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SUMMARY

The bearings in the air motors of modern jet aircraft engines
must operate dry in hostile conditions at temperatures up to 500 C,
where the thrust races in the actuators operate at temperatures up

to 300 C. One of the few metallurgical combinations which can
function efficiently under these conditions is martensitic stainless
steel on tungsten carbide. The work described was initiated to

isolate the wear mechanisms of two such stegls in contact with
tungsten carbide at temperatures up to 500 C.

Experiments were carried out on angular contact bearings
similar to these used in service, where both rolling and sliding
is present and also for pure sliding conditions using a pin-on-

disc apparatus. Wear measurements of the bearings were obtained
with wear rates, friction and surface temperatures from the pin-
on-disc machine for a series of loads and speeds. Extensive X-

ray diffraction analysis was carried out on the wear debris, with
also S.E.M. analysis and hardness tests on the worn surfaces along
with profilometry measurements of the disc. The oxidational
parameters of the steel were obtained from measurements of oxide
growth rates by ellipsometry.

Three distinct mechanisms of wear were established and the
latter two were found to be present in both configurations. These
involve an oxidational-abrasive mechanism at loads below 40 N with
pin surface temperatures up to about 300 oC, with the mechanism
changing to severe wear for higher loads. As the temperature
increases a third wear mechanism appears due to transfer of relat-
ively soft oxide films to the steel surface reducing the wear rate.
Theoretical K factors were derived and compared with experimental
values which were found to be in good agreement for the severe wear
mechanism. The pin-on-disc experiments may be useful as a screening
test for material selection, without the considerable cost of pro-
ducing the angular contact bearings.

Stanley John Petraitis, A .§c ., 1982.
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CHAPTER 1
INTRODUCTION

1.1 Background to the Research

The thrust reverser and variable nozzle control mechanisms on a
typical modern jet aircraft engine are driven by actuators bolted
onto the engine where they are expected to function at temperatures
of 200 to 300 °c. They are in turn driven by flexible shafting
linked to an air motor driven by hot air up to 500 oC from the engine.
The nozzle control air motor drives four actuators and is used all the
time in flight to maintain correct thrust where its speed can be
around 14,000 r.p.m. The thrust reverser air motor which is only
used on landing drives only two actuators, but its speed approaches
20,000 r.p.n. All the actuators are subject to gas from the engine
when the thrust reverse mechanism is applied briefly on landing.
Although speeds are very high, it is considered that the high temp-
eratures are the main source of trouble. These high temperatures
lead to tribological problems in the bearings of the air motor and
the thrust races in the actuators. Conventional lubrication is not
possible due to the very high temperatures. When solid lubricants
have been utilised, for example MoSz, they were not effective because
they would not remain in contact with the surfaces. To operate in
these hostile conditions therefore special materials were required.
Material combinations which will function efficiently for any period
of time under such conditions are rare. Experimental bearings of
Lescalloy BG42 races a martensitic stainless steel and WC-11% Co
balls were first used in 1970. They were introduced in 1971 on

the RB199 Rolls Royce engine thrust reverser and variable



nozzle actuators. Before 1970 materials such as tool steel were
used for balls and races. It was found that the Lescalloy BG42
races with the WC-11% Co balls were the far superior with the balls
lasting about ten times longer. As engine performances increase
the air temperatures and load increase. They are expected to last
for approximately 1000 hours at present.

The work described was to investigate the wear mechanisms for
two such steels in contact with tungsten carbide in a temperature
range up to 500 oC. A major aim of the study was to isolate the
wear mechanisms at elevated temperatures and to apply the knowledge
gained in the selection of new materials, so as to increase the load
and temperature limit requirements to levels needed for the next
generation of aircraft engines.

The martensitic stainless steels investigated were Lescalloy
BC42 of weight composition 1.15% C, 14.5% Cr, 4.0% Mo, 0.5% Mn,

1.2% V, 0.3% Si and A.I.S.I. 440C MOD of composition 1.1% C,

15.0% Cr, 4.0% Mo, 0.7% Mn, 0.15% V, 0.4% Si and 0.75% Ni, the steels
being hardened to 8.29 x 109 and 8.09 x 109 N m_2 respectively. The
sintered tungsten carbide grade G contained 11% Co which acts as a

9 -2
binder and of nominal hardness 13.00 x 10 N m .

1.2 C(Classification of Unlubricated Wear

When materials slide together under unlubricated conditions wear
is encountered which results in loss of material from one or both of
the interacting surfaceé. There are usually several factors involved
in the wear process. The surfaces may retain their original char-

acter if the process is mainly mechanical, or they can be changed by



a chemical process occurring between the wearing surfaces and the
environment. In the majority of engineering situations there is
lubrication between the rubbing surfaces, but occasionally there
are situations where lubrication is impossible or intolerable.
General classifications of dry wear have been proposed by

1) (2)

Burwell and Strang( and Archard and Hirst in 1952 and 1956
respectively. The classifications proposed by Burwell and Strang

in 1952 were adhesive wear, corrosive wear, surface fatigue wear,
fretting, abrasive wear, erosion and cavitation. Adhesive wear is
when adhesion between the surfaces causes parts of one surface to

be removed by a cold welding mechanism, Bowden and Tabor.(S) These
fragments then either break away to become wear particles or they

may be transferred. This classification is no different from severe
wear as defined by Archard and Hirst.(z) Corrosive wear occurs when
sliding takes place in a corrosive environment; the products of
corrosion form a film on the surface which slows further corrosion.
However, the action of sliding removes the film allowing the corrosive
attack to continue. Quinn(4) suggests that the corrosive wear class-
ification is so difficult to assign, that it would be better to use the
mild wear classification for the beneficial form of wear and the term
severe wear for the deleterious form in which the environment is truly
corrosive. Surface fatigue wear occurs after many millions of re-
peated loading and unloading cycles at a surface asperity, when sub
surface cracks eventually reach the surface they form large pits in
the surface. Fretting is a form of wear occurring under conditions

where small oscillatory tangential motion occurs between two surfaces

which are held together in such a way that the oxlide wear particles



(4)

cannot escape, thereby causing severe stresses. Quinn suggests
that this type of wear can be classified as a special form of mild
wear, It is also the view of Quinn(4) that abrasive wear, erosion
and cavitation are all forms of wear which occur when a rough hard
surface or hard particles for erosion, or bubbles of liquid for
cavitation, slides or impinges at high velocities upon a softer sur-
face causing a series of grooves or large holes to be formed. They
are all forms of abrasion which can occur in different stages of
both mild or severe wear.

1

The Burwell and Strang( classifications are special cases of
the simpler classifications proposed by Archard and Hirst(z) namely
those of mild wear or severe weﬁr. These classifications are
sufficient for most purposes, being based only on observable phenomena
such as measurements of contact resistance, surface topography and
analysis of the size and composition of the wear debris. Archard and
Hirst(z) found that for a wide range of mainly metallic materials
sliding in unlubricated conditions, each wear test began with a
changing wear rate until the surface conditions became stabilised.

For most of the materials the relation between wear rate and load was
close to direct proportionality. They were able to draw a clear
distinction between two types of wear regimes. Adhesive wear, a

form of severe wear, is characterised by intermetallic contact with
metallic wear particles present in the debris. In mild wear the sur-
faces are smooth and are usually protected by surface oxide layers
generated during rubbing, the wear debris consisting of fine particles
of the oxide. This broad classification of wear into mild and severe

5
was further studied by Kerridge and Lancaster,( ) when they rubbed



60/40 brass against hardened steel. The brass pin which was made
radioactive was used to follow the history of the material during the
rubbing process. It was found that material transfer was taking place
and that it was a two stage process. There was severe wear of the soft
brass and the wear rate was proportional to the load. Welsh(e) in a
comprehensive series of experiments with a range of plain carbon steels
described these patterns in detail in terms of 3 main transitionms.
Quinn 4 proposed that severe wear is what happens when mild wear pro-
cesses cannot occur. It is suggested that an irviportany form of
severe wear mechanism 1s the delamination mechanism recently proposed
by Suh.(7> If one has microscopically non-conforming surfaces or if

one has unreactive surfaces, then severe wear must prevail.

Abrasive wear is when damage occurs to one or both of two sliding
surfaces, due to the presence of a third abrasive body. This could be
an abrasive grit or perhaps an abrasive product of the wearing surface.
Also if there is a large difference in hardness of the two sliding
surfaces abrasive wear can occur. In any particular instance of wear
one may have any of these mechanisms operating separately or in com-
bination. This makes the task of suggesting an all combined wear theory
a difficult and perhaps impossible task.

There are a number of wear theories relating to fairly specific
circumstances, all of which start from the concept of the real area
of contact. The so called Archard(a) wear law is just an attempt to
express the wear rate in terms of the real area of contact.

w=KA e et e e e e i e e e (1.1)
In much the same way as the friction theories depend on relating the
frictional force to the real areas of contact, theories of wear must

s . 3 -1
relate the volume removed per unit sliding distance w (m m ), to



2
the real area of contact A (m ). Archard(g) interprets K as the

probability of producing a wear particle at any given asperity en-

counter.

3
Bowden and Tabor( ) givesequation (1.2) and combing this with the

Archard wear law produces equation (1.3).

W is the load and p is the bulk hardness of the softer of the two
materials. The expression indicates that w is proportional to load
for circumstances in which K is constant. But its value depends on
the materials and on the conditions of sliding, so it is more normally
found that this is not true. Archard and Hirst(z) suggested that
K is the important factor in determining the wear rate and also that
it can vary over 5 orders of magnitude. Therefore since K can vary
over so many orders of magnitude 10—2 to lO—7 the designer can never
allow for the wear of the moving parts of a machine. If a method
could be found for estimating K from first principles then this would
be of great importance. The factors influencing K should be given the
highest priority in our research into the fundamentals of wear.
1.3 Severe Wear

Severe wear is recognised according to Archard and Hirst(z) by
the wear debris consisting mainly of large approximately 10 um
diameter metallic particles, where also microscopic examination re-
vealed rough deeply torn surfaces. They found that this type of wear
also gives rise to low contact resistance measurements. It was

assumed that adhesive or welded junctions are formed between solids

at the actual contact areas. These junctions are broken with sliding



and at some of the events the junctions would be stronger than the
surrounding metal removing a particle out of the surface. In general
severe wear processes are very efficient at removing material from the
sliding surfaces. K can be interpreted as the probability of producing
a wear particle at any given asperity encounter. 1 / K is the number
of interactions which a given part of the surface can endure before
fracture. For example if K is approximately 10—3 one encounter in

1000 produces a particle. This implies that the majority of events
which will determine the frictional force are contacts between asper-
ities which separate without damage.

5)

Kerridge and Lancaster( investigated the severe wear of 60/40
brass on hardened steel using a radioactive tracer technique which
demonstrated the occurrence of metal transfer. A transferred film

of brass builds up on the steel surface and when the thickness reaches

a steady value, wear particles start to appear. From these experiments
there was no back transfer, probably due to the brass particles becoming

(10)

work hardened at the initial transfer. Rabinowicz maintains that
severe wear is favoured by factors which encourage adhesion such as
clean surfaces, chemical and structural similarities. Wear increases
if the material couple are mutually soluble, hence the use of unlike
material combinations in engineering situations. A sliding model was
proposed by Finkin(ll) which includes the influence of asperity inter-
action distance. In the model the asperities move against each other
for a considerable distance 1, in comparison to the length at the
junction. He expresses the probability of wear particle formationm,
which is related to K as a function of 1.

Suh(7) (12 has proposed a delamination theory for metallic wear
based on the formation of dislocations and vacancies in the subsurface

layers. This damage occurs only in the subsurface layers because the

surface layer receives less cold working enabling it to absorb plastic



deformation,. Cracks begin parallel to the surface and occasionally
grow to a length far greater than the dimensions of the real contact
area, This eventually causes delamination of the surface into thin
wear sheets parallel to the surface resulting in the formation of
thi . . (13) .

in sheet-like wear debris,. Engel shows how Suh's mechanism

leads to the expression:-

As previously w the wear rate is the volume removed per unit sliding
distance and A is the real area of contact. G is the removed layer
thickness from each of the surfaces, J the critical plastic displace-

ments where B depends mainly on surface topography.

1.4 Mild Wear

If an environment is hostile the wear is rapid but if the environ-
ment is normal it is possible to obtain a mild form of wear known as
oxidational wear. So mild wear clearly involves reaction with the
environment, in particular with the oxygen in the environment. The
formation of an oxide coating on metal surfaces preventing intermetallic
contact have been found to be beneficial to their sliding by reducing
friction or wear. The wear debris consist of small approximately
1 pym diameter particles which have been produced by reaction with the

(2)

ambient atmosphere, Archard and Hirst. Also microscopic examin-

ation of the surfaces revealed extremely smooth surfaces, often smoother
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than the original. Archard( ) showed that the K factor can vary
£ -2 -5 :

rom 10 to 10 depending on whether one used mild steel upon mild

-2 -

steel where K = 10 y Or stellite upon tool steel K = 10 5 all
other operating parameters being maintained constant. It is this
wide variation of K factors, which sometimes even occurs merely by
changing the load by a few percent above or below a transition 1oad,

(6)

Welsh » which makes wear results more difficult to analyse than
friction results.

In oxidational wear temperature is important because an increase
in temperature can produce an initial softening and rupture at the
film producing severe wear. A further increase in temperature could
increase the oxidation rate and cause the transition back to mild
wear. Welsh(s) showed that for a 0.63% C steel a5 the hardness
tended to fall oxidation was essential to preserve mild wear. Since
oxidation rates are temperature dependent, the factors involved in
their breakdown and removal are also temperature dependent. There are
a number of theories which have been proposed, some differ by approach
others by interpretations of various parameters. There are two main
processes taking place oxide growth and oxide removal.

Oxidation growth rates obey various rate laws, the most commonly
adopted are the parabolic and logarithmic laws. Since the sliding
surfaces are at unknown temperatures, pressures and environment it
makes prediction of oxidation difficult. Since the whole of the
apparent area of contact will be activated to some extent, the question
of whether the majority of oxide is grown on the wearing asperities
during actual contact or at some other period arises. A careful

appraisal of the conditions usedin several wear experiments with steel
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. (15)
by Quinn in 1962, together with static oxidation tests, led to

the hypothesis that the mild wear of unlubricated steel specimens
principally involves the oxidation of newly exposed bulk metal at
the hot-spot or contact temperature between contacting asperities.
The oxide formed during the unlubricated sliding of steel is a
variable composition of the three oxides of iron. The actual com-
positions of the oxide depends on the temperature of sliding. The
variation of the proportions of iron, rhombohedral oxide and spinel
oxide with measured bulk pin temperature was used by Quinn(ls) in an

attempt to give an estimate of the contact temperature. Since it has

now been established that oxidation takes place during the contact

. . 17
period, Quinn et.al.( )
. X (18) .
Two idealised models have been demonstrated by Tao© which
could represent oxidational wear. The first model assumes gradual

growth of an oxide layer, which is removed instantaneously by the

rubbing action when a certain thickness is reached. The second model
which Tao favoured assumes the time for oxide growth is negligibly

small in comparison with the time for removing the oxide layer. Quinn(lg)
suggests that the oxide thickness is built up over a number of trav-
versals until a critical thickness is reached, it is then removed
producing oxide flakes. The critical oxide thickness may be such

that the substrate is no longer able to support it. The electron

(20)

micrographs of Quinn show signs of cracking and detachment poss-
. . (21)

ibly by thermal or contact microfatigue. Earles and Powell

found experimentally for EnlA steel 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.



The oxidational wear mechanism which has gradually evolved over

the past 19 years by Quinn(ls) (16) (19 (20) (22) (23), Quinn et. a1.§l7)

Quinn and Sullivan(24) gives a suitable expression for the K factors
found in mild wear. After the initial severe wear stages, the sur-
faces will have achieved a measure of conformity, so that large areas
of both surfaces come into contact during sliding. At any given
instant one of these areas will bear most of the load. The area then
expands so that one has a plateau of contact which will tend to remain
in contact until it is removed by wear. There will occur a certain
amount of oxidation of the surface of the particular plateau in contact,
this oxidation mainly occurring at the temperature of the interface
between the areas of contact on the plateau and similar areas on the

(20)

opposing surface. These plateau have been observed by Quinn and
Quinn and Wooleygzs) They are extremely smooth with fine wear tracks
parallel to the direction of sliding and they are about 2 um in height.
The surface surrounding the plateau is rough and packed with wear
debris and contains no wear tracks. There are several sub-areas of
contact on each plateau and that these are the regions of actual
contact at which oxidation occurs. The oxide film builds up until

it reaches a critical thickness, at which time the film becomes unstable
and is removed. When all the sub-areas of contact have been removed
from the plateau, then another plateau elsewhere on the surface becomes
the operative one. The untouched surface beneath the original plateau
can only oxidize at the general temperature of the surface which is
relatively low compared to the contact temperature when no external

heating is applied. Therefore the original plateau sub-surface region

will not oxidize significantly until it becomes the dominant area of



contact once more.

