 T 1027 | 3.6 761 | 4.0 14.2 11.9

e Bl R 739 3.0 18.7 14.7

157 1538 | 3.7 729 3.5 18.1 12.2

TABLE 4.10 Values 200°c.

o N, &y Tc’ £ and (Sth for EN8 at
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versus load curve for the EN8 experiments at 500°C. As
found with the EN31 experiments, the contact radius for
the EN8 experiments (Figures 4.4(d), 4.5(d) and 4.6(d))
showed a small but steady decrease with load.
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LOAD(N) | N a(um) | T_(°C) £ (um) 8. (%) |Sexpt (2)
9.8 91 4.3 711 1.5 122 16.3
14.7 123 4.5 702 2.0 10.0 13.6
19.6 276 3.6 726 1.0 19.4 23.5
39.2 456 4.0 771 3.0 10.7 £2:79
58.9 698 4.0 745 2.5 12.9 14.8
78.5 1143 3.5 822 3.0 12.5 13.8
98.1 1375 3.5 806 3.5 13.3 14.5
1171 1534 3.9 774 4.5 10.8 130

TABLE 4.11 Values of N, a, T

and ath for EN8 at

500°C.
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4,5 An Oxidational Wear Theory

Implicit implication of the oxidational wear theory
originally proposed by Quinn (44) is that rate of oxide growth
is equal to the rate of removal. This theory is based on
the Archard Wear Equation (111).

w = KA 4.14

where w is the wear rate (measured in terms of volume
removed per unit sliding distance), A is the real area of
contact between the sliding surfaces, and K is the probability
factor. Quinn assumed that, on the average, 1/K asperity
encounters are necessary (at a given asperity contact) for a
critical oxide film thickness £ to build up before it becomes
detached to form a wear particle. It was further assumed that
each encounter adds to oxide thickness at a given asperity.
If t is the duration of a single wearing contact, then the
total time (tc) to produce a wear particle of thickness ¢ is
given by

4.15

(@]
-

but 1 = d/V, where d is the distance along which a
wearing contact is made (assumed to be twice the contact

radius, i.e. 2a) and V is the speed of sliding.

Hence

£ = .g-

- Tk 4.16

Quinn (44) further assumed that oxidation proceeds at the
contact at a rate which is parabolically dependent upon the

total time of contact (tc). This assumption is true for thick
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films with diffusion mechanism responsible for oxidation.
Thus, the mass per unit area of oxide growth Am can be expressed
through the parabolic relation (67) as

where kp is the parabolic rate constant. To a good
approximation, it can be assumed that

Am = Efp 4,18 -

where p is the density of the oxide and f is the mass
fraction of the oxide which is oxygen.

Eliminating tC from equations (4.16) and (4.17), and
using the above described value for Am, one obtains

dk
K 7 4.19

Vp2£2¢2
It is generally accepted (67) that the parabolic
oxidation rate constant is exponently dependent on the temper-
ture of oxidation (To)’ namely

k = A E BT 4.20
- peXP(-Qp,/ (R, T))

where Ap is the Arrhenius constant for parabolic oxidation,‘
Q_ is the activation energy for parabolic oxidation and R_ is

p g
the gas constant.

The oxidational wear theory assumes (9) that the temper-
ature (To) at which the real areas of contact oxidise is equal
to, or not significantly different from, the contact temper-
ature Tc' Thus, combining equations (4.19) and (4.20) and
writing Tc for To’ we get

Al dA exp(-Q,/ (R,T )

4.21

Vp2£2¢2



Substituting the above expression for K into equation
(4.14) and assuming real area of contact is approximately given
by W/Pm in accordance with the plastic deformation hypothesis
of Bowden and Tabor (6), one obtains

dWApexp(—Qp/(RETC))

24252
PmVo £ef

() =

Recent work by Sullivan et alia (112) has shown that
discrepancies observed in previous applications of equation
(4.22) to the mild wear of low-alloy steels (44,46,88) were
-due to the incorrect assumption that oxidational constants
measured under static conditions could be applied without
change to tribological conditions. They showed that although
the activation energies (Qp) for static and sliding conditions
are likely to be the same, the accompanying Arrhenius constants
(Ap) will be different, leading to very different growth rates.

By very careful plotting of the static oxidation rates
versus the reciprocal of the absolute temperature, derived from
static oxidation studies on cold worked iron of Caplan and
Cohen (68), Sullivan et alia (112) have revealed three distinct
regions on the Arrhenius plot corresponding to three different
oxide growth regimes. The corresponding values of Ap and Qp
from these plots for different temperature regions are given in
Table 4.12. Inserting these values for Qp into the computer
search technique (88), they generated appropriate values of
the Arrhenius constant relevant for oxidation during sliding.
These ''tribo-oxidation" Ap values are also given in Table‘4.12.
It is interesting to note that these '"Arrhenius constants for
wear" are quite different from the Caplan and Cohen (68) static

oxidation values.

Recent work with low-alloy steels (105,112) has shown
that equation (4.22) can be used to predict their wear
behaviour provided appropriate Ap and Qp values given in
Table 4.12 are used according to the temperature range in

which Tc QeCurs.



Oxide c=-Fe203 F8304 FeO
Static Oxidation
A, 1, 5% 10° 3.2 % 10°% 1.1.% 16°
(kG?m 4571
Tribo-Oxidation
A Lix 1000 9.7 16" 1.5 % 30°
(KCT8 B
Activation Energy
) 208 96 210
(KJmole ™) 3
TABLE 4.12 Oxidation Constants Derived from Caplan and
Cohen (68).
Oxide w-Fe203 Fe304 FeO
Density 3 3 3
= 5240 % 16 B2l 10 Die 7 2 15
'(KGm )
f 0.3006 0.2885 02277
TABLE 4.13 Oxide Data
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Using the computed values of TC, a and £ given in
Section 4.4 for the EN31 room temperature experiments, together
with the Qp values from Table 4.12, Ap values appropriate to
tribo-oxidation were calculated from equation (4.22). It is
important to recall that for the EN31 experiments carried out
at room temperature the main constituent in the wear debris,
as analysed by x-ray diffraction (Section 3.7), were as
follows: -

a-Fe,03 < 30N
Fe;0, between 30-80N
FeO > 80N

The tribo-oxidation Ap values for the three iron oxides
calculated with the EN31 room temperature results are given
in Table 4.14. Also included in this table is the average
value of Ap appropriate to each oxide. An important feature
of this table' is the value of Ap for a-Fe;03 which is six
orders of magnitude less than that given by Sullivan et al.
(Table 4.12 and reference 112) but the values for Fe30, and FeO
are in reasonably good agreement with their work. Relevant
data for p and f appropriate to three oxides of iron is
tabulated in Table 4.13.

4.6 Modifications to the Oxidational Wear Theory

The Quinn's oxidational wear theory, described in
Section 4.5, is based on the assumption that negligible
oxidation occurs at those parts of the sliding interfaces not
actually in contact at any given instant. However, for the
study of wear at elevated temperatures, where temperatures
are induced externally as well as by frictional heating,then
we can no longer neglect the "out-of-contact'" oxidation.

In this section the oxidational wear theory is developed
further to take into account the contribution to oxide thick-
ness by oxidation of a given region whilst it is "out-of-

contact".
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LOAD i TRIBO-OXIDATION ARRHENTUS CONSTANT (A )
N % ka2~ g~
~Fe 0, Fe,0, FeO
9.8 481 6.2x10 10 9.8x10°
19.6 428 1.9x1011 1.0::103
2b.5 498 5.8x10 © 1.4x10°
29.L 506 9.8x10° 2.8x10°
34,3 56k 3.1%10° 3. 2%10°
29.2 576 3.2x10°
58.9 637 2.1x10°
74.5 703 0.7x10°
98.1 675 1.5%10° 2.2x10°
117.7 291 1.0x107
10 2 8
AVERAGE VALUE (Ap) 6.4x10 5.2%10 1.2%10
10 2 2
STANDARD DEVIATION 6.7x10 4.7%10 1.0x10
TABLE L4.14 Values of Tribo-Oxidation Arrhenius Constant

for EN31 Room Temperature Results.
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Consider a pin-on-disc geometry, and assume that under
a given normal load W there are N asperities in contact at
any instant of equal heights and of equal circular area (ra?),
where a is the radius of contact. If we further assume a
uniform distribution of these contacts, then ‘the number of

contacts per unit area is given by

_ 4N
4] . 1192 423
where D is the cdiameter of the pin. During the wearing

_process, a given asperity (diameter d) on the pin will generate
an annulus of width d on the disc wear track. Hence, it
follows from equation (4.23) that the number of contacts within
this annulus is

8dRmN
g = o 4.24
where Rm is the mean radius of the wear track. See
Figure 4.7. Therefore, on average, each asperity on the pin

will make N4 encounters per revolution.