During the time for 1 / K contacts to occur a critical oxide film
of thickness hc’ builds up on each of the contacts before they become
detached. This is based on Archards(g) interpretation of the K
factor namely that 1 / K encounters arc needed on average for a wear
particle to be produced. It was assumed that the oxidation rate is
parabolically dependent on total time tc, which is the time required

(22)

to form this critical oxide film thickness hc’ Quinn.
K=d /U tC .................................... (1.5)

U is the linear sliding speed, d is the distance at a wearing asperity
contact during which oxidation occurs at the contact temperature

given by To. Therefore for mild wear the oxidational wear theory

(24)

Quinn and Sullivan , leads to the following expression for the

wear rate w, the volume removed per unit sliding distance.

Y q AB_,e -(Qp/R To)
U f hC:2 /’-2

(19)

This expression was first obtained by Quinn for metals exhibiting
mild wear under unlubricated conditions of sliding. R is the gas
constant, A is the real area of contact, Ap the Arrhenius constant
for parabolic oxidation during wear, Qp the activation energy for
parabolic oxidation where f is the mass fraction of oxide which is
oxygen and 2 is the average density of the oxide. The only term in
this equation to be affected by the number of asperity contacts N is
d. Quinn(zs) supposes'that on the operative plateau there will be N

2 . .
areas of contact, each of area TI a , where a is the radius of the

area of contact which for convenience is assumed to be circular, so
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equation (1.2) can be written as follows:
2 - \
N TT 2" = W /D it (1.7

We can express d as being equal to 2 a which gives the following

(23)

equation, Quinn .

Before one can use this theory to predict wear rates one must know the
oxidation characteristics of the metal, the temperature of oxidation

TO which is the contact temperature, hC the critical oxide film

(23)

thickness and the number of asperity contacts N. Quinn following
(26) . . .
Archards approach in deducing the flash temperature, obtained the
following expression for the temperature of oxidation To.
T = ( (theory) T ) + T turrrevnnennnennnn (1.9)
o P s

Tp is the fictitious flash temperature at the interface assuming all the
heat is supplied to the pin, TS is the surface temperature and J}theorm
is the theoretical division of heat at the sliding interface. The
presence of this oxide film and the assumption that there are N areas
of contact will of course affect Jktheory). Since To depends on
Jztheory) equation (1.9), this means that T0 also depends on N and
hc' Quinn(23) used a computer search technique to deduce the appro-
priate values of TO, hc and N which will satisfy equation (1.6) the
oxidational wear equation. Values of hc and N were found which gave
J}theory) equal to the experimentally division of heat, equations
(14) and (8) of reference (23) respectively. The appropriate values
of To were then found based on equation (1.9).
A simplified theory for the oxidation wear of steels was proposed

by Tenwick and Earles(27) in 1971. A theory of oxidation wear which



could be used to predict wear accurately under a wide range of
conditions is unlikely to be possible because of the complex nature
of the sliding process which involves surface geometry, temperature
distributions, the conditions necessary for the formation of a wear
particle and the work hardening of the surfaces. To reduce the
complexity they proposed a simple steady state model such that contact
between the sliding surfaces occurs at only one asperity above the
surrounding surface, N = 1, This is assumed to remain in contact
until an oxide wear particle is formed and the process is then
repeated with another asperity. The real sliding process consists
of a series of collisions between asperities of the other surface.
Since consecutive collisions for a given asperity may be infrequent
the time spent with the asperity at TS the surface temperature, is
greater than at the contact temperature. Therefore they suggested
that Ts was representative of the effective temperature controlling
the wear mechanism,. Their values of the activation energies for
EnlA mild steel pins sliding on a N75 80% Ni, 20% Cr - Ti track
and a EnlA track, were much smaller than values reported for static
oxidation tests. This showed the effect of both the track and pin
substrate properties on the oxidation of the pin. Tenwick and
Earles(27) then modified the theory by changing the rate law from
linear to parabolic, incorporating hc the critical oxide film thickness
into the wear equation which is important in determining wear. They
proposed that before a generalised wear theory can be found the effects
of speed, surface strength and temperature on hC must be found.

Unless one has all the measurements of surface temperatures, divi-
sion of heat at the sliding interface, wear rates, friction coefficients

and the analysis of the wear debris, one cannot hope to understand any

wear processes.



- 15 -

1.5 Abrasive Wear

Abrasive wear usually a form of severe wear, is the removal of
solid material from a surface by it being ploughed or gouged out by
a much harder surface or body. There are two general situations for
this type of wear. In the first case or cutting wear the ploughing
or abrasive removal of material is produced by one of the two rubbing
surfaces. It occurs according to Burwell(zs), when there is great
dissimilarity in hardness between the surfaces and in addition that
the harder of the two possess a certain amount of roughness. The
asperities under the applied normal load dig into the softer surface
and literally plough up furrows that break loose as wear particles.

In the second case a third body, generally a small hard particle
of grit or abrasive caught between the two surfaces abrades either
one or both of the surfaces, Burwell.(zs) These hard particles can
come from the external environment or they can be corrosive wear
products which are generally metal oxides and are generally harder
than the parent metal. Burwell(zs) stated that it is also possible
that the small particles of metal produced by adhesive wear will have
been sufficiently work-hardened that they can abrade one or the other
of the surfaces. He also suggested that abrasive wear occurs most
readily when the abrasive particles are coarse rather than fine and
when the abrasive material is significantly harder than the abraded
material. In addition, its hardness relative to that of each of the
two rubbing surfaces, will distinguish whether it will exist as loose
rolling particles moving around between the two surfaces or whether it
will become embedded in the softer of the two surfaces and act like a

(29)

lap on the other surface. Haworth found that angular particles

of a soft material produced more wear than rounded harder ones.



(30)

Oberle points out that probably a truer measure of abrasive
wear resistance is the amount of elastic deformation that the surface
can sustain, In other words, in the presence of a harder abrasive
particle the surface deforms elastically to get out of the way, but
after the particle has passed on, it returns to its original config-
(28)

uration with no plastic deformation or permanent damage. Burwell

gave the following expression for the elastic limit of stain Elim

H E
Elim % d LB (1.10)

Elim is equal to the elastic limit of stress divided by the elastic
modulus E. The elastic limit of stress has been found empirically to

be proportional for a wide range of materials to the indentation hard-
ness Hd. The larger the elastic limit of strain the better should the
surface be able to resist damage by an abrasive or other hard surfaces.

A means for increasing Hd includes surface hardening by carburizing and
nitriding of steels, plating with a hard metal such as chromium, hard
facing with materials such as tungsten or chromium carbide, flame or
induction hardening of steels, etc. A means for combining a low elastic
modulus with a high hardness in the same material is by introducing

(30)

interruptions or voids in the structure. Oberle introduced slots
or holes into a steel specimen and reduced its elastic modulus reducing
the wear rate.

In the process by which metal is removed during abrasion, attempts
have been made to relate the amount of material removed with the actions

. . (31)

of individual abrasive particles. Sedriks and Mulhearn used
pyramidal tungsten carbide tools to simulate abrasive particles, in

which their cutting and rubbing characteristics at various orientations

were studied by optical microscopy. The information obtained was used
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to derive equations which relate the cross-sectional area of the groove
ploughed during sliding, with the orientation and geometry of the

tools and the mechanical properties of the material being abraded.

Lead was used as the abraded material because it is essentially a

non work-hardening material. The mechanics of abrasive cutting,
derived from a force analysis at the interface for lead work pieces,
has been extended by Sedriks and Mulhearn(sz) to include fully work-
hardened metals and alloys such as copper, aluminium and brass. The
fully worked state was considered as the state of deformation, imparted
to the annealed bulk material by compression at which no increase in
hardness takes place on further deformation. The increase in force
opposing the motion of an abrasive particle is primarily due to work-
hardening of the abraded material.

(33)

Archard and Hirst made a detailed study of the wear of hard-
ened high speed tool steel sliding on itself at a speed of 0.66 m S—1
under loads up to about 20 N. Under mild wear conditions they found
that for well run-in surfaces the wear particles may be as small as a
10 nm. Therefore the surfaces were very smooth and the height of the
surface features were generally less than those of the aggregrates
of loose wear particles which were present on the surfaces. Most of
the load must therefore be borne by this loose material and since there
was an increase in the wear rate Archard and Hirst concluded that the
final wear mechanism between run-in surfaces is one of abrasion by
loose oxide wear particles.

1.6 Summary of Previous Research

(34)

In 1958 Golden and Rowe investigated the transfer of tungsten

carbide to soft metals during sliding. A small radioactive hemisphere

of WC - 69 Co was slid slowly over copper and steel blocks under a
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load of 14.7 N. The material transferred was assessed by taking
autoradiographs which were obtained by exposing the wear tracks to a
photographic film, They showed that tungsten carbide was firmly
embedded in copper even after several traversals in each direction over
the track. Single traversals on mild and stainless steels also pro-
duced steady embedded wear. Figure 3a of reference (34) shows this
smooth wear produced by traversing a tungsten carbide slider once over
each track on a stainless steel block. The amount of wear was
comparable with that found on mild steel and only about 1/5 of that on
copper. Almost the whole of the transferred carbide was strongly
bonded to the block. When reciprocating traversals were made on mild
and stainless steels a considerable proportion of the transferred
carbide was scattered loosely on the surface. The autoradiograph
figure 3b of reference (34) shows this effect on a stainless steel
block when the tungsten carbide slider had traversed ten times in

each direction over each track. The total wear of tungsten carbide

on steel was very much less than that on copper. Golden and Rowe(34)
suggested that the difference between the first and subsequent traversals
on steels is due to the embedded particles acting as an abrasive. With
copper which is much softer than steel, a greater number of

abrasive particles are pushed down well into the material causing
damage to the tungsten carbide slider.

Golden and Rowe(ss) produced short straight tracks on copper blocks
using a radioactive slider of tungsten carbide containing 6% Co and 2%
TaC under a load of 19.6 N. On smooth surfaces uniform autoradio-
graphic density was observed. Spots were observed on the autoradio-
graphs if the copper surface was not sufficiently well prepared,

187 - . .
showing first the short lived W activity and finally the long-lived
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60 » |
Co activity. They stated that the composition of the wear deposit

corresponds closely to the initial composition. Examination by optical
and electron microscopy revealed no wear fragments as large as the
original grains 1 to 2 HIn across. When a large single crystal of
tungsten carbide was used, the wear was steady on well prepared copper
plates and they reported that it is false to assume that hard tungsten
carbide is unable to wear uniformly on a soft material, Therefore
Golden and Rowe(as) concluded that for cobalt bonded tungsten carbide,
both the soft matrix and the hard grains wear steadily away together
during dry sliding.

Miller(as) investigated the friction and wear of hard solids such
as sintered TiC, diamond and single crystals of SiC, TiC and sapphire
which in sliding contact with steel. A steel ball-bearing was
supported and caused to rotate in a vacuum at speeds up to 500 m S_1
by means of a rotating magnetic field. The ball was gripped under a
load of approximately 2 N by four flat specimens so that the friction
causes it to slow down. The variation of the coefficient of frictiomn
with sliding speed was calculated from a speed-time curve. Figure 11
of reference (36) shows the coefficient of friction against speed, for
steel sliding on sintered TiC and a single crystal of TiC. For
sintered TiC the coefficient of friction decreases slowly from about
0.23 at 100 m s © to about 0.08 at 300 and 500 m s”1.  With the single
crystal the shape of the curve was similar but the coefficient of

(36)

friction was slightly lower. Miller showed that all these hard
solids can undergo extensive wear when rubbed against steel or metals

of much lower hardness. This effect is due partly to the abrading

effect of small particles of the harder material which becomes dis-
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lodged and dragged across the surface. The sights from which
particles are removed may be inclusions, defects or perhaps asperities
which are subject to thermal shock or fatigue type failures. When
adhesions are formed at higher initial sliding speedssliding occurs

on a metal to metal interface. High temperatures were produced at
the interface due to the presence of droplets of metal in the wear
debris and by the nature of the wear marks on the balls. Miller(SG)
suggested that at high sliding speed it is the nature of the sliding
metal rather than the hard solid which determines the frictional
behaviour because marked changes were obsérved when the steel balls

were replaced by balls plated with copper nickel and chrome. With

all these hard solids the coefficient of friction for high speed

sliding of steel were almost the same and were similar to those deter-
mined by Bowden and Persson(37) for steel sliding on steel at comparable
speeds.

nt 38 (39)

Tre investigated the wear processes on cemented carbide

tools used for cutting steel. According to Trent(sg) when cemented
carbide tools containing only tungsten carbide and cobalt are used
there is a strong tendency for the steel to be welded to the tool at
the cutting edge. Whether this occurs or not there is generally very
little wear at this part of the top surface. Farther away from the
cutting edge on the rake face a crater is worn in the top surface so

' . . . (38)
rapidly that the tool soon fails when cutting at high speeds. Trent
(39) showed that when tungsten carbide containing cobalt was heated on
steel in a vacuum little reaction occurred until approximately 1300 OC,
At 1325 OCc the reaction was extremely rapid and the tungsten carbide

reacted with the steel to form a molton phase. These experiments

suggested an explanation of the extremely rapid cratering of the top
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surface of cemented carbide tools when used for cutting steels at high
speeds, Cratering is caused by the formation of an extremely thin
fused layer between the chip and tool surface, consisting of an alloy
of tungsten carbide with the steel. The molten alloy formed at
temperatures of the order of 1300 oC generated by friction is carried
away by the chip. James(4o) shows a S.E.M. micrograph figure 4 of
reference (40) of the floor of a wear crater on a WC - 6% Co tool after
cutting EN24 steel. The wear pattern shows a smooth surface as a
result of diffusion wear. Figure 2 of reference (38) shows a polished
section through the seized surfaces of a bearing consisting of an outer
sleeve of cemented tungsten carbide containing TiC and Co running against
a steel inner part. The fused zone was a fine unresolvable structure,
the steel has fused with the tungsten carbide grains while the

titanium - tungsten carbide grains have remained intact attached to the
steel. Trent(38) stated the length at the worn surface on the flank
face of the tool is generally much too short for the cratering temper-
ature to be reached. Hard particles in the steel and small particles
of carbide which may be broken away from the edge may score the flank
of the tool.

Trent(4l) showed there was oxidation of the carbide tool especially
on the flank face, with only slight oxidation on the rake face away
from the wear scar when cutting steel at high speed. He reported that
the main wear processes on carbide tools seem to be based on diffusion
and attrition with little evidence of abrasion as an important wear

(41)

process under most cutting conditions. Trent stated that the rate

of diffusion wear which predominates at high cutting speeds is controlled
mainly by temperature and the flow rate of the work material very close

to the tool surface. The rate of attrition wear, the tearing of small
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fragments from the tool surface is dependent mainly on irregularity

in the flow of metal over the tool surface and is therefore greater at
1 . (41)

ow cutting speed. Trent assumed that the cause of low wear rates
at high cutting speeds was due to the presence of some lubricating or

protective constituent in the steel or in the interaction between the

carbide tool and the steel.
. (42) .
Shimura and Tsuya studied the effects of atmosphere and temp-
erature on the wear rates of ceramics and cermets. A pin terminating
in a hemisphere was worn against a cylindrical disc under a load of

19.6 N. The linear sliding velocity varied from 0.073 to 0.12 m S_l.

. 42
Shimura and Tsuya( ) showed that the coefficient of friction for
-6

WC - 9.2% Co sliding on itself at a pressure of 10 torr remains
substantially constant, rising from 0.4 at room temperature to 0.5 at
600 oC. The coefficient of friction for ceramics are sensitive to
atmospheric pressure with characteristics similar to graphite according

. (42) o s
to Shimura and Tsuya . They found that the coefficient of friction

-8 -2 .
remains constant at 0.4 from 10 to 10 torr. It reaches a maximum
at 1 torr and then falls rapidly to less than 0.3 at atmospheric pressure.
The volume wear rate which was calculated from the weight loss after
-2

sliding gave a maximum at a pressure of 10 torr. The wear rates and
the coefficient of friction are higher at reduced pressure than in air.
From these effects and from observations of tested surfaces, Shimura and

(42) i lubricated with a thi £t
Tsuya postulated that the ceramics are lubricated wil a in so
surface layer which is naturally formed by an effect of absorbed
moisture present in the air.

Mordike(43) studied the frictional properties of carbides over a

o
temperature range from room temperature to 2000 C at a pressure of
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10 torr, After outgassing the specimens by heating above 1400 oC
they were heated to the required temperature and the friction values
were taken at intervals on cooling. The linear rate of sliding was
quite low and the normal load was varied between 0.245 and 29.4 N.

For tungsten carbide sliding on itself the coefficient of friction
showed an initial decrease from 0.6 at room temperature to 2 minimum
of about 0.3 at 830 OC, followed by a sharp increase as the temperature
was increased. He showed that at room temperature the coefficient of
friction was low approximately 0.2, but the effect of outgassing shows
that this was due to the lubricating properties of the surface film.
Mordike(43) concluded that the coefficient of friction of carbides on
carbides first decreased with increasing temperature and then at a
definite and reproducible temperature between 800 to 1400 oC increased
rapidly. Over this temperature range a change occurred which resulted
in increased adhesion between sliders and crystallites.

Parks(44) investigated the unlubricated track wear of angular
contact bearings made from Lescalloy BG42 martensitic stainless steel
at temperatures up to 350 °c. Each angular contact bearing contained
twenty 3 mm WC - 11% Co balls. There was a one second run up to 33 revs
€~ with a 30 second dwell period between cycles. Track wear
measurements were obtained by shadowgraph recording at a magnification

of 100. He stated that track profile geometry was not too important

as the initial form was short lived and tended to circular arc-close

conformity in all cases. Therefore the track wear was linear with
increasing number of cycles as shown in figure 1.1. The effect of
temperature on the track wear is shown in figure 1.2, There is a

progressive increase in wear with increasing temperature up to a peak

in the 300 to 350 °c region. The balls showed virtually no measurable
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(44)

wear. According to Parks the effect of temperature on the wear
process was two fold. Firstly the material softened off as the
temperature rose and more evidently there was the formation of various
types of oxides occurring at different temperatures.

1.7 The Metallurgy and Oxidation of Stainless Steel

The role of carbon in steel is described, for example, by Alexander

(45)
and Street. When pure iron is heated to 906 OC the iron atoms

spontaneously rearrange from the body-centred cubic form into the face-
centred cubic lattice pattern. At room temperature less than 0.01%
carbon can exist in solid solution in slowly cooled iron of body-
centred cubic form called ferrite. At high temperatures up to 1.7%
carbon can be taken into solid solution in face-centred cubic iron or
austenite, When carbon is present; the atomic reshuffling on heating
commences at about 723 0C and concludes at that or some higher temper-
ature depending on the amount of carbon as shown by the iron-carbon
phase diagram, Hansens46) The striking variation of properties of
steel is associated primarily with its carbon content and secondly with
the rate of cooling from the austenite state. When slowly cooled

(annealing) the carbon forms a hard iron carbide FeBC called cementite.

This is deposited in layers arranged alternately with layers of the

surplus ferrite and is called pearlite. The presence of pearlite
gives hardness and strength to steel. With cementite alone the steel
would be brittle, with ferrite alone it would be soft. If steels are

quenched in water from the austenite state, the steel cools so rapidly
that the carbon atoms have no time in which to come out of solid
solution to form cementite. Because of the enforced presence of these
carbon atoms the iron atoms can revert only to a distorted form of the

body~centred cubic arrangement called martensite. This severe
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distortion is responsible for the great hardness and brittleness
produced. Tempering of a martensitic steel makes it tough and
springy but does not restore the pearlitic structure.

Stainless steels can be divided into three categories, they are
martensitic, ferritic and austenitic. The martensitic group which
can be hardened by quenching contains approximately 13% chrome and
no other major alloying element. The ferritic group contains 17 to
30% chrome with also no other major alloying element present. The
austenitic group contains about 18 to 20% chrome with 8 to 15% nickel.
The iron-carbon phase diagram at 13% chrome is given by Bungardt et.
al.(47)

The metallurgy of martensitic stainless steels is described by
Colombier and Hochmanng48) These steels are used when high hardness
is essential irrespective of ductility. Hardness is the prime con-
sideration even at some cost to corrosion resistance. The structure
of the steel is in fact determined by the balance between those
elements that form ferrite such as Mo, W, V, Cr, Ti, Nb, Si and Al
with those that stabilize austenite such as C, Mn and Ni, Chrome,
for example, extends the ferrite phase field and narrows down or
suppresses the austenite phase field which disappears completely at
25% chrome. In alloys with up to 10% chrome the carbide formed is a
cementite (Fe, Cr)3C. Beyond this level the complex carbides
(Cr, Fe)23c6- and (Cr, Fe)7C3 are formed. Chrome also has a signifi-
cant influence on the as - quenched hardness. For steels quenched
from 1000 OC, the hardness falls off substantially as the chrome
content is increased from 13 to 17%. Since a high chrome content is

unavoidable to ensure good corrosion resistance a compromise must be
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made between the two properties. Hardness can only be increased at
Athe expense of corrosion resistance. Maximum hardness for a 0.6 to
1.0% carbon martensitic stainless steel is reached. when quenched from
about 1070 OC, with rapid reduction in hardness at higher temperatures.
Figure 2.11 of reference (48) shows the hardness as a function of
gquenching temperature for a 0.7 and 1.0% carbon martensitic stainless
steel. Large amounts of residual austenite are obtained on quenching
to room temperature which cannot be all broken down even by cooling

to -80 OC. The characteristic microstructure after heat treating

for maximum hardness consists of a uniform dispersion of finelalloy
carbides in a martensitic matrix.

When tempering a 1% carbon martensitic stainless steel the hardness
falls off appreciably between 150 and 250 OC. Above 300 oC the hard-
ness tends to increase slowly corresponding to the break down of
residual austenite and the precipitation of carbides. The high hard-
ness of Lescalloy BG42 a martensitic stainless steel; can be maintained
upon exposure to elevated temperatures because peak hardnesses develop
on tempering in the 510 to 538 OC range. Subsequent exposure to
temperatures approaching this level does not lower the room temperature
hardness.

Alloying elements such as molybdenum in martensitic stainless steel
reduces the hardenability and necessitates the use of higher austenitiz-
ing temperatures. Nickel is used to maintain hardenability at high

chrome contents. The presence of vanadium produces hard alloy carbides

which give wear resistant properties.
. (48) . .
According to Colombier and Hochmann the corrosion resistance

of a stainless steel is a result of their chrome content. The chrome

undergoes preferential oxidation since its affinity for oxygen is
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higher than that of the iron. It forms a thin surface film on the
metal comprising of oxides impermeable to and insoluble in corrosive
media. This protective film can only form in the presence of
oxidizing agents. Figure 6.13 of reference (48) shows oxidation as
a function of time for stainless steels at 1000 oC. Martensitic
stainless steels with 13% chrome have good scaling resistance up to
800 OC. Due to the preferential oxidation of chrome amounts greater
than 12% below 1000 0C increase the oxidation resistance of iron almost
a hundred fold as measured by film thickness, Kubaschewski and

(49)

Hopkins. As soon as a layer consisting of Cr203 or rather

(Cr, Fe)203 or the spinel type oxide FeO . Cr203 is formed a pro-

. . . (50) .
tective effect is accomplished. Stoddart and Hondros using
Auger electron spectroscopy on a 1 pm film oxidized on 18% chrome,

o
8% nickel steel at 900 C found enrichment of chrome in the outer
layers of oxide. With long exposures to oxidation, iron ions
obviously diffuse through the spinel film and build up an outer layer

(49)

consisting mainly of iron oxides, Kubaschewski and Hopkins.

. (31) . . . . .
Isherwood and Quinn using X-ray glancing angle on thin oxide films
formed on iron chrome alloys containing up to 409 chrome, showed that
temperature was more important than chrome content in determining which
type of oxide was present. They concluded that the transition temp-
eratures of 270 0C characterised by the formation of rhombohedral
oxide and 5’—Fe203, 350 oC by the appearance of the spinel phases and

finally at 550 ¢ when the wustite phases appear were almost unaffected

by chrome content. The rhombohedral oxide is a solid solution con-

sisting of a mixture of el.-FeZO3 and Cr203, the spinel oxide is a solid

solution of F9304 and FeCr204. The wustite ' phases consist of
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FeO and Cr0 where X—Fezo3 is simple cubic. Isherwood and
. (51)
Quinn showed that the relative proportions of wustite to other
oxide phases for temperatures greater than 600 °C decreased with
increasing chrome content for amounts greater than 109%. They suggested
the presence ofX'-FeZO3 found in the high temperature patterns could
possibly be due to its formation during cooling and storage.
. (48) . .

Colombier and Hochmann shows that the addition of nickel to
stainless steel improves the corrosion resistance. Also additions
of molybdenum improves the corrosion resistance in moist surroundings.
The silicon content needed to bring about a significant improvement is

about 2%.

1.8 The Tungsten-Carbon-Cobalt System

The phase diagram of the tungsten carbon system has been shown by

46 52

Hansen( ) which formed the consensus of work until 1938, Orton( )

: (83) . .

in 1964 and Sara in 1965. They show that two carbides WC and
. . . (46)

W2C can exist in two forms. According to Hansen tungsten

carbide of hexangonal structure which occurs at 6.12% carbon remains
o (52) . .
stable up to 2600 C. Orton shows that tungsten carbide exists
O .
up to 1760 oC with:L-ch + carbon appearing. At 2525 C there is
o
liquid and carbon with the carbon disappearing completely at 2750 C.
(53) . o
Sara shows that tungsten carbide at a temperature of 2755 C
decomposes into the face-centred cubic phase and carbon, this exists
over a narrow range of temperature going to liquid and carbon at
2785 °c. Tungsten carbide itself is brittle, but in combination with
cobalt the properties of this binding or cementing metal decrease the

(54)

brittleness, Rieck.
The effect of cobalt on tungsten carbide has been described by

Young.(ss) Cobalt was introduced as the metal matrix to contain and



bind the hard carbide particles. The tungsten carbide should have

a total carbon content of 6.05 to 6.2% and a free carbon content not
above 0.1%. In cemented carbide production the grain size and the
ratio of cobalt to tungsten carbide may vary widely. Increasing

the cobalt content decreases the hardness and increases the toughness
of the cemented carbide. The grain size of the tungsten carbide in
the final hard metal is determined largely by the grain size of the
tungsten metal powder originally used. Cobalt is usually added in
the form of metal powder but cobalt oxide may be employed. The
sintering temperature is quite critical and differs for the various
grades of carbide, this is about 1300 oC for 20% cobalt. During

the sintering process which causes a 20% shrinkage, the cobalt melts
and dissolves about 14% of tungsten carbide, all but 1% of which is
reprecipitated on cooling. According to Dawihl and Frisch(56) the
alloy after sintering is subject to internal stresses due to different
expansion behaviours of tungsten carbide and the cobalt phase. They
suggested that the relief of internal stresses at elevated temperatures
increased the'mechanical resistance and reduced the wear. They also
showed that cemented tungsten carbide has excellent hot hardness and
hot strength. Gurland and Norton(57) showed that the effectiveness
of cobalt as a binder is due to the relatively low melting temperature
of the cobalt - tungsten carbide solid solution, the solubility of
tungsten carbide in cobalt and the wetting of solid carbide particles
by the liquid binder. Densification occurs as the result of a
re-arrangement of the carbide particles, which achieve a denser pack-
ing under the influence of the surface te%sion forces of the binder.

Rautala and Norton(ss) published part of the tungsten-carbon-

cobalt ternary system. They assumed that the cobalt-~tungsten carbide



system which is shown in figure 1.3 behaves like a simple binary.

The specimens were subjected to fast cooling rates and they believed

that the high temperature structures were satisfactorily retained.
(59) .

Gurland studied the effect of carbon content on the structure and

properties of tungsten carbide containing cobalt. A vertical section

through the tungsten-carbon-cobalt ternary diagram at 16% cobalt is

(59)

shown in figure 1.4. Gurland identified the phases by metallo-

graphic and X-ray diffraction techniques after being water quenched
from the temperature of investigation. The temperatures of the
invariant planes at 1298 and 1357 0C were established by Rautala and
Norton(?S) Gurland(sg) showed that tungsten carbide and a cobalt
rich solid solution are present in the sintered structure if the
carbon composition corresponds very closely to the theoretical carbon
content of tungsten carbide which is 6.12%. Small deviations from
the ideal carbon content result in the appearance of either graphite

(C) or the double carbide W3Co C, the n-phase. A deficiency of

3
carbon will have more detrimental effect than an excess, since the
former produces the n carbide which reduces the strength by displacing
: (59) .
the binder from the sintered structure, Gurland. Figure 1.4
shows the n-phase will form during sintering and will be present at
room temperature if the tungsten carbide contains less than approxi-
mately 6% carbon. If the carbon content is about 6.05% the n-phase
can only be maintained at room temperature by rapid cooling.
. (60)
X-ray photographs of cobalt powder taken by Edwards and Lipson
o .
show that above a temperature of 500 C the face-centred cubic phase

p-Co is stable. At room temperature about equal amounts oOf hexagonal

and face-centred cubic forms were found to be present. They found
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with rod specimens the transformation on cooling begins at about
o
400 C and is almost complete at about 300 °c. On heating, the
transformation back to the cubic form takes place for both specimens
t about 500 °cC i icn (61
at about . Troiano and Tokich using X-ray analysis,
showed that the allotropic transformation from cubic to hexangonal
o
occurred at 388 'C in coarse grained cobalt. This type of reaction
could not be detected in fine grained cobalt. They showed that the
time required for the isothermal transformation from hexangonal
cobalt to cubic decreased as the temperature was raised. Owen and
(62)
Madoc-Jones in 1954 showed that the stable structure of cobalt
was found to depend on the grain size between room temperature and
o
about 450 C. When the grain size is very small as in cobalt sponge
the stable structure is face-centred cubic. When the grain size is
large as in a solid rod the stable structure is close-packed hexangonal.
They showed at temperatures above 450 oC the rod changed to a face-
. (62)

centred cubic structure. Owen and Madoc-Jones stated that all

o
specimens of cobalt whatever the grain size annealed at about 1000 C
and quenched show a mixture.

Webb et. al.(63)

showed that two oxides form during the oxidation

of tungsten between temperaturesof 700 and 1000 °C in oxygen. They

found the outer layer was yellow tungstic oxide WO3 and the inner

layer was a dense thin dark blue adherent oxide of uncertain composition.

The oxidation reaction followed initially the parabolic rate law, but
(64)

eventually there was a transition to the linear rate law. Webb et. al.

invested the oxidation of tungsten and tungsten carbide at temperatures

of 700 and 1000 oC in oxygen. They suggested the higher rate of

oxidation of tungsten carbide compared to tungsten was due to rupture

of the oxide film due to formation of CO and COZ'
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They found that tungsten carbide oxidized according to a linear rate
law. An examination of the oxide film formed on tungsten carbide
at 7OOOC revealed only the presence of yellow tungstic oxide WOS'
There was no lower blue oxide layer found like that on tungsten.
According to Newkirk(ss) fine tungsten carbide powder containing
approximately 6.2% carbon reacts relatively slowly with air below a
temperature of 500 OC. Above this temperature it begins to oxidize
rapidly which at 529 OC leads to complete burning. He showed that
the onset of rapid oxidation occurred at about 565 OC for macro-
crystalline tungsten carbide also containing 6.2% carbon.