Let us define a factor K*, analagous to Archard's K
factor (1), as the probability of producing a wear particle per
revolution. Thus, we can interpret 1/K* as the number of
revolutions required to produce a critical oxide film thick-
ness £ on any given asperity before it becomes detached to
form a wear particle. Therefore, it follows from equation
(4.24) that the number of encounters required to produce a

wear particle is

1 1 8dRmN ek
PN e -

Hence the probability of producing a wear particle per

single encounter is given by
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PIN (N contacts)

FIGURE 4.7 Pin-on-Disc Wear Geometry
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It is now possible to deduce expressions for the times
tc and ts for which the wearing asperity is -at the contact
temperature Tc and at the general surface temperature TS
respectively. Consider a single asperity on the pin surface.
The time of oxidation at this asperity for one revolution is
given by

27R
m

tr = trc + trs = v 4,27

where trc is the time at which the asperity is in contact,
-trs is the time whilst it is '"out-of-contact'" per revolution,
and V is the linear sliding speed. Using equations (4.24)
and (4.15), the contact time per revolution can be expressed
as
T i
s 5 \'% D X
Hence, fram equations (4.25) and (4.28), the total contact
time tc is

t d

S i
t = B re = VK 4,29

It is interesting to note that this expression is the
same as equation (4.16) and shows that the total time at contact
temperature Tc is the sum of all the 1/K individual encounters

each of duration d/V.

We c¢an now obtain an expression for the time the aspgrity
is "out-of-contact" in one revolution from equations (4.27)
and (4.28), that is

27R S8R N
1 m m d)* .
t - _ (5) 4.30

Hence, from equations (4.25) and (4.30), the time of

oxidation at temperature TS is given by

e % d\ 2
t, = 2,0rs = 2y (-aN(§) ) 4.31a
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To a good approximation it can be shown that

D2

ts = 4arnv 4.31b

Let us assume that the critical oxide thickness £ which

builds up upon the asperity after 1/K* revolutions is given by
LU . A g 4,32

where £ and ¢ are the oxide film thickness produced at

temperatures Tc and TS respectively.

For relatively thick oxide films (>0.5um) it is reason-
able to assume a parabolic rate of oxide growth at both
temperatures TC and TS. Hence from equation (4.17) the mass
uptake of oxygen per unit area at the contact temperature
(amc) is

2 =
Am kp(TC)tc 4.33

where kp(TC) is the parabolic rate constant of oxidation
at temperature TC. Similarly, we can write an expression
for the mass uptake of oxygen per unit area whilst the asperity
is "out-of-contact" at the general surface temperature (Ams),
namely

2 =
Am kp(TS)ts 4,34

where kp(TS) is the parabolic rate constant at the
temperature TS. Since both the Arrhenius constant (Ap) and
activation energy (Qp) will have different values according
to the temperature range (112), then the parabolic rate
constants kp(TC) and kp(Ts) can be expressed as

k (T,) A(T.) exp (-Q (T, )/R,T.) 4.35

It

kp(TS) Ap(TS) exp (-Qp(TS)/RgTS) 4,36
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From equation (4.18), the mass uptake of oxygen at Tc

and Ts is
amc o ey E 4 .37
Am = f o0 & 4,38

s S §°S

Combining equations (4.32), (4.37) and (4.38) we get

Using equations (4.33) and (4.34), the above expression

can be written as

3 3
ST ) (k (Tt )
cPe sPs

By substituting for 1:C and tS from equations (4.29) and
(4.31b) respectively, equation (4.40) becomes

3 5 %

k(T )d 7k_(T_)D
g = (Bt .2 g 4.41
cfe 4dKNV sPs

Squaring this equation and rearranging to obtain an expression
for K, namely

3
k(T )d 7k _(T_)D? D wk (T Yk [(T._)
ot A < A TS, | - - S * (eGP L v 4 42
Do Lk 2, 22 2
Vfc Pe E 4dNVfS P E Vfcpcfspsg N
Substituting this expression for K into equation (4.14) and
assuming A = W/Pm, the theoretical wear rate is given by
Gxh g
Wdk_ (T WD2k_(T WD B v W Bl
e p(Te) MDA, (T) e (T (T
D 22 ol I 2
P VE “pe 8 4P,ANVE "p “k VP TePelsPst
(4.43)

It is interesting to note that if we assume negligible
"out-of-contact'" oxidation, then equation (4.43) reduces to
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Quinn's original expression for the wear rate given by equation
(4,.22). In a simplified form, equation (4.43) can be written
as

wg, = . +tw +wY 4 .44

where Wy Wg and wY relate to the first, second and third

terms of equation (4.43) respectively.

4.7 Contribution from the "Out-of-Contact'" Oxidation

In this section the contribution to the theoretical wear
rate w, from the "out-of-contact" oxidation (mBandwY) is
examined.

Let us consider the EN8 experiments conducted at 200°C.
From the evidence of x-ray diffraction analysis given in
Section 3.7, it is possible to list the oxides produced during
the "out-of-contact'" oxidation it the general surface temper-
ature ’I‘S and at the contact temperature Tc as follows:-

"In-contact" Fe30,<40N; FeO >40N

"Out-of-contact"  a-Fe,03<85N; Fe;0,>85N

Using the values of Ap and Qp appropriate to the oxides prod-
uced during the contact and out-of-contact periods from

Table 4.14, together with the computed values of TC, E, &

and N from Section 4.3, the terms Wy W and W were calculated
for all the 200°C EN8 experiments conducted. These are given
together with experimental values of wear rate wexpt in Table
4.15. Clearly, it is evident from this table that at general

surface temperatures around 300°C both w, and W, terms are

comparable with 0, indicating the importince of "out-of-contact"
oxidation at these temperatures. Relevant data relating to
fc,pc, fs’ and P (where the subscripts ¢ and s relate to the
type of oxide produced at TC and 'I‘S respectively) is given in

Table 4.13.
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On considering the 400°C and 500°C experiments (assuming
that FeO and Fej 0, oxides are produced at TC and Ts respectively),
the wear rate predicted by equation (4.43) was always approx-
imately 3-4 orders of magnitude higher than the experimental

wear rate w For example, using the 58.9N load results

expt’
from 500°C EN8 experiment, the values calculated for W, w
and o were 2.3 x 1011, 4.0 x 10 and 1.9 x 1070 m3p!

respectively. The experimentally measured wear rate for this

load was 6.0 x 108 m3m?,

8

In experiments where the major influence upon wear is
from the "out-of-contact'" oxidation, the important question
to ask is whether most of the oxide grows at Ts‘ To answer
this question let us consider the results from 58.9N load
EN8 experiment at 500°C for the following discussion.

From equations (4.33) and (4.37) the oxide thickness after

a single encounter at temperature Tc is given by

1 i -
£ = 2 (T )<} 4,45
& fcpc pac
where 1 = a/v. Substituting for kp(Tc) from equation
(4.35), we get
£ = A {A_(T )exp(-Q (T, )/R T )dit 4.46
c fcpc Pt proeii g ey 3

For the 58.9N load EN8 experiment at 500°C, TC = 1018K,

T, = 730K and d = 8um (i.e. T = 4 % 10%s8ec.). Assuming
that the oxide produced during the contact period is FeO and
using the appropriate tribo—oxidation Ap values given in

Table 4.14, the oxide thickness after a single encounter is
¢, (single encounter) = 6.9 x 10%m

Similarly, the oxide thickness (on the pinat tempera-
ture TS) produced during one revolution of the disc is given
by



e

£ L= 1 {AP(TS)exp(-Qp(Ts)/RgTs)tr}i

where tr is the time for one revolution and is equal to
0.157 seconds. Hence, assuming the "out-of-contact" oxide

to be Fe30,, the oxide thickness after one revolution is

Ba (one revolution) = 2.2 x 10°m

The number of encounters each asperity makes per revol-
ution can be calculated from equation (4.24) and is about
55 for the experiment being considered in our discussion.
Hence, the oxide thickness produced at ’I‘c after 55 encounters

(or one revolution) is
£, (one revolution) = 5.0 x 107m

Therefore we can conclude that in one revolution the
contribution of % to the critical oxide film thickness £ is
approximately four times greater than that from gc.

Clearly, this discussion has shown that most of the
oxidation will occur during the '"out-of-contact" period, i.e.
the oxide film on a given asperity will reach a critical
thickness after undersoing only a few encounters. Hence the
oxide film produced under these conditions will have a lower
degree of surface disruption (i.e. lower dislocation density and
vacancy diffusivity) than that produced on a wearing surface
where "out-of-contact' oxidation is negligible. Therefore
under these conditions it would be more appropriate to use
an Arrhenius constant which is similar to that derived

from statically grown oxide films.

Using the statically derived Ap values appropriate to
the oxide produced during the contact and '"out-of-contact"
periods (i.e. FeO and Fe;0, respectively) from Table 4.14,

together with the computed values of Tc, £, a.and N from
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Section 4.3, the terms W Vg and mY were calculated for

both EN8 and EN31 experiments conducted at 500°C. The
results are given together with experimental values of

wear rate w in Tables 4.16 and 4.17 for EN8 and EN31

expt
respectively.
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CHAPTER 5

DISCUSSION

gt Introduction

The wear of EN8 and EN31l steels is discussed in
Section 5.2 with reference to scanning electron microscopy,
x-ray diffraction and heat flow results reported in Chapter
%

In Section 5.3, the friction results are explained in
terms of the adhesion theory.

Hardness and subsurface observations are discussed in
Section 5.4 in relation to work-hardening and phase trans-
formation of the subsurface layers.

Discussion of surface parameters in relation to wear
and previous investigations is given in Section 5.5. In
addition, the effect of taking the physical properties of the
oxide at any other temperature between Ts and Tc in the
theoretical analysis is considered.

The relative importance of static and tribo-oxidation
Arrhenius constants for oxidation in wear at different
ambient temperatures is discussed in Section 5.6.

Finally, Section 5.7 brings together all the points from
the early sections in an attempt to form an hypothesis on
the mechanisms of the mild wear of low alloy steels.
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5.2 Wear Behaviour

Under all the conditions of unlubricated sliding
investigated in this work the wear mechanism was oxidational.

Hie2 o Wear of ENS8

For the experiments carried out at room temp-
erature (without external heating) scanning electron
microscopy (Figure 3.41) showed that the pin surface was
covered with a thin oxide film ( <1.0um). X-ray data
revealed that the oxide was FeO and the presence of o-Fe
in the debris indicated that the oxide film is broken down
ocassionally giving rise to some intermetallic contact.
Since the general surface temperature for all loads was
less than 250°C, the presence of FeO in the debris and on the
surface indicated that temperatures in excess of 570°C had
been reached at the real areas of contact. The results
reported by QEnckley (93, 113) for EN8 steel sliding against
itself at 2ms without external heating are consistent with
the present work. Dunckley found no transitions in the
wear curve and the debris consisted of FeO and a-Fe.

The wear behaviour at 100°C was characterised
by two distinct wear regimes, the transition between these
two regimes occurring at a load of 10N (Figure 3.1(a)). In
the experiments carried out at loads above 10N the appearance
of worn surfaces was similar to that found in the room
temperature experiments, and the debris consisted of FeO
and a-Fe,. But at loads below 10N the worn surfaces were
heavily oxidised and x-ray diffraction analysis revealed
that both debris and surface oxides consist of an Fe30,,
a-Fe,03 mixture. Also in comparison with the room temper-
ature results the amount of a-Fe present in the debris was
considerably less. Hence for the experiments carried out
at loads below 10N the greater rate of out-of-contact
oxidation induced by external heating reduces the degree
of intermetallic contact between the surfaces.

The effect of increasing the bulk disc

temperature to 200°C was to increase the transition observed
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at 100°C to 35N (Figure 3.1(a)). Similarly, Lancaster (34)
found that a transition in the wear rate versus load curve
(i.e. mild to severe) of 60/40 brass sliding on hardened
tool steel occurs at a critical load, the magnitude of which
increases with the temperature. Lancaster suggested that
an increase in surface temperature facilitates the formation
of a protective oxide film. This work tends to support
this view. For loads less than 35N the worn surfaces

were covered with an oxide film and damage occurring at
relatively few areas (Figures 3.43(a) and 3.44(a)). The
debris was almost entirely oxidised and consisted of

a-Fe,03 and Fe304,, but traces of a-Fe were also found.
Microdensitometer measurements showed that the amount of
Fe;0, present in the debris was appreciably greater than
that present in the 100°C experiments carried out below

the transition load of 1O0N. Numerous workers (61-63)

have shown that Fe304 is associated with good surface pro-
tection and hence is more beneficial on wear reduction

than o-Fe,03.

For the 200°C experiments carried out at
loads greater than 35N the worn surfaces had only sparse
covering of oxide. The debris consisted of FeO, Fej30,,
c~-Fe,03 and a~-Fe, with FeO becoming more predominant as
the load increased and no o-Fe,0; was detected at loads
greater than 85N. Microdensitometer results showed that
compared with the 200°%C experiments carried out at loads
below 35N the amount of o-Fe present in the debris had
increased, indicating there is some intermetallic contact.
Compared with the room temperature experiments however,
the main o-Fe diffraction lines are weaker indicating that
greater proportion of the wear particles are in fact
oxides. Although frictional heating (HT) increased
steadily with load, the rate of heat flow H; along the pin
at the sliding interface increased abruptly at 35N (Table
3.3), confirming that there was some intermetallic contact.
Consequently there was a sudden increase in general surface
temperature TS of the pin at this load, as shown in Figure
< 0 A However, it must be noted that the abrupt increase
in H, at 35N may also be due to the fall in oxide thickness
at this load (Figure 4.5(b)) since this will allow more heat



s
to be conducted through the asperities of the pin.

X-ray diffraction examination of the wear
debris revealed that for the 300°C experiments carried out
at loads up to 88.3N the main constituents in the debris
were a-Fe,03 and Fe;304. At 98.1N load the wear rate
increased dramatically (Figure 3.1(a)). The debris changed
character and consisted of predominantly FeO and o~-Fe. An
SEM micrograph of the pin from this particular.load (Figure
3.46(b)) showed the surface was relatively free from an
oxide film. In contrast, SEM micrographs taken from exper-
iments carried out below the transition showed heavily oxid-
ised surfaces. Unfortunately no heat flow data was recorded
for the 98.1N experiment because both thermocouples TA and
TB (see Figure 2.3) came loose during the running-in period.
Nevertheless, the appearance of FeO on the surface and in the
debris indicates that a sudden increase in TS and H, is
expected at this load similar to that observed in the 200°C
experiment at a load of 39.2N. Furthermore, the reduction
of oxide film will result in more heat being conducted into
the pin with a consequent sudden increase in the general
surface temperature of the pin. Similar transitions in the
wear rate, Ts and H, have been reported by Quinn et al. (105,
112) in their work on the wear of low alloy steels. They
have attributed the transitional behaviour to changes in
the oxide phases formed during wear, and found that high
wear rates were associated with FeO and a-Fe;03. Hence
the transition observed in the wear rate versus load curve
for the 100°C, 200°C and 300°C experiments is attributed
to the appearance of significant amounts of FeO on the
sliding surfaces.