(55)

The oxidation of cobalt has been described by Young. Like
iron, cobalt has three well known oxides, the monoxide or cobaltous
oxide Co0O, cobaltic oxide C0203 and cobaltosic oxide C0304. Above
a temperature of approximately 850 OC the cobaltous oxide CoO. 1is

the stable oxide. Co,0 is formed when cobalt compounds are heated

23

at a low temperature in the presence of an excess of air, C0203

is completely converted into C0304 at temperatures above 265 OC.
Below 700 oC the rate is controlled by the diffusion rate of cobalt
cations through the C0304' layer, above 700 °C the rate is determined

by diffusion through the CoO  layer. Gulbransen and Andrew(ss) studied
the oxidation of cobalt over the temperature range of 200 to 750 °C.
They showed the oxidation of cobalt was parabolic over the temperature
range 350 to 550 °c in oxygen at 1 atmosphere. The rate of oxidation
was found to increase abruptly between 600 and 700 9C. In this

temperature range of 600 to 700 °C the oxide films cracked on cooling

o .
while at temperatures less than 600 C the oxide appeared coherent.

1.9 Brief Description of Research

o
Experiments were conducted at temperatures up to 500 C on angular
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contact bearings similar to those used in service in the air motor.
The balls were constructed from tungsten carbide containing 11% cobalt
and the inner and outer races from martensitic stainless steels, Lesc-
alloy BG42 and A.I.S.I. 440C MOD. Since both rolling and sliding
occurs and because of the geometry it was difficult to do a complete
physical analysis of wear, heat flow and worn surfaces for this con-
figuration. Therefore experiments were carried out under pure sliding
conditions using a pin-on-disc apparatus for disc temperatures up to
500 OC. The disc was made of WC - 11% Co and the pins of the
martensitic stainless steel. This particular configuration was
chosen because most of the wear was expected to occur on the steel
which made measurement of wear far easier. The frictional force was
measured and so was the heat flow along the pin from which the surface
temperature was computed.

Compounds in the wear debris and present on the surfaces were
identified using X-ray diffraction. The surfaces of selected worm
pins and the worn tracks of the angular contact bearings were invest-
igated using the scanning electron microscope. This was also used in
conjunction with an energy dispersive analyser, which identified the
surface elements present. Hardness tests were taken of these pins
and surface profiles were taken of the disc for tracks of interest.
The thickness of oxide films under static conditions on the marten-

sitic stainless steels were measured using a technique known as

ellipsometry.



CHAPTER 2

EXPERIMENTAL DETAILS

2.1 Introduction

Experiments were conducted on a Lucas angular contact bearing test
rig and on a conventional pin-on-disc test machine at temperatures up
to 500 OC. The angular contact bearings outer and inner races were
made of Lescalloy BG42 and A.I.S.I. 440C MOD martensitic stainless steel
and the balls of tungsten carbide containing 11% cobalt. On the
elevated temperature sliding wear pin-on-disc test machine, the pins
were made of the steel and the disc of the WC - 11% Co. Track and
ball wear measurements were obtained from the angular contact bearing
tests with also friction and wear measurements from the pin-on-disc
machine. The heat flow along the pin was also measured from which the
surface temperature was computed. Samples for analysis were produced
by both test machines with the majority coming from the pin-on-disc
experiments.

Surface profiles were taken of the disc using the talylin to show
certain wear tracks of interest. The compounds in the wear debris
were identified using powder X-ray diffraction with COK* radiation.
Glancing angle X-ray diffraction was used to identify the compounds
present on the surfaces of the balls and on selected steel pins. The
scanning electron microscope was used to observe and photograph the
surfaces of slected worn pins taken from the elevated temperature sliding
wear pin-on-disc test rig and also the worn tracks of the angular
contact bearings. Thé scanning electron microscope was also used in
conjunction with an energy dispersive analyser to identify the surface

elements present. Hardness tests were taken of these pins using a
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Vickers hardness tester and a miniload system for measuring the
surface hardness.

For both types of martensitic stainless steel, the thickness of
an oxide film produced by placing the samples in a furnace at temp-
eratures up to 600 °c were measured using a technique known as
ellipsometry. From the oxidation rates the rate constants were
obtained, this enabled the activation energy and the Arrhenius constant
to be calculated from measurements of oxidational growth rates.

2.2 The Lucas Angular Contact Bearing Test Rig

The 35 mm diameter angular contact bearings were made from Lescalloy

BG42 and A.I.S.I. 440C MOD martensitic stainless steels having a track

surface finish of 0.15 to 0.2 ym c.1l.a. Each bearing contained twenty
3 mm diameter WC - 119 Co Wimet grade G balls with a surface finish
less than 0.2 ym c.1l.a. A typical bearing is shown in figure 2.1

with part of its outer race removed exposing the balls and wear track
on the inner race. Figure 2.2 shows a section of the bearings and
loading arrangement which was placed inside a furnace. Two angular
contact bearings were used, the test bearing and a second bearing just
for alignment. They were loaded using a spring, the calibration

curve for which is shown in figure 2.3. An axial load of 776 N was
applied through a sleeve onto the inner race of the housing alignment
bearing. The load was then transmitted through the bearing housing,
which was prevented from rotational movement, to the test bearing.

The shaft was driven by an hydraulic motor, where the speed was measured
with an inductive tachometer capable of measuring speeds up to 10,000
r.p.m. The speed of the shaft reached 33.3 revs S—l over a one second
period, with a delay time of 27 seconds so as to prevent rapid temper-

ature rise. This was achieved using a variable timer controlling a
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An angular contact bearing. Part of the
outer race has been removed exposing the

WC - 11% Co balls and wear track on the
inner race.
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solenoid value situated in the inlet line to the motor as shown in

figure 2.4. The number of cycles were recorded using a mechanical

counter triggered by the variable timer unit, Chromel-alume] thermo-

couples were used for furnace regulation and angular contact bearing
temperature measurement.

The bearings were investigated over the temperature range 100 to
500 Oc. All the bearings were run for 400 cycles at the required
temperature to obtain a 50% track conformity before starting the wear
tests. This was to obtain a track radius equal to the radius of the

ball, so producing a constant area of contact.

Track conformity = track radius x 100
ball diameter

The classical Hertz formulae for contact stress assumes the contacting

(67)

surfaces to be non-conforming, for example see Timoshenko and Goodier
., (68) . . . i

and Levit. This is not true for a circular arc track in which the

ball and track wear to a matching conformity of 50%. In this case the

calculated Hertz stress becomes zero, since theoretically the conforming

contact of the infinite bodies implies infinite contact area.

Wb = Q/ z sin ¥ e e (2.2)

Wb is the load on the ball, Q is the axial load, z the number of balls

and ¥ the contact angle. The ball contact stress is given by equation

(2.3).

1/3

6
= | W, g% (1.1804 + 0.0987 d, /D) L (2.3)

2
156 . 249 d
b

Where E is the average elastic modulus of the materials (3.89 x 10

Nm ), db the ball diameter and D the inner diameter of the outer race

2 x 1077 m, see figure 2.5). Equations (2.2) and (2.3) were used by
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parks(44) and are valid for 569% to 50% track conformity, the range
over which the area of the contacting ellipse has been allowed for.
For a 52% track conformity ¥ = 35 degrees, using equation (2.2) the
load on the ball Wb = 67.6 N and from equation (2.3) the ball contact
stress 0= 2.8 X 109 N m_2. For a 50% track conformity ¥ = 45 degrees,
therefore Wb = 54.9 N and 9= 2.6 x 109 N m-z.
For a new set of balls the bearings were run for 1000 cycles at the
appropriate temperature. The depth of the wear track on the bearings
inner race was measured from shadowgraph recordings of the track profile.
The shadowgraph was an optical instrument which magnified a test
specimen up to a hundred times by projecting its image onto a screen.
The outer race was not considered because of possible error due to
bearing alignment, and also replicas taken of the wear tracks produced
refraction effects when observed with the shadowgraph. At the end of
the experiments eight balls were taken from each bearing and measured

using a micrometer where an average was then taken.

2.3 The Elevated Temperature Sliding Wear Test Machine

The sliding wear test rig was a conventional pin-on-disc machine

(69)

which was originally described by Dunckley in 1977. A general view
of the test rig showing all the instrumentation is shown in figure 2.6.
On the test rig the pins were of 6.52 mm diameter flat faced Lescalloy
BG42 and A.I.S.I. 440C MOD martensitic stainless steel of length 31.8 mm,
sliding against a 127 mm diameter WC - 11% Co disc. The surface finish
0f both the pin and disc was 0.2 pm c.l.a. which was approximately the
same as the materials used in the angular contact bearing experiments.
Prior to each experiment they were cleaned and degreased first with a

detergent and then with propanol. Due to insufficient material the

A.I.S.I. 440C MOD pins were brazed onto A.I.S.I. 440C shafts.
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The disc was mounted onto the water cooled rotating shaft via a
sindanyo block preventing heat loss by conduction due to its low
thermal conductivity. The loading arm was modified which allowed tests
to be carried out at two separate track radii, 50 and 58 mm, allowing
the disc to be used four times before repolishing for the experiments
which required no external heating. The disc was polished using fine
grade alumina powder. The load on the pin was applied by an air piston
mounted along the axis of the shaft for loads of 19.6 N and higher.
Loads less than 19.6 N were applied by weights. This was necessary due
to the friction in the air piston which would have possibly caused error.
The air piston was calibrated using a strain gauge dynamometer which
measured the force for a given air pressure supplied by a cylinder. The
load exerted by the piston as a function of air pressure is shown in
figure 2.7,where loads of up to 170 N were obtained. The frictional
force, the wear rate of the pin and temperatures were obtained directly
from the test machine. The frictional force was measured using a strain
guage dynamometer and the wear rate was continuously monitored using a
linear voltage displacement transducer, see section 2.5. Both the
frictional force and the wear rate were displayed on a chart recorder.
The linear sliding speed of the disc at the pin U is given by equation

(2.4).

R, is the radius of the wear track on the disc and f_ the speed of
the rotating shaft. The speed of the shaft driven by a 5 H.P. motor Wwas

measured using a handheld mechanical tachometer.

The heater was a 2 kW domestic cooker ring which was fixed to the

face of the disc opposite to the wearing surface as shown in figure

2.8. Its power was supplied by carbon brushes running on slip rings.
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A general view of the elevated temperature
sliding wear test machine showing all the
instrumentation.
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Detail of the elevated temperature wear

rig showing loading arm and steel pin against
the WC - 11% Co disc, with the heater element
clamped to the rear of the disc. The slip
rings on the front (pin) side of the disc are
for the thermocouple, those at the rear feed
the heater.
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The temperature of the disc was measured using a chromel-alumel thermo-
couple in contact with the disc at a radius of 30 mm, where again slip
rings were used for connection. This was used in conjunction with a
self designed temperature controller described in section 2.4, which
stabilized the temperature of the disc by controlling the power to the
heater. This prevented any further increase in temperature caused by
frictional heating. A variable auto-transformer was used in series
with the heater to reduce the heater current. This prevented temper-
ature overshoot each time power was supplied to the heater by the
controller. The pin was held in a calorimeter arrangement where the
temperature at two points along the pin and also the calorimeter were
measured using chromel-alumel thermocouples. This enabled the heat
flow along the pin to be measured continuously from which the surface
temperature was computed, see section 2.6. All the temperatures were
displayed on chart recorders.

The wear rates and the frictional force were measured over a range
of loads in the region of 4.9 to 166.8 N, for linear sliding speeds of
0.6, 2.0 and 3.0 m s—l for no external heating, and then at disc
temperatures of 200, 300, 400 and 500 °c at 2.0 m S”l.

2.4 The Temperature Controller

The instrument was designed to stabilize the temperature of the
tungsten carbide disc over the temperature range 200 to 500 oC to within
j5 oC. A photograph of the complete unit is shown in figure 2.9.

The temperature of the disc was measured using a chromel-alumel
thermocouple, with both its reference junctions at o °c. The small
e.m.f. produced by the thermocouple was amplified using a d.c. amplifier

which enabled it to switch a transistor controlling the current to the

heater.
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Fig. 2.9. The temperature controller unit.
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A circuit diagram of the temperature controller is shown in

figure 2.10. The unit had a high input impedance of approximately
2 Ma which did not disturb the e.m.f. produced by the thermocouple.
The d.c. amplifier used was a 741 operational amplifier in a 8-pin
D.I.L. package connected in the non-inverting configuration. For zero
input voltage the output at the operational amplifier was set to zero
using RVI. The non-inverting closed loop gain is given by equation
(2.5).

A(d.c.) = 1 + RVZ / R1 I (2.5)
The voltage gain of the operational amplifier was set to about 300 using
RV2, This value was chosen to keep the output between approximately
2 and 7 volts over the temperature range 200 to 500 °c. Since the
output from the thermocouple was taken through slip rings a small
alternating voltage was produced when the disc was rotating. This was
undesirable so the a.c. gain was kept to a minimum by CI which produced
a large amount of negative feedback. Considering the circuit the a.c.

voltage gain is given by equation (2.6).

11/2
1 (RV2) 2

A(a.c.) = 1 + 47 2 2 2 J ...... (2.6)

1 + (RV2) w Cl

Using the value of RV2 from equation (2.5) the gain ranges from 1.16
at 100 Hz to 4.18 at 5 Hz, which is small compared to the d.c. voltage
gain.

The disc temperature was controlled by potentiometer RV3 which
applied a selected positive voltage onto the base of tramsistor Trl.
As the voltage increased due to the increase in disc temperature, the
collector current of Trl increased closing the relay and cutting the

power to the heater. The two pole changeover relay had a 12 V d.c.
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110 -~ coil with gold-flashed silver contacts rated at 10 A at 250 V a.c.
Because the collector current can be quite high the transistor Trl
required a heatsink of thermal resistance S50 0C W~l. In order for the
relay to open, the collector curreﬁt would have to decrease by a large
amount which would require a large temperature decrease at the disc.

To prevent the thermal cycling of the disc, the collector current of

Tr1 was decreased automatically once the relay had closed by switching
RV4 in parallel with RVZ2. This reduces the gain of the 741 operational
amplifier and thus the voltage on the base of Trl, leaving just enough
collector current to hold the relay closed. Therefore only a small
temperature decrease was necessary to cause the relay to open and there-
fore supply power to the heater; Also a variable auto-transformer T1
was used to reduce the heater current which prevented temperature over-
shoot each time power was supplied to the heater.

The diode D1 protects the transistor from the voltage pulses caused
by the switching of an inductor. Because the emitter-collector current
can increase with transistor temperature negative feedback was applied
by R2. Therefore when the emitter-collector current rises it produces
an increase in voltage on the emitter reducing the base-emitter voltage
and thus stabilizing the collector current. The variable resistors
RV1, RV2 and RV4 are all open skeleton presets.

After switching on the heater the temperature of the disc was
allowed to increase until the required temperature was reached as
indicated on the chart recorder. The potentiometer RV3 which 1is
jocated on the front of the controller was rotated from zero on the dial
until the green neon lamp Wwas illuminated. The disc temperature was

now stabilized and fine adjustment was made using RV3 where it was

found necessary.
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2.5 Friction and Wear Measurements

The frictional force was measured by a strain gauge dynamometer
capable of measuring loads up to 890 N. Its output was amplified
using a d.c. amplifier which was then recorded on a chart recorder.
For a fiked voltage gain, the output voltage of the strain gauge vary-
ing with compressive load is shown in figure 2?11. The frictional

force F (N) is given by equation (2.7).

F o= x, g/ G (b =R oo (2.7

G is the slope from figure 2.11 (2.548 x 1072 v vy, q the distance
of the strain gauge to the load axis (6.1 x 10-2 m), b the distance of
the load axis to the rotating shaft (10.7 x 10‘2 m) , Rw is the radius
of the wear track on the disc (5 x 10»2 m, 5.8 x 10"2 m) and X is the
displacement taken from the chart recorder V). The coefficient of
friction was obtained by dividing the frictional force by the applied
load.

The wear rate was continuously measured using a linear voltage dis-
placement transducer. Since it contained an internal amplifier its
output was displayed directly onto the chart recorder. Its output
voltage as a function of displacement is shown in figure 2.12. The
wear rate which is the volume of material removed per unit sliding dis-

3 - .
tance w (m m 1) is given by equation (2.8).