In the experiments conducted at disc temper-
atures of 400°C and 500°C the wear rate versus load curve
showed no transition over the load range covered by this
investigation. At 2ll loads the worn surfaces were
covered with an oxide film and the debris was entirely oxide.
X-ray diffraction analysis revealed that both debris and
surface oxides consist of an Fej;0,, a-Fe;03 mixture. Heat
flow analysis showed that at low loads the general surface
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temperature of the pin 'I‘S was lower than the disc temperature,
the latter was kept constant by external heating. This

was due to the fact that the oxide film present on the pin
surface reduces the heat flow through the contacting pin
asperities. One surprising feature of these higher temper-
ature experiments was that proportional analysis showed

that the major oxide constituent was o-Fe,03 in a region
where one would expect more Fe;O, to be present in the
mixture. Similarly, Dunckley (113) found that compared with
the low temperature experiments the debris from the exper-
iments conducted at 500°C contained a much higher proportion,
of a-Fe, 03 oxide. X-ray photoelectron spectroscopy study
of Fe30, (114) has shown that oxidation in air can occur to
a significant extent to convert this oxide to o-Fe,03;.
Therefore it may be concluded that the predominant oxide
produced at the general surface temperature is Fe;0, but
this oxide degenerates to a-Fe,03. Support for this was
found in the visual examination of the wear debris from
these experiments which showed a change in colour from

dark brown to red on cooling to room temperature. The

same arguments apply to the EN31 experiments conducted at
these temperatures. '

5.2.2 Wear of EN31

The wear behaviour at room temperature and 100°C
was characterised by three distinct wear regimes (Figure
3.2(a)), and the transitions between these regimes were
found to be associated with change in the type of oxide
formed on the surface and consequently present in the debris.
In the first wear regime, occurring at loads below 30N,
X-ray diffraction analysis showed that the predominant
oxide was o-Fe;03;. SEM analysis showed the surface
covered with oxide plateaux, smooth due to wear, standing
above relatively rough debris covered metallic areas
(Figure 3.45(a)). That the plateaux are in fact oxide
and not metal with an oxide covering is confirmed by the
results of the Auger spectroscopy. Upon increasing the
load, these oxide plateaux grow in size until in the second

wear regime, occurring between 30-80N, an almost single
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oxide layer covers the whole pin surface with very little
disruption (Figure 3.48(b)). X-ray data showed that the
debris in this region was predominantly Fe30,. Clearly the
good wear reduction properties of this oxide explains the
lower wear rates observed in the second wear regime. In
the third wear regime, occurring at loads greater than 80N,
the debris was predominantly FeO. SEM studies showed

that at these loads the surface had only a sparse covering
of oxide (Figure 3.48(c)). Hence the change in topography
suggests that FeO is probably far less adherent than either
a-Fe,03 or Fe;0,.

It is interesting to note that for the room
temperature and 100°C experiments T, varied with load
(Figure 3.12) in a similar fashion to the variation of
wear rate with load. In particular, when there was an
abrupt change in the wear rate due to a change in wear
regime, there was also an abrupt change in Ts' Clearly
this is due to the change in surface conductance (i.e. oxide
coverage) which accompanies any change in wear regime.

For example, the thicker films and better surface coverage
of the Fe;0, oxide in the second wear regime result in
less heat being conducted into the pin. Consequently
there is a sudden decrease in the bulk surface pin temper-
ature when this oxide is present.

The effect of elevating the disc temperature to
200°C produced a significant change in the wear behaviour of
EN31 (Figure 3.2(b)). Only a single transition occurred
in the wear curve at a load of little over 80ON. For loads
below the transition the constituents of the wear debris
as analysed by x-ray diffraction was a mixture of o-Fe,03,
Fe30, and o-Fe. Compared with the room temperature and 100°C
experiments carried out at loads below 80N the amount of
a-Fe,03 present in the debris had increased due to the
increased out-of-contact oxidation. It is also worth
noting that for these loads the composition of the debris
was very similar to the debris from 200°C ENS8 experiments
carried out at loads below 35N, thus indicating a similar
wear mechanism. For the 200°C experiments carried out at

loads immediately above the transition, the debris consisted
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of Feo, Fe304, o-Fey;03; and a-Fe. As the load increased

Feo became more predominant and at the higher loads o-Fe;03
was barely detectable. SEM analysis of worn surfaces from
experiments carried out at loads below the transition showed
the surface covered with an oxide film with damage occurring
only in relatively few areas. In contrast, SEM micrographs
of worn surfaces taken from experiments carried out at

loads above the transition showed the surface had only a
sparse covering of an oxide film, thus increasing the

possibility of metallic contact between the two surfaces.

In the experiments conducted at 300°C the trans-
ition occurred in the wear rate versus load curve at a
load of 135N. Unlike the lower temperature experiments
however no FeO was detected either in the debris or on the
surface at loads above the transition. That is, at all
loads both debris and surface oxides consisted of an Fe30,,
o-Fe,03; mixture (Figure 3.29). This is because the major-
ity of oxide is formed during the out-of-contact periods
at the general surface temperature. However, the magnitude
of the wear rate at loads greater than 135N (in relation to
the 200°C wear results) suggests that FeO is probably
produced in the wearing situation but due to relatively
slow cooling of the contacts this oxide degenerates to the
lower oxides. This is discussed in detail in Section 5.5.

In the experiments conducted at disc temperatures of
400°C and 500°C SEM analysis showed that worn surfaces
were covered with an oxide film (Figure 3.51), the thick-
ness of which increased from about 2uym at low loads to about
Sym at.high loads. As in the case of EN8 experiments the
general pin surface temperature at low loads is lower than
the disc temperature because of the presence of this oxide
film. X-ray diffraction analysis showed that both debris
and surface oxides consist of an Fe30,, o-Fe,03 mixture.
The absence of FeO in these experiments even though very high
temperatures are reached at the real areas of contact is
explained in Section 5.5.
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5.3 Friction

At the start of each experiment the coefficient of
friction p was comparatively large, and the wear was of the
severe metallic form, However, frictional heating (and
external heating in elevated temperature experiments) caused
rapid oxidation of the surfaces which resulted in a rapid
decrease in p and the wear rate decreased by well over
2 orders of magnitude. This running in phase was not studied
in detail.

In general, the results show that u peaked at low loads
and then tended to decrease with increasing load (Figures
3.5 &nd 3.6). A similar reduction of y with load for the
unlubricated sliding steels has been reported by many
workers (72, 93, 102). If y is taken as the ratio of
the shear strength 5¢ of the junction and the substrate
hardness Pm (equation 1.14), the temperature applicable to
sf is the contact temperature Tc whereas the general surface
temperature TS will be applicable to Pm (6). Since both 'I‘c
and TS increase in a similar manner with load, and because
both the shear strength and the hardness terms tend to vary
with temperature in the same manner (6), this indicates that
v should be insensitive to load variation. Talysurf
analysis of worn surfaces show the surfaces are generally
rougher at low loads because at higher loads the contacting
asperities become flattened under the influence of the
applied load. Hence, this suggests that the gradual
decrease in uy with load is probably due to the reduction in
the contribution of the ploughing component to the friction-
al force as the load increases. But it must be noted that
the fall in p may also be due to the greater amount of
oxidation at the real areas of contact resulting from the
increased frictional heating at higher loads (87).

For both EN8 and EN31 steels at any given load, u
decreases with increasing bulk temperature of the disc
(Figures 3.7 and 3.8). This decrease is attributed to
the formation of protective oxide films between the two
rubbing surfaces, that is, the effective shear strength of
the interface S ¢ is reduced with increasing oxide coverage

as the temperature increases.
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It is interesting to note that unlike the wear
results no transitions were found in the corresponding
friction results. This indicates that although friction
is a surface effect it does not vary much from one oxide

to another.

5.4 Hardness and Subsurface Observations

Metallographic examination of pin surface revealed
that an oxide layer existed between the bakelite and the
bulk material (Figure 3.56). Microhardrness measurement
indicated that the hardness of this layer (480 - 567 VPN)
is the same as that measured on the oxidised region of the
pin surface. The thickness of this layer (as calculated
from the angle of taper) is of the same order as the measured
thickness of the oxide film when the surface was directly
examined using the SEM. For experiments conducted at
room temperature and elevated femperatures below 400°C,
the microhardness measurements of the substrate just below
this oxide layer gave hardness values greater than 400 VPN,
due to work-hardening (Figures 3.18 and 3.19). Accord-
ing to Welsh (39), during running-in the hardness of the
metal surface increases until a critical hardness dependent
on the material composition is exceeded. This hardness
(normally in the range of 340 to 425 VPN for steels)
indicates that the substrate possesses the strength neces-
sary to support an oxide film,. Hence, the experimental
evidence suggests that at ambient temperatures below
400°C mild oxidational wear occurs by the removal of oxide
debris from an oxide film supported on a work-hardened

substrate.

At disc temperatures of 400°C and 500°C there was
no evidence of subsurface hardening of the pin, due possibly
to less work-hardening of subsurface layers at these temp-
eratures. SEM micrographs taken of tapered sections of
samples from these experiments appears to show surface
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grooves, produced during the initial running-in period,
covered with oxide (Figures 3.58 and 3.59). The
separation of these grooves compares reasonably well with
the talysurf profiles given in Figures 3.20 and 3.21.

The hardness of these regions could not be obtained even
at the smallest indenter load because the surface cracked
under the load. Similar problems were encountered when
the microhardness of the oxide on the surface was measured.
Hence this confirms that these regions are indeed oxide.
For both EN8 and EN31 the hardness of the substrate just
below the oxide is of the order of the original bulk hard-
ness value, It is worth recalling that the wear mechan-
ism at these temperatures was purely oxidational. There-
fore it may be concluded that at elevated temperatures the
rate of oxidation is more important than the subsurface
hardness changes for the onset of mild wear.

At high loads and low ambient temperatures, metallo-
graphic examination of pin surfaces revealed severe plastic
flow of subsurface material in the direction of sliding
(Figure 3.57). Microhardness measurements of the sub-
surface indicated it to be extremely work-hardened. Values
of up to 927 VPN were recorded, the majority of the readings
falling within the range 700-800 VPN. Several workers
(38, 43, 115) have shown evidence that ferrous surfaces,
rubbed under practical conditions or in test equipment, can
produce gross structural changes and intense hardening of
the surface layers. Welsh (38) suggested that this hard
phase represented material transformed to austenite by
local temperatures above the o -y transformation point
and then converted to martensite by rapid cooling. Exam-
ination of the pins using a glancing angle x-ray diffraction
technique revealed that the subsurface layers of some pins
contained austenite. It may therefore be concluded that
during wear process the contacting asperities are raised
very quickly to austenitisation temperatures, typically in
10° and 10“% seconds (6), and when contact ceases these
asperities are quenched very rapidly by the colder sub-
layers. A minimum temperature of about 730°C would be
required to give hardening in this way. The results
emerging from the theoretical analysis given in Section 4.2



- 229 =

clearly show that temperatures of such magnitude are read-

ily attained at the contact areas during the wear process.

Microhardness measurements showed that the hardness
decreases with depth below the surface (Figures 3.18 and
3.19) until the original hardness of the substrate is
reached, that is, 250 VPN and 280 VPN for EN8 and EN31
respectively. The depth to which the subsurface is work-
harden increases with load. Eyre and Baxter (116) have
reported similar microhardness versus depth results for a
0.24% carbon steel.

B Surface Parameters in Relation to Wear

An important feature emerging from the theoretical
analysis is that there appears to be some correlation
between the predicted contact temperature Tc and the oxide
phases present on the surface and in the wear debris.

For example, the predicted contact temperatures exceed 600°C
when FeO is present in the debris. It is known that FeO
forms at temperatures of 570°C and above. It is also
possible to find transitions in the values of Tc corres-
ponding to transitions in the wear rate due to change in
oxide. For example, in EN31 experiments conducted at room
temperature transitions occur at about 30N ( a-FeZO3 to
Fe30,) and 80N (Fe30, to FeO). The results show that
slightly higher contact temperatures are to be expected

if the oxide present is Fe3;0, (or Fe30,/a-Fe,0; mixture)
Since this oxide forms a thicker film with better coverage.

Confirmation that the predicted Tc values of around
750°C at high loads are of the correct order of magnitude
was found in the presence of austenite in the subsurface
layers of the pins from these experiments. However, in
some of the experiments in which austenite was deteated,
the predicted Tc value was only around 700°C (elg. T37LIN
EN31 experiment at 200°C). It must, however, be apprec-
iated that calculations of this type only give an indica-
tion of the magnitude of the temperatures at contacting
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asperities. Furthermore, the predicted Tc value is the
average contact temperature of the contacting asperities,
since changes in the coefficient of friction with sliding
distance and variation of oxide film thickness are not
considered. Hence, the maximum temperature developed during
sliding at some contacting asperities may be well in excess
of 700°C.

For the experiments conducted at disc temperatures of
300°C, 400°C and 500°C the contact temperature values
indicated that FeO should be present on the surface and in

the wear debris. However, only the low temperature oxides
o- Fe,03; and Fe;0, were detected. There are two reasons
for this result. The first is that in order for FeO

to be retained the oxide must be guenched very rapidly.

If the surface temperature is low rapid quenching occurs
after asperity contact and FeO is retained, but if surface
temperatures are high then relatively slow cooling of the
contacts occurs and FeO degenerates to a-Fe,03 and Fejz0, -
leaving only these oxides in the debris and onthe surface.
If this were the only process occurring, however, high

wear rates associated with the FeO oxide would be expected
in this temperature range when in fact wear rates are rel-
atively low. Thus, the most important reason for the Fe;O0,
c-Fe,03; mixture being found in this temperature range is that
the majority of surface oxidation occurs out-of-contact

at the general surface temperature.

Another important feature emerging from this work is
the increase in the number of contacting asperities N
beneath the pin with increasing applied load. In addition,
the results indicate that the number of contacts increase
with bulk disc temperature. The rapid increase in N at
higher loads is due to the fall in the hardness Pm of the
substrate at temperatures greater than 300°C (Figure 2.5).
However, for the experiments conducted at 500°C no devia-
tion from linearity was observed in the N versus load
graph due to the small increase in TS with increasing

load, di.e. Pm does not vary greatly.
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It is interesting to note that the contact radius
showed a small decrease with increasing load and under
all experimental conditions was found to lie within the
2-7um range. These computed values of contact radii are
in good agreement with those reported by Quinn et. al. (1035)
for EN8 steel using an interative technique based upon
the oxidational wear theory. They suggested that the
contact radius of each asperity contact is approximately
constant for a given material combination (and possibly
for a given range of oxide formation). It was also
suggested that the number of contacts is linearly dependent:
upon the load for a given oxide range. Rabinowicz (7)
reports that the contact radius for copper and steel
surfaces, as determined by a number of different methods,
varies over a narrow range from 3um to 15um approximately.
Kragelskii (3) has shown that contact points increase in
number to a much greater extent than does the area of a
single contact (i.e. ma?),. Archard and Hirst (2) have
reached the same conclusion, that there is little change in
the area of the individual contact points when the load is

increased by N increases.

The predicted values of oxide film thickness show very
good agreement with measured values using a scanning
electron microscope. In general, both sets of results show
an increase in thickness with increased load with obvious
transitions where there has been a change in oxide type.

If the temperature-dependent physical properties of
the oxide (K0 and xo) are taken at any other temperature
between Tc and Ts’ then the predicted values of contact
temperature and oxide film thickness are higher than the
values predicted if the properties are chosen corresponding
to the contact temperature. The predicted values of Tc,
E, a, N and Sth for EN31 experiments carried out at room
temperature when physical properties of the oxide are taken
at half way between the contact temperature and general
surface temperature are given in Table 5.1. it 18 clear
from this table and Figure 5.1 that the predicted values

of Tc are approximately 400°C higher than the values pred-
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SOAD # o e § btn Boupt
() wn) | ) | (um (%) %)
9.8 29 6.6 882 6.5 8.6 85
19.6 76 5¢6 90k 5.0 2.4 1.4
2k.5 76 6.5 877 9.5 7.3 6.8
29.4 133 5.k 882 k.5 15.2 13.9
34,3 172 5.1 1138 9.0 8.9 8.5
' 39.2 197 51 1160 10.0 77 7.3
58.9 291 S 1145 12.5 7.0 6.7
78.5 389 51 1120 13.0 6.6 6.1
98.1 590 k.6 1135 10.0 9.3 8.4
117.7 879 4.2 1076 6.5 14.0 117
TABLE 5.1  Predicted Values of Surface Parameters when the

Physical Properties are taken at (TC+TS) 72

for 'EN31 at Room Temperature.
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Properties of the Oxide are taken at half way between
the Contact and General Surface Temperature.
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icted when the physical properties are taken at the contact
temperature. It was found that as the temperature at which
the properties are chosen varies from Tc to TS, the
predicted values of Tc and £ gradually increase and they
reach a maximum value (i.e. T >6000°C, &> 100um) when the
physical properties are taken corresponding to the general
surface temperature. Earles and Powell (41, 84, 85)
showed, using the Jaeger-Archard flash temperature theory,
that if the temperature dependent properties are taken
corresponding to room temperature, then the predicted flash
temperatures (and therefore the contact temperatures) are
too high for their physical significance to be explained.