-1 . .
G is the slope from figure 2.12 (825 V m ), Rt the radius of the pin
(3.26 x 10--3 m), U the linear sliding speed of the disc at the pin
-1

(m s ), x_ the displacement taken from the chart recorder (V) and t
o}

the time for this displacement (S).
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Fig. 2.11. Strain gauge dynamometer calibration.
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Fig. 2.12, Wear transducer calibration.
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Vibrations and noise were eliminated by placing a 100 nf capacitor
across both pairs of input terminals on the chart recorder producing
a low impedance path to earth for changing voltages. Therefore smooth

traces were obtained for both the frictional force and the wear rate,

enabling wear rates of less than 10_14 m3 m_1 to be measured at a

-1
linear sliding speed of 2 m 5

2.6 Heat Flow and Pin Surface Temperature Measurements

The pin was held in a copper calorimeter where the temperature at
two points along the pin and also the calorimeter were measured using
chromel-alumel thermocouples. A diagram of the pin and its calorimeter
arrangement is shown in figure 2.13 which enabled the heat flow along
the pin to be measured continuously. The thermocouples were operated
with their reference junctions at O oC and their outputs displayed on
chart recorders. Calibration tables were used to convert the thermo-
couple e.m.f. to temperature. Because of the relatively low input
impedance of the chart recorder, especially on the 10 mV range, the
voltage recorded was not the true e.m.f. of the thermocouple. Figure
2.14 shows the temperature as indicated on the chart recorder varying
with temperature measured using a high input impedance digital volt-
meter. Therefore the correct temperatures were obtained by mulit-
plying the temperatures as indicated on the chart recorders by a
correction factor of 1.04.

The heat flow theory for no external heating was originally
developed by Coy(70) where equations (2.9) to (2.12) were obtained. The

temperature of the surface of the pin outside the real area of contact

o
TS (. C) is given by equation (2.9).
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T = - T .
s (TA E) cosh (Ll/Z Rt) + Z H2 sinh (Ll/Z Rt) + T

i X 1T R,
s L t

TA is the temperature récorded by a thermocouple at the pin surface
just as it emerges from the pin holder (OC) and TE is the temperature
] of air flowing past the pin, well away from the boundary layer on the
cylindrical surface of the pin (OC). 1t was assumed that the air
which flows past the pin has a temperature TC’ the temperature of the
/ copper calorimeter Coy. Rt is the radius of the pin (0.00326 m),
Ks the thermal conductivity of the steel pin (23.86 J s"1 m_1 OCS%
! L1 the final length of pin exposed to the air between the holder and
¢ the disc (m) and H2 the heat flow per second entering the section of
the pin where the thermocouple measuring TA is conducting heat away

; (J s ), see appendix 1.

2
Z = (Ks/ 2 Rt h)l/ ........................... (2.10)

-1 -2 -1 . X
The heat transfer coefficient h (J s m OC ) from the cylindrical

) exposed surface of the pin to the air was derived experimentally, see
appendix 1. This over came the necessity for analysing the complex
heat flow situation, in which the surface layer of air around a solid
i transfers heat by conduction whilst the bulk of the air transfers heat
by convection.
The experimentally measured division of heat at the pin-disc inter-

face JZexpt) is given by equation (2.11).

J}expt) = Hl / H(total) e (2.11)

Hl is the heat flowper second along the pin at the interface between the

-1 )
pin and disc (J s ), see appendix 1.
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H(total) = F U

H(total) is the total heat per second evolved at the pin-disc inter-
face for no external heating (J S_l), U the linear sliding speed of the
disc at the pin (m s—l) and F the frictional force (N). The computer
programme which was used to calculate Hl’ Ts’ J}expt) and H(total) 1is
shown in appendix 1.

Under miid wear conditions the temperatures TA’ TB and TC were guite
steady, but for greater wear rates their final values were taken as
equilibrium conditions could not be obtained. When the wear rate was
rapid the temperature TA would give a fairly linear temperature rise
with time. From this an approximate surface temperature Ts (OC) was
obtained given by equation (2.13).

T L
T ~ o A 1 + T
s A
t w
r

TA is the final temperature recorded by a thermocouple at the pin

o .
surface just as it emerges from the pin holder ( C), L1 the final

length of pin exposed to the air between the holder and the disc ),
_1 .
wr the linear wear rate of the pin (m 3 ) and t the time (s) for the
o

temperature rise ZSTA (0.

2 7 Surface Profiles of the Disc

Surface profiles of selected wear tracks present on the WC - 11%
Co disc were obtained using the talylin. The talylin consisted of
a stylus which moved horizontally across a surface. This followed
the surface topography where the small vertical deflections were
amplified and displayed on a chart recorder. It has a much greater
distance of horizontal travel than the talysurf which is mainly used
for obtaining the surface finish. The maximum horizontal magnification

of the talylin was ¥x10 which was used to expand out the wear track as
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much as possible. It had six ranges of vertical magnification x200,
x400, x1 k, x2 k and x10 k. So a suitable magnification was chosen
where the full scale deflection (m) on the chart recorder is given by
equation (2.14).

f.s.d. = 0.05 / Mag.
1t ranged from 250 ym f.s.d. at x200 magnification to 5 nm f.s.d. at
x10 k.

2.8 X-Ray Analysis of Surfaces and Debris

The compounds in the wear debris collected from the angular contact
bearing tests and selected pin-on-disc experiments were identified using
powder X-ray diffraction. The Debye powder diffraction camera
consisted of a collimator to admit and define the incident beam, & beam
stop to confine and stop the beam, a means for holding the film against
the inside circumference of the camera and a specimen holder which could
be rotated. The wear debris were packed into 0.5 mm diameter glass
capillary tubes which were fixed to the specimen holder. The diameter
of the camera used was 114.6 mm which gave a circumference of 360 mm,.
This enabled values of 26 where © is the Bragg angle to be measured
directly from the film since 1 mm was equal to 1 degree.

The wear debris were exposed to COKd X-ray radiation at 40 kv, 30

mA for 1 to 2 hours. An iron filter was used which absorbed the
unwanted KB component which has a shorter wavelength, due to the

abrupt change in its absorption coefficient. Since the low orders

of reflection are usually produced by transmission the absorption by

the specimen was kept to a minimum; preventing also unwanted fluores-
cent radiation. Table 2.1 shows the mass absorption coefficient values
2. (m2 kgul) for the major elements present. COKd\ radiation was used

because its wavelength was longer than the K absorption edge of irom,
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therefore the mass absorption coefficient of the iron was relatively
low as shown in table 2.1. Since there were 5 major elements present
jt was difficult or impossible to satisty this condition for every
elenment. Therefore there was a large amount of absorption by the
chrome and tungsten producing also K characteristic fluorescent radi-
ation of longer wavelength than the exciting radiation. This fluores-
cent radiation emitted exposed the film giving diffraction patterns of
low contrast. It was also quite possible the film was exposed by the
short wavelength components of the continuous spectrum which excited
K radiation, diffraction of the continuous spectrum, diffuse scatter-
ing from the specimen and scattering from other objects in the camera.
Tor mixtures of elements and for compounds the overall mass absorp-

2 -1 .
tion coefficient Yo (n” kg ) is given by equations (2.15) and (2.16)

. (72)
respectively, Henry et. al.
by = 2 £ B eeeeerteereeoenriiien (2.15)
- nyp A ‘
Po ~ S mow_ .. A (2.16)
R Aw

Aw is the atomic weight, £ the weight fraction of component elements

and n the relative numbers of the atoms present. The average mass
absorption coefficients were calculated for the Lescalloy BG42
martensitic stainless steel using equation (2.15) and for WC-11% Co
using equations (2.15) and (2.16). The values obtained for the various
possible X-ray wavelengthsare shown in table 2.2. Considering equal
mixtures in the wear debris the lowest overall mass absorption co-
efficient occurs when using C0K$\radiation with the exception of MOK&
This radiation was not used because Braggs law shows that the shorter
the wavelength the smaller the Bragg angle © for planes of a given

spacing, therefore seriously reducing the resolution of the diffraction
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lines on the film.

Glancing angle X-ray diffraction was used to identify the compounds
present on the surfaces of the steel pins and on the WC - 11% Co balls.
The samples were fixed firmly in the centre of the powder diffraction
camera and irradiated at a glancing angle of about 30 degrees with
CoKOC radiation for 1 to 2 hours. Values of 20 were measured directly
from the film, where the interplanar spacings dhkl were obtained using
tables. The compounds were identified by comparing the dhkl values
with compounds listed in the powder diffraction data file.

The X-ray intensity does not suddenly become zero at any one depth
but decreases exponentially with distance below the surface. By
assuming that on a diffraction pattern 95% of the information refers to

the layer of depth Xp and not to the material below it. The effective

73
depth of penetration Xp (m) is given by equation (2.17), Cullity.( )
1 1 1 -
X = o [ /¢ Gx)]
P
p [:1 / sing + 1 / sin P] ................. (2.17)

Gx is the intensity diffracted by a layer considered as a fraction of

the total integrated intensity by a specimen of infinite thickness

(0.95), o is the angle between the incident beam and sample (30 degrees),
B is the angle between the diffracted beam and sample (26 - &). M

is the linear absorption coefficient which is the product of the mass
absorption coefficient multiplied by the density, (8.30 x 104 m--1 for
Lescalloy BG42 steel and 3.24 x 105 m'-1 for WC - 119 Co). Since the
effective depth of penetration Xp varies with Bragg angle ©, maximum
depth of penetration occurred when 26 was equal to 120 degrees. There-

fore from equation (2.17) the maximum effective depth of penetration

of the X-rays for the glancing angle of 30 degrees was found to be
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10.8 ym for Lescalloy BG42 steel and 3.1 pm for WC - 119 Co. Thus
this technique is not particularly surface sensitive and one would
expect the results of the surface analysis to contain a considerable
contribution from the bulk material, particularly in the case of the
steel where the Fe(Cr) 1lines should predominate. One would expect
the surface films, whether transfer or oxide, to be of the order 1 to
4 ym thick.

2. 9 Surface Examination Using the Scanning Electron Microscope

The surface examination was carried out using the Stereoscan 150
scanning electron microscope. The basic function of the instrument
was to produce on a C.R.T. an image of 3-dimensional appearance, derived
from the action of an electron beam scanning the surface of a specimen.
The electron beam was scanned across the specimen, similar to the way
in which a T.V. picture is scanned. Low energy secondary electrons
generated in the specimen and high energy primary electrons reflected
from the specimen surface travelled towards a collector system. The
collector had a grid, which was made positive so that both the low and
high energy electrons were detected. Behind the grid was a positively
biased scintillator optically coupled to a photomultiplier. When
electrons impinged on this scintillator photons were emitted which
travelled along a 1ight guide to the photocathode of the photomultiplier.
The signals then passed through an amplifier so as to modulate the
brightness of the C.R.T.

The magnification can be varied continuously between x20 and x100 k
without any refocusing»being necessary. This represents a scanned
area on the specimen of 6 mm x 5 mm to 1.2 pp x 1 pm at a 10 mm working
distance. The true magnification at all working distances was

indicated by a scale on the display. The highest resolution achievable
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with this instrument is about 7 nm. The S.E.M. has a large depth of
field compared to the optical microscope, which is approximately 5 mm
at a magnification of x20. Thus there will be a range over which
different parts of the object are effectively all in focus at the same
time, Southworth.(74)
The Stereoscan 150 S.E.M. was used to observe and photograph the
surfaces of selected worn pins taken from the elevated temperature
sliding wear pin-on-disc test rig and the worn tracks of the angular
contact bearings. The S.E.M. was also used in conjunction with an
X-ray energy dispersive analyser, which identified the surface elements

with atomic numbers greater than 9 present on the surfaces. Prior to

analysis all specimens were subject to ultrasonic cleaning in petroleum

spirit. The X-rays emitted by a particular element have certain
characteristic energies. The energy of the X-ray was measured by the
number of ionizations it produced in the detector. The detector was

a solid state lithium drifted silicon semiconductor positioned along
side the electron detector. The output was then fed into a multi-
channel analyser (computer memory) which displayed the number of counts
for a particular X-ray energy. A magnification of x20 was selected so
that the 20 kV electron beam would scan all the pins surface. A per-
manent record of the number of counts versus X-ray energy was obtained
by the use of a graph plotter. The tungsten X-ray image of those pins
having material transfer were displayed on the C.R.T. of the S.E.M.
These X-ray images were examined over a range of magnification and were
photographed when found desirable.

The electron spread oOr penetration R (m) is given by equation (2.18)

(75)

which was determined experimentally by Andersen in 1966.
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- .6
R=6.4x%x10"° E, L O (2.18)

E0 is the accelerating potential (20 kV) and / is the density

3 -3 3 -3
(7.77 x 10 kg m for Lescalloy BG42 steel and 14.5 x 10 kg m
for WC ~ 11% Co.) Therefore from equation (2.18) the electron pene-
tration was found to be 1.26 ym for Lescalloy BG42 steel and 0.68 ym
for WC - 11% Co.

2.10 Hardness Tests

Both micro-hardness tests using a miniload system and Vickers
hardness tests were carried out on selected worn steel pins. The micro-
hardness tests were carried out with a 2.943 N load and the Vickers
hardness tests carried out using a 294.3 N load applied to the diamond
pyramid indentor. A total of six indentations were made for each
specimen and an average obtainedg The hardness values p (N m—z) were
obtained from the Vickers formula equation (2.189) which was available
in table form.

p=1.854 W / 12

W is the load applied to the diamond pyramid indentor (N) and 1d is the
length of the indentation diagonal (m).

The angularity of the diamond pyramid indentor was 136 degrees,
so the depth of penetration Xp is related to the length of the in-
dentation diagonal by 0.202 1d, Substituting for ld in equation (2.19)
the depth of penetration Xp (m) is given by equation (2.20).

~ -2 1/2
X, = (7.565 x 10 W /P) (2.20)

The depth of penetration of the diamond pyramid indentor for the micro-
hardness tests was 5.0 to 7.5 ym for a bardness range of 9 x 109 to

4 x 10g N m—2 respectively. For the Vickers hardness tests or bulk
hardness tests the penetration depth was 50 to 75 ym for the same

hardness range.
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2.11 Oxide Film Thickness Measurement by Ellipsometry

Ellipsometry is a technique that allows the determination of the
thickness of a thin film on a flat substrate. Films a few %  thick
on a metallic substrate can be detected by measuring the ellipticity
of light after reflection. If plane polarized light makes an angle
other than O or 90 degrees with respect to the plane of incidence
the reflected light is elliptically polarized. Elliptically polar-
ized light is defined as two perpendicular vibrations of different
amplitudes out of phase. The ellipse depends on the angle of
incidence and on the optical constants of the metal n and k. The
basic equation of ellipsometry is given by equation (2.21), see appendix
2,

i

r /r = tan LU 2.21
p/ s hd ( )

rp and rs are the Fresnel reflection coefficients parallel and per-
pendicular to the plane of incidence. Y is the relative amplitude
reduction ratio and A is the relative phase difference between the p
and s components, where both these parameters can be obtained from the
instrument.

The basic layout of the ellipsometer is shown in figure 2.15. The
white light source was a tungsten filament lamp where monochromatic
light at a wavelength of 549 nm was produced using an interference
filter. The light was rendered plane polarized by passing through a
sheet of polariod known as the polarizer before falling on the sample
at an angle of incidence of 61.5 degrees. After reflection in general
from the specimen the light was elliptically polarized. It was
analysed by passing through a compensator or quarter wave plate which
introduced a phase difference of 90 degrees for light with electric

vectors parallel and perpendicular to the plane of incidence. The
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light was then intercepted by a sheet of polariod the analyser, before
reaching the detector. The light sensitive detector was a photomulti-
plier where the output signal was displayed on a digital voltmeter.
The polarizer; analyser and compensator were mounted on divided
circular scales calibrated O to 360 degrees.

Before measurements could be undertaken the reference positions of
the polarizer, analyser and compensator were first determined, See

Neal.(76)

To find Y and A the optical parameters, the compensator

was set at 45 degrees from a reference position. The polarizer and
analyser were rotated until minimum light was observed as measured by

the photomultiplier. This was repeated to find all four positions

for the polarizer and the analyser. (PA was obtained from the polarizer
and is the angle between the polarizer setting and the horizontél

aximuth at extinction. If x is the angle between the analyser setting and
the horizontal aximuth at extinction then /A the phase difference is

given by 2x - 90.

The 10 mm by 20 mm samples of Lescalloy BG42 and A.I.S.I. 440C MOD
martensitic stainless steel were polished to a surface finish of
approximately 1 pm c.l.a. They were cleaned initially with detergent
and then they were subject to ultrasonic cleaning in warm propanol.

The equilibrium oxide film thickness at room temperature was assumed

to be 3.5 nm.Latham and Brah(77) reported a stable oxide film of

(3.8 : 0.5) nm on stainless steel. Fane et. al.(78) reported the
equilibrium thickness to be about 3.0 nm on a stainless steel sample
as polished and cleaned. The samples were placed in a heated furnace
for a set time, after which they were removed and their optical para-

meters ¥ and /A measured using the ellipsometer. The samples were

then returned to the furnace for a further time and the procedure
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repeated. The oxide growth rates were investigated over the temp-
o
erature range 200 to 600 C.
Providing the optical constants of the clean surface are known,

then any changes in Y and /\ can be used to determine the thickness

(79)

of an oxide film,Neal and Fane, see appendix 2. Values for the

optical constants of an atomically clean stainless steel surface free

(78)

of oxide were given by Fane et. al in 1973, where n = 2.28 and

k = 3.77 at a wavelength of 547.8 nm. Since there is preferential

(49)

oxidation of the chrome,Kubaschewski and Hopkins, the oxide film
was assumed to consist mainly of chromium oxide. The optical
constants used were n = 2.42 and k = O, which were obtained by Hill

(80

and Weaver ) for a film on a polished bulk sample of chrome

measured at a wavelength of 546.1 nm. Depending on which type of

oxide is assumed present, the computed thickness up to approximately
(78)

30 nm would only be changed by less than 10%, Fane et.al. The

chromium oxide film thickness was computed and is shown in figure

2.16 as a function of Jd o , see appendix 2.
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Fig. 2.16. Computed oxide thickness as a function of J25
for stainless steel.



CHAPTER 3
RESULTS

3.1 Angular Contact Bearing Track Wear and Ball Measurements

Figure 3.1 shows the track wear depth of the angular contact
bearings inner race, as a function of bearing temperature for a 1000
cycle duration with a ball contact stress of 2.6 x 109 N m_z. For
the Lescalloy BG42 martensitic stainless steel angular contact bear-
ings, the track wear showed a maximum around a temperature of 260 °c.
In this region assuming pure sliding; the track wear rate corresponds
to (1.3 : 0.3) x 10_11 m3 m_l, Since rolling is also present the
wear rate due to sliding can be greater than this value. For both
types of steel the trends are similar with maximum track wear at a
temperature of about 200 OC for the A.I.S.I. 440C MOD steel bearings,
figure 3.1(b).

The wear debris identified from the Lescalloy BG42 steel bearings
by X-ray diffraction consisted of tungsten carbide WC and o&-Fe(Cr)
before the maximum track wear, &~ -Fe(Cr) indicates the original bulk
steel structure. At a temperature of 300 and 350 °c the wear debris
consisted of rhombohedral oxide, tungsten carbide WC and & -Fe(Cr)
with tungstic oxide WO3 and cobalt tungsten oxide CoWO4 being first
detected at 400 OC. The rhombohedral oxide is a solid solution
consisting of a mixture of QL—FeZO3 and Cr203 as described by
Isherwood and Quinn§51) At a temperature of 500 °c iron tungsten
oxide Fe2W06 and chromium tungsten oxide Cr2W06 was detected in the
wear debris, see table 3.8, The wear debris identified from the
A.I.S.I. 440C MOD steel bearings was similar to the other type of

o
steel, but with WO3 being first detected at a temperature of 350 C.

The complete X-ray diffraction analysis is described in section 3.4.



- 74 -

33—
g 21—
¥
o
~
~
<
4
a
o
a
~
a
0
=
3| e
3}
=
e 1
f
(b
) (a)
0 l
100 200 300 400 500
. Temperature / oC
Fig. 3.1. Track wear depth of the bearing inner race versus

bearing temperature for a 1000 cycle duration with
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a ball contact stress of 2.6 x 109 Nmn ; (a) Lescalloy

BG42 steel; (b) A.I.S.I. 440C MOD steel.
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For temperatures greater than maximum track wear S.E.M. analysis has
shown that there is an increase in the amount of tungsten transfer to
the wear track, see section 3.5.

The WC - 11% Co ball diameter versus bearing temperature is shown
in figure 3.2. For balls taken from Lescalloy BG42 steel races
figure 3.2(a), there is minimum wear in the temperature region 360 to
390 OC. Balls taken from A.I.S.I. 440C MOD steel races figure
3.2(b), show minimum wear at a temperature of about 300 0C. For
both types of steel bearings minimum ball wear was at approximately
100 OC higher than the temperature at which maximum track wear
occurred. The balls taken from the Lescalloy BG42 and A.I.S.I. 440C
MOD steel races appeared grey at temperatures below 350 and 300 °c
respectively. This was due to metal transfer from the bearing race,
which was identified by glancing angle X-ray diffraction.

3.2 Wear, Friction, Heat Flow and Pin Surface Temperature Measurements

Figure 3.3 shows the wear rate as given by equation (2.8), of
Lescalloy BG42 martemnsitic stainless steel pins as a function of load,
at sliding speeds of 2 and 3 m s—1 for pin-on-disc experiments with
no external heating. The results for both speeds are very similar
with the wear rate at 3 m s‘l figure 3.3(b), being greater as expected.
From X-ray diffraction of the wear debris for 1oads below about 40 N
the debris contained & -Fe(Cr), rhombohedral oxide (a mixture of

(51)

. 1
.,L—FeZO3 and Crzo3 as described by Isherwood and Quinn, ),tungsten

carbide WC and Y-Fe with sometimes Y—Fezo3 being detected. & -Fe(CD
indicates the original bulk steel sturcture, where ¥-Fe indicates
austenite which is of lower hardness. The wear particles were small

and on the whole non-metallic in appearance. Glancing angle X-ray

diffraction on the surface of a worn pin at a load of 19.6 N and a
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Fig. 3.3. Wear rate of Lescalloy BG42 martensitic stainless
steel versus load for pin-on-disc experiments with
~1 :
no external heating; (a) 2 m s sliding speed;

(b) 3 m s—1 sliding speed.
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sliding speed of 2 m s—1 showed in decreasing order o -Fe(Cr),
(we, Y -Fe) and rhombohedral oxide. The compounds enclosed in
brackets gave diffraction lines of about the same intensity. For
loads greater than about 40 N the debris consisted of large metallic
particles free from oxide which when analysed proved to be a mixture
of . -Fe(Cr), ¥ -Fe and wC. No oxides were present either in the
debris or on the surface of the pins. The wear rate starts to
increase rapidly at the high loads as the material softens with the
¥ -Fe becoming more predominant in the wear debris, see table 3.10.
Figure 3.4 shows the wear rate for both Lescalloy BG42 and A.I1.S.I.
440C MOD steel pins versus load, for a sliding speed of 2 m s—l
with no external heating applied to the disc. The softer material
figure 3.4(b), behaves very similar to Lescalloy BG42 steel which has
already been explained, figure 3.4(a). The oxide to metallic wear
transition occurs at a slightly higher load due to the presence of
the rhombohedral oxide. The wear rate in the severe metallic wear
region is greater for the softer material as expected, figure 3.4(b).
From X-ray diffraction of the wear debris from an A.I.S.I. 440C MOD
steel pin at a 98.1 N load, the debris contained in decreasing order
according to the strength of the diffraction lines ( Ak -Fe(Cr),
Y -Fe) and WC. Unlike the Lescalloy BG42 steel at this load the
y -Fe gives diffraction lines equal in strength to the A -Fe(Cr).
Figure 3.5 shows the wear rate of the two types of steel pins
versus load for a sliding speed of 2 m s._1 and a disc temperature of
200 °c.. For both types of steel the wear rate increases with load
as expected. The shape of the curves are similar with A.I.S5.1I. 440C
MOD steel pins figure 3.5(b), having the greater wear rate for a

given load. The wear debris at loads less than 40 N from both steels
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Fig. 3.4. Wear rate versus 1oad for a sliding speed of 2 m s
with no external heating applied to the disc; (a)
Lescalloy BG42; (b) A.I.S.I. 440C MOD steel.
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Fig. 3.5. Wear rate versus load for a sléding speed of 2 m 5
and a disc temperature of 200 C; (a) Lescalloy BG42;
(b) A.I1.S.1I. 440C MOD steel.
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contained &~Fe(Cr), rhombohedral oxide, ¥ -Fe, B’—Fezo3 and WC which
were identified by X-ray diffraction. For loads greater than about
40 N the wear debris contained Y -Fe, & -Fe(Cr) and WC.

The wear rate of Lescalloy BG42 steel pins versus load for a
sliding speed of 2 m s—1 and a disc temperature of 400 OC is shown
in figure 3.6. Again the wear rate increases with load as expected.
For loads less than about 30 N S.E.M. analysis and X-ray data show
transfer of material from the disc to the pin in the form of cobalt
tungsten oxide CoWO4, tungstic oxide WO3 and tungsten carbide WC.
Between loads of about 30 and 122 N no major transfer of material is
occurring except for a little tungsten carbide wc; see sections 3.4
and 3.5. At loads greater than 122 N no oxides are present in
the debris indicating severe metallic wear.

For both types of steel pins figure 3.7 shows the wear rate
versus load for a sliding speed of 2 m s-1 and a disc temperature of
500 OC. Quite a different mechanism is apparent at a temperature of
500 Oc since there is a considerable £all in the wear rate of the
steel. Both X-ray data and S.E.M. analysis show that transfer of
material is occurring from the disc to the pin. For Lescalloy BG42
steel pins figure 3.7(a); there are two wear mechanisms operating.
It was not possible to identify where the transition occurs hence
the two regions at about 80 N load. The A.I.S.I. 440C MOD steel
pins figure 3.7(b), show a linear increase in wear rate with load.
At all loads cobalt tungsten oxide CoWO4 and tungstic oxide WO3
give rise to strong X-ray diffraction lines in the debris. For
Lescalloy BG42 steel pins figure 3.7(a), for loads less than about
80 N the debris and surfaces are like those of the A.I.S.I. 440C

MOD steel pins. Above about 80 N load iron tungsten oxide Fezwo6
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Fig. 3.6. Wear rate of Lescalloy BG42 martensitic stainless
steel versus load for a sliding speed of 2 m s—1
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Fig. 3.7. Wear rate versus load for a sliding speed of
2 n s_1 and a disc temperature of 500 OC; (a) Lescalloy

BG42; (b) A.I.S.I. 440C MOD steel.



and chromium tungsten oxide Cr WO6 are formed on the surface of the

2
pins and is also present in the wear debris, see table 3.12.

For the pin-on-disc sliding experiments; the wear rate of
Lescalloy BG42 steel pins plotted against load is shown in figure
3.8 for sliding speeds of 0.6, 2.0 and 3.0 m s—l for no external
heating. In order to show the wear rate at all three sliding speeds
a logarithmic scale was used. Form X-ray diffraction of the wear
debris, a mixture of WC, & -Fe(Cr) and ¥-Fe was found for all loads
at a sliding speed of 0.6 m s-l, figure 3.8(a). The results for
sliding speeds of 2.0 and 3.0 m 5_1 are shown in figures 3.8(b) and
3.8(c) respectively. For loads below about 40 N the wear particles
were small and on the whole non-metallic in apperance, an oxidational-
metallic type of wear. For loads greater than 40 N the wear was
severe, the debris consisted of large metallic particles free from
oxide. The corresponding coefficient of friction values calculated
by equation (2.7) are shown in figure 3.9. For all sliding speeds
the coefficient of friction decreased with increasing load, especially
at a sliding speed of 2.0 m s—l, figure 3.9(b).

The wear rate of Lescalloy BG42 and A.I.S.I. 440C MOD steel pins
versus load, for a sliding speed of 2 m s'—1 with no external heating
applied to the disc is shown in figure 3.10. A logarithmic scale
was chosen due to the large range of wear rate. Both types of steel
behave very similar with the softer A.I.S.I. 440C MOD steel having
the highest wear rate for loads greater than about 50 N, figure 3.10(b).
The corresponding coefficient of friction values are shown in figure

3.11. For both types of steel the coefficient of friction decreases

with increasing load.
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3.8. Wear rate of Lescalloy BG42 martensitic stainless steel
versus load for pin-on-disc experiments with no external
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3.9, Coefficient of friction of Lescalloy BG42 steel versus

load for pin-on-disc experiments with no external heating;
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(a) 0.6 m s
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(c) 3.0 m s

sliding speed;

sliding speed.

-1
(b) 2.0 m s sliding speed;
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Fig. 3.11. Coefficient of friction versus load for a sliding speed
of 2 m S_l with no external heating applied to the disc;

(a) Lescalloy BG42; (b) A.I.S.I. 440C MOD steel.
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Figure 3.12 shows the complete elevated temperature results for
the wear rate of Lescalloy BG42 steel pins versus load for various
disc temperatures at a sliding speed of 2 m s_l. Again a logarithmic
scale was used due to the large range in wear rate. The two distinct
regions of wear may be seen for the pin-on-disc experiments with no
external heating and with disc temperatures of 200 and 300 oC. Below
about 40 N load the debris analysis and magnitude of wear rates
suggest a mixed oxidational-metallic type of wear. When the load
exceeds this value the wear is severe with large metallic wear particles
and high wear rates. At a disc temperature of 400 °C the wear rate
cannot be simply divided into these two types of wear as shown in
figure 3.6. Quite a different mechanism is apparent at a disc temp-
erature of 500 °c figure 3.12(e), where there is a considerable fall
in the wear rate of the steel. Both X-ray data and S.E.M. analysis
show that transfer of material in the form of oxides is occurring from
disc to pin, see sections 3.4 and 3.5. The corresponding coefficient
of friction values are shown in figure 3.13. There is the usual
decrease with increasing load except at disc temperatures of 400 and
500 °c figures 3.13(d) and 3,13(e) respectively. At a disc temper-
ature of 400 OCc the coefficient of friction increases rapidly from
about 0.43 at 98.1 N load to 0.58 at 147;1 N load. At this load of
147.1 N X-ray data shows there is no longer any oxides present in
the wear debris, see table 3.13.

Figure 3.14 shows the elevated temperature results for the wear
rate of A.I.S.1I. 440C MOD steel pins, as a function of load for various
disc temperatures at a sliding speed of 2 m s_l. The corresponding
coefficient of friction values are shown in figure 3.15. As with the

Lescalloy BG42 steel they show the three distinct types of wear. For
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pin-on-disc experiments with no external heating and a disc temperature
of 200 0C figures 3.14(a) and 3.14(b), there is a mixed oxidational-
metallic type of wear below about 40 N load. Above this load the
wear is severe indicated by large metallic wear particles and high
wear rates. At a disc temperature of 500 0C figure 3.14(c), there
is a considerable fall in the wear rate of the steel, where X-ray
data and S.E.M. analysis show that material is transferring in the
form of oxides from the disc to the pin. The coefficient of friction
as usual decreases with increasing load at all disc temperatures.
Figure 3,16 shows the wear rate of Lescalloy BG42 steel pins
versus disc temperature for a series of loads at a sliding speed of
2 m s_l. Again a logarithmic scale was used because of the large
range in the wear rate. All the curves show the same general trends
with initial increase in wear rate followed by a sharp decrease at
temperatures above 300 to 350 0C depending on load. There is the
expected wear rate increase with load with maximum wear rate occurring
at slightly higher disc temperatures. For loads less than about 40 N
X-ray data and S.E.M. analysis show oxidational-metallic wear
approaching the maximum wear rate temperature, above which there is
transfer of material in the form of oxides from the disc to the pin.
For loads above 40 N the wear is severe up to the maximum wear rate
temperature, above which the wear rate decreases due to possibly
first an oxide film before there is transfer of material in the form
of oxides from the disc to the pin, see section 3.4. The correspond-
ing coefficient of friction values are shown in figure 3.17.
The heat flow per second along the pin at the interface between
the pin and disc Hl (J s—l) for Lescalloy BG42 steel pins versus load

is shown in figure 3.18, for experiments with sliding speeds of 0.6,
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Coefficient of friction of Lescalloy BG42 steel versus
disc temperature at a sliding speed of 2 m s—l; (a) 19.6
N load; (b) 39.2 N load; (c¢) 58.9 N load; (d) 98.1 N
load; (e) 147.1 N load.
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-1
2.0 and 3.0 m s with no external heating. For the computation of
the Hl values see appendix 1. H1 increases at all sliding speeds
. . . -1
with increasing load. For sliding speeds of 2.0 and 3.0 m s figures

3.18(b) and 3.18(c), H, starts to increase more rapidly with load.