. Alternatively, they showed that if it is postulated that
the properties should be taken corresponding to the contact
temperature of the asperities, then the predicted contact
temperatures are lower than those which are known to occur
from evidence provided by thermocouple measurements of
subsurface temperatures. Earles and Powell proposed that
the physical-properties should be taken at the temperature
of the substrate just below the asperities, that is, at the
general surface temperature. But Cocks suggested in the
discussion of (84) that the '"correct'" temperature at which
to determine the physical properties of the asperity should
be somewhere between the general surface temperature and
the contact temperature. However, it is important to note
that in their analysis Earles and Powell ignored the effect
of an oxide film, which they otherwise demonstrated is
present on the rubbing surfaces. This tends to invalidate
their calculations because the thermal properties of a

thin surface layer can have a marked influence on the temp-
erature of the surface (80). For example, the presence

of a low thermal conductivity film such as an oxide film
will increase the surface temperature. The findings of
this investigation show that in order to predict surface
parameters which give a reasonable representation of the
processes occurring at the sliding surface then the temp-
erature dependent properties of the oxide and substrate
should be taken at the contact (or something very near to
this) and general surface temperature respectively.
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5.0 Oxidation in Wear

Under conditions of mild oxidational wear the growth
of the oxide film is controlled by a parabolic rate law (47).
This involves the inward diffusion of oxygen ions and the
outward diffusion of metal ions (67). The Arrhenius
constant (Ap) and the activation energy (Qp) for parabolic
oxidation will both depend on the type of oxide which is
predominant in the wear process. Sullivan et alia (112)
have shown that although the activation energy is not expec-
ted to differ in static and tribological conditions, the
corresponding Arrhenius constant (which depends on surface
conditioning, void and dislocation and other factors (67))
will be very different in the tribological situation.

The findings of this investigation suggests that the
relative importance of static and tribo-oxidation Arrhenius
constants for oxidation in wear at different ambient tem-
peratures is as follows. Since at low ambient temperatures
the majority of the oxide is formed at the contact temp-
erature, the crystalline structure of the oxide film is
greatly disrupted due to the méchanical and thermal stresses
associated with the rubbing action. The number of dis-
locations, the number of vacancies and their mobility will
be large. Therefore the rate of growth of the oxide film
is quite different to that measured under static conditionmns.
Thus under these conditions the Arrhenius constant deduced
for tribo-oxidation (Table 4.14) is applicable to oxidation
during wear. At high ambient temperatures, however, most
of the oxidation on a given asperity occurs during the out-
of-contact period at the general surface temperature.
Therefore the oxide produced under these conditions will
have a lower degree of surface disruption (due to the reduc-
tion in mechanical and thermal stresses) than that produced
entirely at the contact temperature. Thus in tribological
situations where the majority of the oxide is formed out-of-
contact at the general surface temperature it is more appro-
priate to use an Arrhenius constant which is similar to
that derived from static oxidation experiments.
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5.7 General Discussion on the Mild Wear of Steels

Under all loads and temperature conditions investiga-
ted in this work the mechanism which was prevalent in the
wear process was mild oxidational wear. The transition
from one wear regime to another was found to be associated
with change in the type of oxide formed on the surface.
The results show that Fe3O, gives better protection and
hence lower wear rates than either a-Fe,0; or FeO. Con-
sidering, for example, the EN31 experiments conducted at
room temperature (Figure 3.2(a)) the predominant oxide
below the first transition is o-Fe;0j;. The transition
then corresponds to a change in oxide type of Fe3O4. The
second transition corresponds to the appearance of signif-
icant amounts of FeO at the wearing surface. Similarly
the transition associated with the 200°C and 300°C experi-
ments correspond to changes from region of Fe3O, and a-Fej0;
mixtures to regions containing FeO, If the portion of
the wear rate versus load curve for the EN31 room tempera-
ture experiments corresponding to the o-Fe,03 region,
below 30N is extrapolated into the Fe3;0, region a wear
rate of approximately twice the measured value might be
expected. That is, under similar conditions if it were
possible to have either «-Fe,03 or Fe30, present then the
latter would be expected to have an associated wear rate
equal to half of the former. The same observation is true
when significant amounts of FeO appear in the debris, that
is after the second transition. As can be seen from the
room temperature, 200°C and 300°C curves of Figures3.2(a)
and (b) an increase in wear rates of approximately two
times is apparent. Scanning electron microscopy studies
showed that Fe3Ouy forms a thicker oxide film with greater
surface coverage and less disruption than does either
c-Fe,03 or FeO. This better coverage and increased film
thickness undoubtedly combine to give the oxide containing
Fe30, a greater protective capability.

The differences in wear behaviour between EN8 and EN31
low alloy steels is probably due to the small amount of
chromium present in the latter. The presence of chromium
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tends to suppress the formation of the FeO and tends to push
the Fe3O04-FeO transition to higher temperatures and hence
higher loads. For example, FeO was detected in all the

EN8 experiments carried out at room temperature. It is
interesting to note that the predicted values of contact
temperature for these experiments are around 600°C. However ,
in the case of EN31 experiments carried out under similar
conditions significant amounts of FeO was only detected

at loads greater than 80N when the predicted values of

contact temperature exceeded 675°C.

The experimental evidence suggests that the mechan-
ism of oxidational wear particle formation is similar to
that described by Quinn (44) in which an oxide film of
critical thickness is formed and then becomes detached due
to a fatigue process involving thermal and mechanical
stresses at the oxide-metal interface. At low ambient
temperatures the important temperature which controls wear
is that of the contact, that is the majority of the oxide
is formed at the contact temperature (or something very
near to this). This is consistent with the results rep-
orted by Kawamoto and Okabayashi (117) who showed that
when the mean surface temperature is relatively low (e.g.
below about 200°C-250°C for carbon steels) then wear
mainly depends on the contact temperature. As the ambient
temperature increases, however, the out-of-contact oxidation
becomes increasingly important and this eventually becomes
the predominant controlling mechanism at temperatures
above 300°C. One feature that shows this is so is the
movement of the transition to higher loads as disc temper-
ature increases and eventually disappearing altogether at
400°C and 500°C. The only explanation for this is the
increasing out-of-contact oxide formed at the general
surface temperature. If out-of-contact oxidation was
not taking place, that is only Tc important, then the
transition load would move in the opposite direction with
temperature. Thus, although high contact temperatures are
achieved in the experiments conducted at 400°C and 50000,
the majority of oxide is formed at T8 giving the protective
predominantly Fe30, layer and consequently low wear rates.
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It is interesting to note that results obtained from the
modified oxidational wear theory (Table 4.15) clearly show
that the out-of-contact oxidation becomes important at TS
greater than about 300°C.
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CHAPTER 6

CONCLUSION S

Using a pin on disc wear test rig experiments were
conducted on the mild wear of EN8 and EN31 steels at loads
varying from 5 to 160N and at disc temperatures up to 500°C.
It was found that transitions occur in the wear rate versus
load curves at certain critical loads, the magnitude of which
increase with temperature. Powder x-ray diffraction -
analysis of debris and glancing angle x-ray diffraction
analysis of the surfaces show that these transitions in
wear rate correspond to changes in oxide composition.

The spinel oxide Fe30, was found to give better protection
than either the rhombohedral oxide o-Fe;03 or the wustite
FeO; estimated wear rate being a factor of two lower when
Fe30, was present. Surface examination showed that the
spinel oxide produced thicker films with greater surface
coverage and less disruption. In contrast, the appear-
ance of the surfaces where the predominant oxide was either
o-Fe,0; or Fe30, was very similar. That is, they consist
of patchy oxide plateaux, smooth due to wear, above rela-
tively rough debris covered metallic areas.

The fact that the transition load increased with tem-
perature and disappeared at temperatures of 400°C and 500°C
indicates the increasing importance of out-of-contact
oxidation (occurring at the general surface temperature)
with increase in temperature and this eventually becomes
the dominant mechanism at temperatures above 300°C.
Scanning electron micrographs of surfaces generated in
both EN8 and EN31 experiments conducted at 400°C and 500°C
show remarkably similar surface characteristics. For
both materials the surfaces were smooth and heavily oxid-
ised with damage occurring by removal of flake like
particles from the oxide film. This is a typical feature

of oxidational wear.
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The results from the modified oxidational wear theory
supports the experimental finding that out-of-contact oxid-
ation becomes important at general surface temperatures
greater than about 300°C.

At high ambient temperatures (i.e. 300°C - 500°C) all
the FeO produced in the wearing situation degenerates to
a-Fe,03 and Fe3O, due to the relatively slow cooling of
the contacts, leaving only these oxides in the debris and
on the surface. In addition, at these temperatures the
predominant oxide produced at the general surface temper-
ature is Fe3O, but oxidation in air can occur to convert
most of this oxide to a-Fej;03;.

In tribological conditions where the important temper-
ature in oxide formation is that of the contact, the approp-
riate Arrhenius constant which is applicable to the rate of
growth of the oxide film is that deduced for tribo-oxidation.
However, if most of the oxidation occurs at the general
surface temperature then Arrhenius constant derived from
static oxidation experiments may be applied to tribological
situations.