1
This is due to the decreasing hardness of the pin substrate as shown
by X-ray data increasing the number of asperities in contact beneath
the pin.

Figure 3.19 shows Hl for A.I1.S.I. 440C MOD steel pins versus load
for various disc temperatures at a sliding speed of 2 m s—l. With
no external heating applied to the disc figure 3.19(a), Hl starts to
increase more rapidly for loads above about 40 N, due to softening of
the pins surface as shown by X-ray data increasing the number of
asperities in contact beneath the pin. At a disc temperature of 200 oC
figure 3.19(b), there is a linear increase in Hl with increasing load.
At a disc temperature of 500 oC figure 3.19(0); Hl remains fairly
constant where its magnitude at about 140 N load is less than the Hl
value at a disc temperature of 200 OC! This is due to material
transfer in the form of oxides from the disc to the pin as shown by
X-ray data and S.E.M. analysis, which acts like an insulator reducing
the heat flow rate along the pin.

Hl for Lescalloy BG42 steel pins versus load for various disc
temperatures at a sliding speed of 2 m s—l is shown in figure 3.20.
At disc temperatures of 200, 300 and 400 °c H1 increases linearly with
increasing load. For the unheated disc see the explanation given for
figure 3.18(b). At a disc temperature of 500 °c figure 3.20(e), the
rate of increase in H1 with load is fairly low and its magnitude at

o .
about 100 N load is less than for a disc temperature of 300 C. This

is because of material transfer in the form of oxide from the disc to
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3.18. The heat flow rate along Lescalloy BG42 steel pins at the
pin-disc interface versus load for experiments with no
external heating; (a) 0.6 m s_l sliding speed; (b) 2.0
m s_1 sliding speed; (c¢) 3.0 m s_l sliding speed.
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3.19. The heat flow rate along A.I.S.I. 440C MOD steel pins at
the pin-disc interface versus load for a sliding speed of
2 m s-l; (a) no external heating; (b) disc temperature

200 OC; (¢) disc temperature 500 OC.
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The heat fiow rate along Lescalloy BG42 steel pins at the
pin-disc interface versus load for a sliding speed of

2 m 5“1; (a) no external heating applied to the disc;
(b), (¢), (d) and (e) for disc temperatures of 200, 300,

400 and 500 °c respectively.



the pin as shown by X-ray data and S.E.M. analysis which acts like an
insulator.

The total heat per second evolved at the pin-disc interface for
no external heating H(total) (J s_l) was calculated using equation
(2.12). H(total) for Lescalloy BG42 steel pins versus load is shown
in figure 3.21, for experiments with sliding speeds of 0.6, 2.0 and
3.0m s—l with no external heating applied to the disc. There is
a linear increase in H(total) with increasing load at all sliding
speeds. For the heated disc experiments H(total) could not be
determined, because the amount of energy supplied by the heater in
conjunction with the temperature controller could not be measured.

The exprimentally measured division of heat at the pin-disc interface,
Jkexpt Ywas obtained from equation(2.11). Figure 3.22 shows J} exp?b

for Lescalloy BG42 steel pins as a function of load at a sliding Speed

of 2 m s_l with no external heating applied to the disc. After

remaining constant with increasing load within the limits of experi-

mental error Jkexpt) starts to increase above a load of 60 N. This

is due to the decreasing hardness of the pin substrate as shown by

X-ray data increasing the number of asperities in contact beneath

the pin.

The temperature of the surface of the pin outside the real area
of contact Ts (OC) was computed from the heat flow theory using
equation (2.9), see section 2.6 and also appendix 1. The computed
surface temperature of Lescalloy BG42 steel pins versus load is shown
in figure 3.23, for experiments with sliding speeds of 0.6, 2.0 and

3.0 m s_l with no external heating. Figure 3.24 shows the computed

surface temperature of A.I.S.I. 440C MOD steel pins versus load, for
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Fig. 3.22. The experimentally measured division of heat at the pin-

disc interface for Lescalloy BG42 steel pins versus load,
for a sliding speed of 2 m s._l with no external heating

applied to the disc.
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external heating applied to the disc.
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a sliding speed of 2 m s_1 with no external heating applied to the disc.
For both types of steel the surface temperature increases linearly with
increasing load within the limits of experimental error. There is of
course the expected temperature increase with increasing speed. Figure
3.25 shows the computed surface temperature of Lescalloy BG42 steel
pins as a function of load for various disc temperatures at a sliding
speed of 2 m s—l. The surface temperature of A.I.S.I. 440C MOD steel
pins versus load for the same conditions is shown in figure 3.26. For
both types of steel pins the surface temperature is proportional to
load within the 1limits of experimental error at all disc temperatures.
For a disc temperature of 500 °c figure 3.25(e) and 3.26(c) the rate

of increase in surface temperature with load is fairly low. Also for
small loads the surface temperature can be lower than the disc temper-
ature, because of the formation of oxides on the pin as shown by X-ray
data and S.E.M. analysis which acts like an insulator.

Figure 3.27 shows the wear rate of Lescalloy BG42 steel pins versus
the computed surface temperature for a series of loads at a sliding
speed of 2 m s_l. The only real difference from figure 3.16 is a shift
of the curves to higher temperatures. Maximum wear rate occurs at
surface temperatures of about 310, 335, 370, 430 and 540 oC for loads
of 19.6, 39.2, 58.9, 98.1 and 147.1 N respectively. As before there
is the expected wear rate increase with load.

Figure 3.28 shows the computed surface temperature of Lescalloy
BG42 steel pins versus an extrapolated surface temperature, for disc
temperatures up to 400 oC at a sliding speed of 2 m s—1 and a 98.1 N
load. The extrapolated or approximate surface temperatures were
obtained from equation (2.13) section 2.6. This shows that the computed

surface temperatures are quite valid at elevated disc temperatures, since
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Computed pin surface temperature of Lescalloy BG42

martensitic stainless steel versus load for a sliding
speed of 2 m s—l; (a) no external heating applied to
the disc; (b), (c), (d) and (e) for disc temperatures

of 200, 300, 400 and 500 °c respectively.
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speed of 2 m s ; (a) no external heating; (b) disc

temperature 200 oC; (¢) disc temperature 500 oC.
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Fig. 3.27. Wear rate of Lescalloy BG42 martensitic stainless steel

versus computed pin surface temperature for a sliding
speed of 2 m s_l; (a) 19.6 N load; (b) 39.2 N load;
(c) 58.9 N load; (d) 98.1 N load; (e) 147.1 N load.
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the points are on a straight line within the limits of experimental
error. From the graph the extrapolated surface temperatures were
found to be about 1.16 times the computed surface temperatures.

The temperature of the real area of contact between the pin and the

(81)

o . .
disc TC ( C) is given by equation (3.1), Rowson and Quinn

_ 2
TC = TS + (H1 / N TIT KS a) + (H1 hf / N'TT'KO - (3.1)

TS is the temperature of the surface of the pin outside the real area
of contact, H1 is the heat flow per second along the pin at the inter-
face between the pin and disc and Ks is the thermal conductivity of

-1 -10.-1
m c ). N is the number of asperities

the steel pin (23.86 J s
in contact beneath the pin, a is the radius of each of the N circular

areas of contact making up the real area of contact, hf is the thick-

ness of an oxide film at the real areas of contact and Ko is the thermal

conductivity of the oxide layer. It is assumed that the total real
2 . . (3

area of contact A (r ) is given by equation (3.2), Bowden and Tabor.

A = W / P ittt (3.2)

W is the normal applied load at the pin and p is the bulk hardness of
+ 9 -2
the steel ( (8.29 - 0.05) x 10 N m ).
2 .
A=NTI a @ . .iieceerenens T T (3.3)
From equations (3.1), (3.2) and (3.3) we have:-

1/2 1/2

1/2 _1/2
T =T + (H, p / N TT / /
c s 1

W KS) + (H1 hf p/ W KO) ... (3.4)
For the severe type of wear hf = 0 since there is no oxide film present
on the surface. By assuming N = 1 the maximum attainable temperature
of the real area of contact TC can be estimated. In practice N is
found to increase with increasing 1oad; Therefore using equation (3.4)
the maximum attainable temperatures of the real area of contact TC for
Lescalloy BG42 steel pins are shown in table 3.1. Disc temperatures

less than 200 oC were generated by frictional heating alone.



Computed Surface Temperature / 0C

- 104 -

600 }—
A
500 |—
A
400 }—
300 | __
200 —
A
100 |
l l |
0 200 : 400 600
Extrapolated Surface Temperature / OC
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surface temperature up to a disc temperature of 400 C
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at a sliding speed of 2 m s and a 98.1 N load.
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Table 3.1. The maximum attainable temperatures of the real area
of contact for Lescalloy BG42 steel pins.
Disc Sliding Load / N H1 / J s—_1 Surface Contact
Temper- Speed / Temper- Temper-~
g;ure / o s—l g;ure / géure /
5 °c +0.05ms | Tooen |7¥sg ¥ 5q * 59
37 0.60 19.6 0.12 35 93
64 0.60 58.9 0.38 66 172
86 0.60 98.1 2.16 126 595
72 2.00 39.2 0.62 77 290
83 2.00 58.9 1.53 103 532
105 2.00 98.1 2.72 157 748
106 2.00 132.4 5.76 227 1304
106 2,00 147.1 7.28 279 1571
76 3.00 39.2 1.27 98 534
100 3.00 58.9 5.71 208 1809
119 3.00 98.1 9.29 300 2318
200 2.00 39.2 5.82 253 2253
200 2.00 58.9 7.83 295 2490
200 2.00 98.1 9,66 360 2459
300 2.00 98.1 11.01 434 2826
300 2.00 147.1 15.87 535 3351

For the pins which had oxide layers on the surfaces, no estimates could
be made of the temperatures at the real area of contact because of the
unknown oxide film thickness.

3.3 Surface Profiles of the Disc

The surface profiles of selected wear tracks present on the WC-11%
Co disc obtained using the talylin are shown in figures 3.29, 3.30 and

3.31. Figure 3.29(a) shows the wear track on the disc produced by a
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Surface profiles of selected wear tracks using a horizontal
magnification of x10 present on the disc. The wear tracks
were produced by Lescalloy BG42 steel pins at a sliding
speed of 2 m s'l; (a) vertical mag. x10,000, 19.6 N load
and disc temperature 300 OC; (b) vertical mag. x4000,
147.1 N load with no external heating applied to the disc;
(¢) vertical mag. x1000, 147.1 N load and disc temperature
400 O¢.
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30. Surface profiles of the worn track using a horizontal mag-

nification of x10 present on the disc. The worn track was

produced by a A.I.S.I. 440C MOD steel pin with a sliding

speed of 2 m s“1 at a load of 39.2 N and a disc temperature

of 500 °C;

x1000, oxide removed from the disc;

(a) vertical mag. x2000;

(b) vertical mag.

(c) vertical mag.

x4000, oxide removed from the disc and worn track.
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Fig. 3.31. Surface profiles of the worn track using a horizontal
magnification of x10 present on the disc. The worn track
was produced by a A.I.S.I. 440C MOD steel pin with a
sliding speed of 2 m s! at a load of 98.1 N and a disc
temperature of 500 oC; (a) vertical mag. x1000; (b)
vertical mag. x4000, oxide removed from the disc and worn

track.
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Lescalloy BG42 steel pin with a 19.6 N load at a sliding speed of

2 ms and a disc temperature of 300 OC. This is a typical wear track
produced by the oxidational-metallic type of wear, which occurs for
loads less than about 40 N and disc temperatures less than 400 OC. From
the profile the wear rate of the disc was found to be (5.0 s 0.4) x

-14 3 -1 ..
10 m m . This is small compared to the wear rate of the pin

which was 20 times greater.

Typical wear tracks produced by the severe type of wear are shown
in figures 3.29(b) and 3.29(c). Figure 3.29(b) shows the wear track
produced by a Lescalloy BG42 steel pin with a 147.1 N load at a sliding
speed of 2 m s_1 with no external heating applied to the disc. For
the same conditions the wear track produced at a disc temperature of
400 OC is shown in figure 3.29(c). Besides the initial wear of the
disc figure 3.29(b), X-ray data shows that steel has also been bonded
to the disc, see table 3.15.

Figures 3.30 and 3.31 are typical of the type of wear which occurs
when material in the form of oxides is transferring from disc to pin
as shown by X-ray data and S.E.M. analysis. Figure 3.30 shows the
wear track produced by a A.I.S.I. 440C MOD steel pin with a 39.2 N
load at a sliding speed of 2 m s = and a disc temperature of 500 oC.
For the same conditions the wear track produced at a load of 98.1 N is
shown in figure 3.31. It can be seen from figures 3.30(c) and 3.31(b)

that a greater amount of disc material has been removed by oxidation

than due to wear. For the 39.2 N load figure 3.30, the amount of
+ -5
material removed by the pin was (4.0 - 0.1) x 10 m. Therefore the
' - 3 -1 :
wear rate was (2.3 z 0.2) x 10 12 m m which was about 80 times

greater than the wear rate of the pin.

3.4 Compounds Identified by X-ray Analysis

Typical X-ray diffraction observations are shown in tables 3.2 to
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3.7 together with identity of the compounds present. Such tables were

Table 3.2. Powder X-ray diffraction observations of debris taken
from an experiment using a A.I.S.I. 440C MOD steel

bearing at a temperature of 300 0C with a ball contact
stress of 2.6 x 109 N m~2

* - Indicates the most intense diffraction lines.
Experiment?l Values Identity Diffraction Data File
26/ Deg. a8 a/ R Relative
- 0.2 Deg. Intensity
28.4 3.65 Rhombohedral oxide 3.66, 3.63 25, 75
36.8 2.83 wC 2.84 45
l39.0 2.68% Rhombohedral oxide 2.69, 2.67 100, 100
41.8 2.51% wC 2.52 100

Rhombohedral oxide 2.51, 2.48 50, 95
48.0 2.20 Rhombohedral oxide 2.20, 2.18 30, 40
52.3 2.03 d-Fe(Cr) 2,03, 2.04 100, 100
56.9 1.88 wc 1.88 100
58.0 1.84 Rhombohedral oxide 1.84, 1.82 40, 40
63.7 1.69%* ‘Rhombohedral oxide 1.69, 1.67 60, 90
74.2 1.48 Rhombohedral oxide 1.48, 1.46 35, 25
76.2 1.45 wC 1.45 20

Rhombohedral oxide 1.45, 1.43 35, 40

constructed for both surface and debris X-ray diffraction data for

each combination of load, speed and temperature used in the investigation.
. . (81)

It is known from Isherwood and Quinn that for steels of the type

under investigation the rhombohedral oxide a mixture ofd\—Fezo3 + Cr203

is formed in preference to the isolated individual components. Hence

they are identified as such in the tables where d values are given for
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Powder X-ray diffraction observations of debris taken
from an experiment using a A.I.S.I. 440C MOD steel pin
at a disc temperature of 200 oC with a load of 39.2 N
and a sliding speed of 2 m s—1.

* Indicates the most intense diffraction line.

Experimental Values Identity Diffraction Data File
%9 / Deg. d / X d / X Relative
- 0.2 Deg. Intensity

36.8 2.83 wC 2.84 45

39.0 2.68 Rhombohedral oxide 2.69, 2.67 100, 100

41.8 2.51 wC 2.52 100
Rhombohedral oxide 2.51, 2.48 50, 95

51.0 2.08%* ¥ -Fe 2.08 100

52.2 2.03 & -Fe(Cr) 2.03, 2.04 100, 100

56.8 1.88 wC 1.88 100

59.5 1.80 Y -Fe 1.80 80

64.5 1.68 Rhombohedral oxide 1.69, 1.67 60, 90

76.5 1.44 & ~Fe(Cr) 1.43, 1.44 20, 16
wC 1.45 20

87.8 1.29 wC 1.29 25

89.5 1.27 ¥ -Fe, WC 1.27, 1.26 50, 14

92.7 1.24 wC 1.24 30

99.3 1.17 & -Fe(Cr) 1.17, 1.18 30, 30

111.0 1.08 y -Fe 1.08 80

118.7 1.04 ¥ -Fe 1.037 50

123.5 1.015 ¢ -Fe(Cr) 1.01, 1.02 10, 18
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Powder X-ray diffraction observations of debris taken
from an experiment using a Lescalloy BG42 steel pin

at a disc temperature of 300 °c with a load of 19.6 N
and a sliding speed of 2 m s ~

* - Indicates the most intense diffraction lines.