For both the steels investigated in this work the
coefficient of friction u decreases with increasing load
and temperature, The gradual decrease in p with load is
probably due to the reduction in the contribution of the
ploughing component to the frictional force as the load
increases, whereas the decrease in p with temperature is
attributed to the formation of protective oxide film between
the two rubbing surfaces. Although friction is a surface
effect the results show that it does not vary much from
one oxide type to another.

Scanning electron microscopy of wear debris from all
the experiments showed it to consist of laminar particles
varying in size to about 200um. The thickness of these
particles was found to lie within the range of measured
values of oxide film thickness on pin and disc surfaces,
that is, between 1 and 5um.
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An important feature borne out by the heat flow analysis
is the similarities between the variations of wear rate
and general surface temperature (TS) with load. Abrupt
changes in wear rate are always accompanied by abrupt
changes in TS. This is due to the change in surface
conductance which accompanies any change in wear regime.
For elevated temperatures consideration must also be given
to heat flow through the air gap between the pin and disc.
This only occurs in tribological conditions where the general
surface temperature of the pin is lower than that of the
disc. Calculations indicate that although convection and
radiation effects are negligible, there is a considerable
contribution to heat flow into the pin from conduction
through the air gap. Hence under these conditions the
experimentally measured heat flow (H;) entering the pin
consists of a measured component due to conduction through
the contacting asperities plus a component due to conduction
through the air gap.

Microhardness measurements show that during sliding

the subsurface is work-hardened to a depth which increases
with load. In addition, the technique of glancing angle
x-ray diffraction revealed the presence of austenite in the
subsurface layers of some of the samples, indicating that
temperatures in excess of 730°C had been attained at the
contact areas during the wear process. At disc tempera-
tures of 400°C and 500°C the rate of oxidation is more impor-
tant than the subsurface hardness changes for the onset of

mild wear.

In the recent past there has been some controversy
about fhenature of the plateaux observed in experiments of
this type. Questions have been raised as to whether they
consisted entirely of oxide or whether they were metallic
with a thin oxide coating. The work described here using
scanning Auger spectroscopy clearly shows that these

plateaux are entirely oxide.

Before any conclusions can be drawn on the proportional
analysis of wear debris more work is required. A possible
area of further work is the proportional analysis of pre-
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mixed samples using a diffractometer. Since the diffrac-
tometer needs a much larger sample than the powder camera
this will reduce any uncertainties in sample preparations.
Hence the results should be more reliable.

The theoretical analysis developed in order to estimate
values of otherwise unobtainable parameters was thought to
have produced successful results since not only did
estimated contact temperatures correspond to those expected
for the oxides produced on the surface, but the values of
oxide thickness obtained show very good agreement with mea-
sured values. In addition, it is possible to find trans-
ition in the values of contact temperature and oxide film
thickness corresponding to transitions in the wear rate
when type of oxide formed on the surface changes. The
number of contacts (N) is found to increase both with load
and temperature but the corresponding values for the contact
radius only show a little change.

In conclusion, the experimentally measured results
and theoretically deduced surface parameters presented in
this work seem to give a reasonable representation of the
processes occurring at the sliding surfaces.

Clearly, in order to understand more fully the
unlubricated wear of low alloy steels at elevated temperatures
more work is required along the lines of this present invest-
igation. The recommendations for future work are to
investigate the wear behaviour of these steels at differ-
ent sliding speeds and at high ambient temperatures in
a region where the predominant oxide produced at the
general surface temperature is expected to be FeO. The
findings of this present study suggests that the presence
of chromium in steels may have a marked effect on their
wear behaviour. Hence, it would be interesting to invest-
igate the wear and oxidation rates of steels containing
different amounts of chromium,. Obviously, an area which
requires further work is the oxidation occurring during
wear, Do oxide films produced under tribological
conditions differ from those produced under static
conditions? Is the relative proportion of a-Fe;03 and
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Fe3 0, detected in the high temperature wear experiments
similar to that found in static oxidation experiments at
the same temperature? It is hoped that these questions
and many more will be answered by using techniques such

as transmission electron microscope, Auger electron spec-
troscopy and X-ray photoelectron spectroscopy to study the
oxide films produced under static and tribological
conditions. Finally, the modified expression for the
theoretical wear rate will have to be investigated further,
perhaps by using results of wear experiments with other
metals which oxidise readily under tribological situations.
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APPENDIX 1

Intensity of Powder Diffraction Line

The basic expression for the intensity of a diffraction
maximum is given in equation 3.2. There are six factors
affecting the relative intensity of the diffraction lines
on a powder pattern.

1) The Structure Factor, F

For a set of planes (hkl) the structure factor
Fhkl is given by

n 2
2 =
Fhkl izlfi COSZv(hIi + kyi % lzi)} +
n 2
iilfi 51n2n(hxi =+ kyi + lzi)}

where n is the number of atoms in the unit cell
X,y,z relate to the atomic positions
and f is the atomic scattering factor

F is, in general, a complex number, and it expresses
both the amplitude and phase of the resultant wave.
Its absolute value |F| gives the amplitude of the
resultant wave in terms of the amplitude of the wave
scattered by a single electron, i.e.

amplitude of the wave scattered by all

|F| = the atoms of a unit cell
amplitude of the wave scattered by one
electron

Thus the intensity of the beam diffracted by all
the atoms of the unit cell in a direction predicted
by the Bragg law is proportional simply to |F|2, the
square of the amplitude of the resultant beam.
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The atomic scattering factor f is defined as the
ratio of the amplitude of the x-ray wave scattered
by an atom compared with the amplitude scattered by
an electron. The variation of f with (sine)/)x for
oxygen and iron atoms is given in Figure Al, From
this figure the value of f corresponding to each
diffraction maxima can be found.

When the incident wavelength A is nearly equal
to the wavelength Ak of the K absorption edge of the
scattering element, the atomic scattering factor f
should be corrected for anomolous scattering by an
amount Af. Figure A2 shows approximately how Af
varies with A/Ak. To a good approximation, the
change in Af is independent of scattering angle and
therefore is a constant for all lines on the diffra-
ction pattern. Hence the f versus (sing)/X curve
given in Figure Al can be corrected for this anomolous
change in scattering factor near an absorption edge
by adding, algebraically, the same value of Af to all
the ordinates.

(1t ) Debye-Waller Temperature Factor, exp(-2M)

Atoms undergo thermal vibration about their mean
positions even at the absolute zero of temperature, and
the amplitude of this vibration increases as the temp-
erature increases. Thermal agitation decreases the
intensity of a diffracted beam because it has the
effect of smearing out the latticeplanes. The
Debye-Waller temperature factor varies f rom unity,
for maxima with very small Bragg angles, down to
about 0.65 for larger Bragg angles, as shown in Figure
A3 for iron at 20°C.

(iii) Absorption Factor, As

In all diffraction techniques the incident and
diffracted beams passing through the specimens are
partially absorbed, so that the diffracted beams are
less intense than they would be with a completely
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nonabsorbing specimen. Bradley (118) gives a method,
involving complicated mathematics, which makes it
possible to calculate the absorption factor for
cylindrical powder samples with an accuracy of at
least 1%. Using Bradley's method, the variation of
Ae with Bragg angle for a-Fe,03 is given in Figure

A4, It is interesting to note that within the range
20°<8<60° this curve has the same form as log(I/R)
versus 6 plots.

(iv) Polarization Factor

For unpolarized incident beam, such as that
produced from an x-ray tube, the relative intensity
of the diffraction lines is modified by a factor

3 (1 + cos?2s)

This is called the polarization factor.

(v) Lorentz Factor

It is a correction factor which takes into
account the fact that a perfect crystallite can
reflect a monochromatic beam of x-rays not only under
Bragg condition (i.e. Zdhklsine =A) but also with
smaller intensities, at angles deviating some seconds
of arc from the exact Bragg value. Hence the dif-
fraction lines on an x-ray pattern will have a finite
width. That is, the intensity of each reflection is
spread over an finite angle. It also takes into
account that at angles approaching 28= 90° the
circumference of the diffracted cone of x-rays is
greatest, therefore the integrated intensity per
unit length of diffraction line is reduced.

For a cylindrical specimen, the Lorentz factor
is ;
1

4sin?6coss.
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The Lorentz and polarization factors are combined
to give the combined Lorentz-polarization factor which,
with a constant factor of § omitted, is given by

1 + cos?2s

sin?6cose

Values of this factor are given in Figure A5 as
a function of 6. The overall effect of these geo-
metrical factors is to decrease the intensity of
reflections at intermediate angles compared to those
in forward or backward directions.

Cvi) Multiplicity Factor, m

The multiplicity m for a powder photograph is
the number of equivalent planes having the same
combination of h, k, 1 in their Miller indices. The
value of m depends on the crystal system. For
instance, the cubic planes (100) have a multiplicity
of 6, since there are 6 equivalent (100) planes, namely
(100), (100), (010), (010), (001) and (001). 1In a
tetragonal crystal, the (100) and (001) planes do not
have the same spacing, so that the value of m for
{100} planes is reduced to 4 and the value for {001}
planes to 2.

Calculation of R Values

The R values may be evaluated for crystalline
substances of known structures as follows:-

(a) Index the lines on the x-ray powder
photograph of the specimen for each component

X and measure the dhkl spacings. Use the x-ray
Powder Data files to identify the components.

(b) For a given component, measure the Bragg

angle g for the diffraction maximum to be
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considered and compute (sinf)/X, where ) is
the wavelength of the radiation used.

(e} Compute the unit cell volume v_
using the equations given in reference (96).

(d) Read off the value for the Lorentz-
polarization factor Lp from Figure AS.

(e) Read off the value for the Debye-Waller
temperature factor, exp(-2M), from Figure A3.

B Use reference (112) to find the atomic
coordinates (xi, Vi zi) for the position of the
atoms within the unit cell for the component
under consideration.

(g) Calculate the structure factor.

(h) Use the tables in reference (96) to find
the multiplicity factor m.

(1) Calculate the value of Rx'

Tables Al, A2, A3 and A4 shows the R values
calculated by Rowson (103), together with the R
values corrected for anomalous scattering factor
Af, for o-Fe, FeO, Fe30, and a-Fe,03 respectively.
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hk1 d . q(a%) R R
(Af correction)
110 2.0268 196.20 124,40
200 1.4332 28.48 15.95
211 1.1702 68.13 32.98
220 1.0134 35.77 15.48
310 0.9064 192.96 83.65

TABLE Al R values for a-Fe (Structure BCC,

e @]

hk1 dpyq (B°) R R
(Af correction)

111 2.486 46.52 24 .86
200 2.153 68.28 48.78
220 1,523 37.41 24,42
311 1.299 17,70 7022
222 1.243 12.94 7.66
400 1,077 8.24 - 4.30
331 0.988 18.18 5.98
420 0.963 42.79 20,77

TABLE A2 R values for FeO (Structure NaCl cubic,

- o
&, " 4.307 A5)



R

hkl & .., (2°) R R
(Af correction)
114 4.850 5.84 4,48
220 2.967 26.62 17.96
311 2,532 58.35 37.79
400 2,099 12.66 10:27
422 1. 715 6.47 3.94
511 '+ 333 1.616 19.56 11.50
440 1.485 26.94 17.45
620 1.328 8 e 7 3 0.68
533 1.281 5.95 2.96
444 1.212 2.45 1253
642 1.122 2.20 1.310
731 + 553 1:093 18.96 a3
800 1.050 6.00 3,27
822 + 660 0.9896 3,31 1.43
662 0.9632 I S 0.85
840 0.9386 p 52 4,81

TABLE A3 R values for Fe304 (Structure spinnel -

Al,MgO,, a_ = 8.396 2%y

o]
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hk1 dhkl(Ao) R R
(Af correction)
110 3.686 13.48 10.18
211 2.703 36.18 23,11
110 2.519 28.92 16.85
210 2.208 6.68 6.69
220 1.843 15.10 9.64
321 1.697 17.71 1172
332 + 121 1.601 4.19 2.45
310 1.487 12.76 7.30
211 1. b5k 11.46 7.28
224 1.351 1.10 0.50
334 .30 5.01 2.70
220 1.260 3.29 1.45
303 + 114 1.229 1.48 0.40
31T 1215 0.33 0.33
134 + 103 1.191 2.61 1,44
244 1.165 2.89 1,28
231 1.142 4.47 1.89
024 1.104 4.70 2,51
222 1.077 071 0.48
235 1.057 6.01 2.61
400 1.040 i 7 x| 0.58
512 + 312  0.990 3.38 1.65
141 + 554  0.960 13.27 4,38
511 + 125  0.952 8.80 3.55
223 + 104 0.932 0.48 0.48
154  0.909 20.60 9.64

TABLE A4 R values for c-Fe,04 (Structure Rhombohedral,

ay = 5.4367 A°, a = 55.2043°)
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APPENDIX 2

FEM FROGREAM "S5,%5. ATHWAL®
REM LDETERMIMATION OF ZLIEFACE
REM FARAMETERS

OFENT . 4

FRIMT#1." SURFACE FARAMETERS "
FRINT#1." A=CONTACT RADILS®
FRINT#1."TC=COMTACT TEMFERATLRE"

3 PRINTH#1." H=HUMEER OF COMTHACTZ "

PEINT#1 ., "FP=0<IDE THICKHESS "
CLOSED

FERD M. TS5, TDLHL1.HT.FPM

CO=¥SE: Us=2: RH=5.Z1E3: F=@,228%5
COFENT . 4

FRIMNT#1.""

3 FREINT#1.""

FEIMT#1. "LOAD="W: "TEMPCTD=";TD
DE=H1-HT

I=0

DE=INT {DE#1 888+, B850 1 606

FRINT#1.,"EXFT. DIVISION OF HERT= " DE

CLOSE]

IF TS:z88 THEM GOTO 33

KE=0d. 57, S¥TE/365 « GOTO 3248
Ke=06~22, 3¥TS/ 620

HII=HT~H1

E=H1%¥PM CKS%M

G1=, SERSEHDHPM. (KSHM )

o=, 1682 1 ¥ HD#FM, AW
F1=,8ca5%HI¥FM W

28 El=, 182 1 €HDEFM S CRSEMW

FOR PF=08.1 TO 5 STEF B.5
FP=FF%1E-5&

FI=FF#%1E-&

PRINT"FF="FF

T=TS

A EM=4, :: = B Em ok T RS
wE KEH=8, 296, 83E-2%(T+273)
? LU“f}N+FH}‘ﬂ

A= CRHECO )
C=H1¥FM*FPF,7 Okl
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C=H1%¥FM&FF./ < kO%W)
E=Ei /%0

A F=F1%FTL KO

G=G1-GZ¥FD/C =0%K0
BG=E-G

.".-'E'G‘*EI'I""‘*E*‘ T'\"H "TD F'
IF Mo=00 GOTO 728

kol S B =
A=CHl =BG ACTHED
TC=TS+C+CE#A N

FRIHT A.TC

IF A{E THEW GOTOD 736

IF TC<8 THEM GOTO 7326
IF TCH>15886 THEH FUTD v aE

IF ABSCTC-Tra=0T/ iﬁuﬁﬁTHEH GOTO &58

T=TC @ GOTO 456

TP=HT#FMR. SO +HTEFPMEFF, K%L

AL=. 305~ 1821 %[0

TH=AL¥HT#FHMEA S +ALEHT $FMEF DL ¢ KO%L

OT=THACTH+TF

RRIBET® e dwa DT=":1IT

I=I+1 : IF I=1 THEHM GOTO V2@

IF AESCOT-DE »>ABS(DZ~DE s THENGOTOD
DEZ=DT TZ=TC :AZ=AEP=FF : M=%

HE

IF I=8 THEHM GOTO 248

M=k CFM%*3, 1 4%RZ$AZ

H=IHT CH#18+G, S50 18
TE=INTCTZ2¥10+8,.55./18

B DZ=INT C IZ%1 856+, AE5 2 /1 006

OPEH1 . 4
FRINT#1."THECORETICAL DIVISION OF

FRIMT#1, "N="iH; "FP="EF; "TC=";TZ:

CLOSEL

GOTO &7e

OFEH1 . 4

FRIMT#1." NO SOLUTION FOUMD ®
CLOSE 1

GOTO 268

END

DATA 25.4,153.71,5.71.468.2.2.45%E
DATA 323,2,148.208.4.14.56.42.2. 4%
DATA §8.9.,158, 109.4.85.72.22,2.4
DATA 72.5.192,121,5.921.94, 2, 43E3
DATA 28.1.226.136.6.24.89.1.2.5E
DATA 117.7,311,159.,12.8.189,16.2

5]

HEAT=",TZ

"Ff.:“ :I_‘_'_{_P
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