Experimental Values Identity Diffraction Data File
%G / Deg. d / R d / J3 Relative
- 0.2 Deg. Intensity
28.2 3.67 Rhombohedral oxide 3.66, 3.63 25, 75
35.3 2.95 X-Fezo3 2.95 34
39.0 2.68 Rhombohedral oxide 2.69, 2.67 100, 100
41.7 2.51%* 5’—Fe203 2.52 100
Rhombohedral oxide 2.51, 2.48 50, 95
48.0 2.20 Rhombohedral oxide 2.20, 2.18 30, 40
51.0 2.08 Y -Fe, X-FeZO3 2,08, 2.08 100, 24
52.6 2.02% & -Fe(Cr) 2.03, 2.04 100, 100
58.0 1.84 Rﬁombohedral oxide 1.84, 1.82 40, 40
63.8 1.69 Rhombohedral oxide 1.69, 1.67 60, 90
67.2 1.62 X’—Fezo3 1.61 33
73.8 1.49 ¥ —Fe203 1.48 53
Rhombohedral oxide 1.48, 1.46 35, 25
75.9 1.45 Rhombohedral oxide 1.45, 1.43 35, 40
o -Fe(Cr) 1.43, 1.44 20, 16
99.4 1.17 & -Fe(Cr) 1.17, 1.18 30, 30
111.0 1.085 ¥ -Fe, z{—l«“ezo3 1.08, 1.09 80, 19
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Table 3.5. Powder X-ray diffraction observations of debris taken
from an experiment using a Lescalloy BG42 steel pin
at a disc temperature of 500 oC with a load of 58.9 N
and a sliding speed of 2 m s_l

* - Indicates the most intense diffraction lines.
Experimental Values Identity Diffraction Data File
26 / Deg. a /8 a /R Relative
- 0.2 Deg. Intensity
22.2 4.65 CoWO4 4,67 30
27.0 3.83* WO3 3.84 100
27.7 3.74 W03, CoWO4 3.76, 3.73 93, 30
28.5 3.63% W03, CoWO4 3.64, 3.61 100, 30
31.0 3.35 WO3 3.34 50
33.6 3.09 WOS’ WO3 3.11, 3.08 50, 50
35.8 2.91 CoWO4 2.92 100
39.0 2.68 Rhombohedral oxide 2.69, 2.67 100, 100

W03, WO3 2.68, 2.66 75, 60
40.0 2.62% WO3 2.62 90
41.8 2.51 WO3 2.51 40
Rhombohedral oxide 2.51, 2.48 50, 95
42.9 2,45 CoWO4, CoWO4 2.47, 2.46 20, 20
C0304 2.44 100
45.2 2.33 CoWO4 2.33 10
49.0 2.16 CoWO4, CoWO4 2.18, 2.18 14, 14
W03, WO3 2.17, 2.15 50, 60
51.0 2.08 Y -Fe 2.08 100
52.6 2.02 WOB’ WO3 2.04, 2.02 40, 30
J -Fe(Cr) 2.03, 204 100, 100
53.8 1.98 W03, WO3 1.99, 1.97 35, 30
55.7 1.91 WOS’ WO3 1.92, 1.88 50, 50
59.5 1.80 WO wO 1.82, 1.81 75, 40

3’ 3
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Table 3.5.continued....

Experimental Values Identity Diffraction Data File
26 / Deg. a/ R a8 Relative
- 0.2 Deg. Intensity
Y -Fe, WO3 1.80, 1.79 80, 50
63.8 1.69 w03, CoWO4 1.71, 1.70 60, 25
CoW04, WO3 1.69, 1.69 25, 55
Rhombohedral oxide 1.69, 1.67 60, 90
WO3 1.67 50
66.0 1.64 W03, W03 1.65, 1.64 40, 65
73.5 1.49 WO, WOg 1.51, 1.50 45, 35
Cow04, WO3 1.50, 1.49 14, 60
Rhombohedral oxide 1.48, 1.46 35, 25
77.0 1.44 Rhombohedral oxide 1.45, 1.43 35, 40
CoW04, CoWO4 1.44, 1.43 10, 14
& -Fe(Cr) 1.43, 1.44 20, 16
00304 1.43 45
86.0 1.31 WO3 1.31 45
89.5 1.27 Y -Fe 1.27 50
92.0 1.24 W03, WO3 1.25, 1.24 30, 40
99.5 1.17 J -Fe(Cr) 1.17, 1.18 30, 30
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Table 3.6. Powder X-ray diffraction observations of debris taken
from an experiment using a Lescalloy BG42 steel pin
at a disc temperature of 500 09 with a load of 98.1 N
and a sliding speed of 2 m s -

* - Indicates the most intense diffraction lines.
Experimental Values Identity Diffraction Data File
%Q / Deg. d / X d / X Relative
- 0.2 Deg. Intensity
29.3 3.54 FeZWO6 3.53 80
32.1 3.23% CrZWO6 3.22 100
36.0 2,.89% CoW04, FeZWO6 2.92, 2,87 100, 100

00304 2.86 40
* -
42.0 2.50 ¥ Fe2 3 Fe2W06 2.52, 2.48 100, 60
. 9
Cr2w06 2.48 0
42.8 2.45 00304, Fe2w06 2.44, 2.43 100, 60
46.0 2.29 Fe2w06 2.28 30
52.2 2.03 Fe2w06 2,03 50
57.5 1,86 FeZWO6 1.85 40
62.7 1.72 FeZWO6 1,72 60
64.0 1.69% CoWO4, CoWO4 1.70, 1.69 25, 25
.68 .68 6 60
CrZWOG, Fe2w06 1 , 1 o,
65.0 1.66 FeZWO6 1.66 80
73.0 1.50 Fe2w06 1.50 60
74.3 1.48 { -Fe, O 1.48 53
2°3
77.6 1.43 Co O 1.43 45

34
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Table 3.7. Glancing angle X-ray diffraction observation of the
surface of a Legcalloy BG42 steel pin run at a sliding
speed of 2 m s with a load of 98.1 N for no external
heating applied to the disc.

* - Indicates the most intense diffraction line.
Experimental Values Identity Diffraction Data File
26 / Deg. a/ X a/ & Relative
- 0.2 Deg. Intensity

51.0 2.08 Y -Fe 2.08 100
52.4 2.,03* 4 -Fe(Cr) 2.03, 2.04 100, 100
59.7 1.80 ¥ -Fe 1.80 80
77.0 1.44 o -Fe(Cr) 1,43, 1.44 20, 16
89.4 1.27 g -Fe 1,27 50
99.4 1.17 & -Fe(Cr) 1.17, 1.18 30, 30
111.0 1.085 § -Fe 1.08 80
118.8 1.039 Y -Fe 1.037 50
123.5 1.015 & -Fe(Cr) 1.01, 1.02 10, 18
a\—FeZO3 and Cr203 respectively. 4 -Fe(Cr) indicates the original
martensitic steel structure (body-centred tetragonal). Changes to

ferrite (body-centred cubic) were not detected because the slight
change in d spacing could not be measured. The austenitic steel
structure (face-centred cubic) is indicated bhy ¥ -Fe which is of
lower hardness than & -Fe. The following compounds identified are

C0304 cobaltosic oxide, WC tungsten carbide (hexagonal phase), WO3

tungstic oxide, CoWO, cobalt tungsten oxide, FeZWOG iron tungsten oxide

4

and Crzwo chromium tungsten oxide.

6

The compounds in the wear debris from the angular contact bearing

experiments are presented in tables 3.8 and 3.9. From glancing angle
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Table 3.8, Compounds identified in the wear debris from worn
Lescalloy BG42 steel races by X-ray diffraction using
CoK radiation. All experiments were carried out for

a 1000 cycle duration with a ball contact stress of
2.6 x 100 Nm

. o
Begrlng Temperature / C Compounds Identified
-5 C
120 WC, &A-~Fe(Cr)
200 WC, ( A -Fe(Cr), Rhombohedral oxide)
300 Rhombohedral oxide, (WC, &~ -Fe(Cr) )
350 Rhombohedral oxide, (WC, & -Fe(Cr))
400 Rhombohedral oxide, WOB’ CoWO4
500 Fe2W06, Cr2W06, (Rhombohedral oxide,
C0W04).
Table 3.9. Compounds identified in the wear debris from worn A.I.S.I
440C MOD steel races by X-ray diffraction using Co‘&
radiation. All experiments were carried out for

a 1000 cycle dEration with a ball contact stress of
2.6 x 10 Nm

%earéng Temperature / 0C Compounds Identified
-5 C
200 (WC, Rhombohedral oxide), A ~Fe(Cr)
300 Rhombohedral oxide, (WC, & -Fe(Cr))
350 Rhombohedral oxide, WO3
450 (C0W04, Fe2W06, Cr2W06), (Rhombohedral
oxide, W03).

X-ray diffraction, o -Fe(Cr) was detected on the WC-11% Co balls taken
o
from Lescalloy BG42 steel races at bearing temperatures less than 350 C.

For A.I.S.I. 440C MOD steel races J_~Fe(Cr) was detected on the balls
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at bearing temperatures less than 300 0C.

Selected results from the pin-on-disc experiments using Lescalloy
BG42 steel pins with no external heating are shown in table 3.10.
Compounds on the surface of Lescalloy BG42 steel pins and in the wear
debris for elevated temperature experiments, are presented in tables
3.11 and 3.12 for loads of 19.6 and 98.1 N respectively. Disc temp-
eratures less than 200 °C were generated by frictional heating alone.
Table 3.11 was found to be typical of analyses carried out for loads
less than 40 N and table 3.12 for loads greater than 40 N. Table 3.13
presents the compounds identified in the wear debris from selected worn
Lescalloy BG42 steel pins at disc temperatures of 400 and 500 0C.
Results for disc temperatures less than 300 0C were not included, since
only oxidational-metallic wear and severe wear are exhibited with no
transfer of material in the form of oxides from disc to pin occurring.
Table 3.14 shows the compounds present in the wear debris from selected
worn A.I.S.I. 440C MOD steel pins for a range of loads and disc temp-
eratures. Disc temperatures less than 200 0C were generated by
frictional heating alone. The compounds identified from the wear
tracks present on the disc for both types of steel pins are shown in
table 3.15. The first temperature was generated by frictional heating
alone.

All the pin-on-disc experiments presented in tables 3.1l to 3.15
were carried out at a sliding speed of 2 m s—l. In all the tables
3.8 to 3.15 the compounds are listed in decreasing order according to
the intensity of the diffraction lines. The compounds enclosed in
brackets give diffraction lines of about equal intensity. The limit

of detection of a compound is about 2% by volume.
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Table 3.10. Compounds identified in the wear debris from worn
Lescalloy BG42 steel pins by X-ray diffraction using
CoKﬁ‘radiation. All experiments were carried out with

no external heating applied to the disc.

-1

Speed/m s Load/N Surface Compounds Identified

. “1l . Temperature/ C

- 0.05ms 2 0.9N * 5%

0.60 98.1 126 (h-Fe(Cr), WC), ¥-Fe

2.00 9.8 40 («~-Fe(Cr), Rhombohedral oxide),

: ¥ -Fe, WC
2.00 19.6 64 d. -Fe(Cr), (Rhombohedral oxide,

we) , X—FeZOB, Y -Fe.

2.00 39.2 77 A~ -Fe(Cr), (WC, ¥ -Fe),

Rhombohedral oxide
2.00 98?1 157 d;Fe(Cr); ( ¥-Fe, WOC)
2.00 147.1 279 ‘ (k-Fe(Cr), ¥ -Fe), WC
3.00 9.8 50 (&-Fe(Cr), WC, Rhombohedral

oxide), ¥ -Fe.
3.00 58.9 208 ¥ -Fe, ( &-Fe(Cr), WC)

3.00 147.1 : » - | Yy -Fe, (&-Fe(Cr), wC) -

Table 3.11. Compounds jdentified by X-ray diffraction from worn
Lescalloy BG42 steel pins using Co radiation. All the_
experiments were carried out at a sfldlng speed of 2 m s
and a load of 19.6 N.

Temperature/ °c Debris Steel Surface

Disc Surface

+ o +

-5 C - 5%

53 64 ~-Fe(Cr), (Rhombohedral oxide, Jd-Fe(Cr), ( ¥-Fe,
WC), ¥ -Fe,Og, ¥ -Fe. WC), Rhombohedral
oxide

200 201 A -Fe(Cr), Rhombohedral oxide, |d&-Fe(Cr), §-Fe,
(¥-Fe, X-FeZOB), WwC Rhombohedral oxide

300 286 4 -Fe(Cr), ¥ -Fe 0., Rhombohed-|d—Fe(Cr), ¥ -Fe,

. 273

ral oxide, ¥ -Fe. y—Fe_O,, Rhombohed-

ral oxide, WC.

400 420 o ~-Fe(Cr), WO3 (Rhombohedral 4. -Fe(Cr), CoWO4

oxide, CoWO4, FeZWOS, Cr2W06, (3’~Fe203, WOs, WwC,

¥ -Fe,04), X—Fe Rhombohedral oxide)

S00 441 CoWO (00304, Rhombohed-| (WOg, CoW0,), A -Fe(Cr),
' ra? oxide Rhombohedral oxide.
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%&

a sliding speed

Compounds identified by X-ray diffraction from worn
Lescalloy BG42 steel pins using Co
ents were carried out
and a load of 98.1 N.

radiation. All

Debris

Temperature/ oC Steel Surface
EiscO iurface
-5 C - 5%
105 157 & -Fe(Cr), ( ¥-Fe, WO & -Fe(Cr), ¥ -Fe
200 360 ¥ -Fe, ( &~ -Fe(Cr), WO 3’—Fe, o ~-Fe(Cr)
300 434 ¥ -Fe, WC, ¢ -Fe(Cr), ¥ -Fe, o -Fe(Cr),
Rhombohedral oxide Rhombohedral oxide
400 513 ¥ -Fe, X—Fezos, (WC, Y -Fe, ( &-Fe(Cr),
-Fe O
d -Fe(Cr) ) ¥ -Fey03),
Rhombohedral oxide,
WwC.
4 ® - . \4 .
500C 524 ( -e2W061 Crzwoe), 4. -Fe(Cr), Co 04,

(¥ -Fe,0,, CoWO,

00304).

Cr, W0y, 6

Rhombohedral oxide,

(Fe2W0

wC, 3’—Fe203, Y -Fe,

Co_ 0

3947 WOB).
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Table 3.13. Compounds identified in the wear debris from worn
Lescalloy BG42 steel pins by X-ray diffraction using
Co radiation. All the expgfiments were carried out
at a sliding speed of 2 m s

o
Temperature / C Load / N Compounds Identified
Disc Surface .
+ o + +
-5 C - 5% _ - 0.9 N
400 420 19.6 & -Fe(Cr), WOS’ ( X—Fe203,

Rhombohedral oxide, C0W04,

FeZWOG’ Cr2W06), ¥ -Fe

400 419 39.2 Y —Fe, ( & -Fe(Cr), (-Fe203),
(WC, Rhombohedral oxide)

400 513 , 98.1 y-Fe, Y -Fe,0g, (we,
& -Fe(Cr))
400 593 147.1 ¥y -Fe, WC, & -Fe(Cr)
500 441 19.6 '"wos, CoWo,,, (Co40,, Rhombohedral
oxide)
500 | 487 . 58.9 ‘ w03, Co¥O,,, (C0304, 4 -Fe(Cr),

Rhombohedral oxide, ¥ -Fe)

. Y
500 524 , 98.1 (FeZ“OG, CrZWOG)’ (CoW04,
Co3 4 ¥ —Fe203)
B y
500 - 147.1 (FeZWOG, Crz“oe, CoW04),
dral
WO3, (C0304, Rhombohedra

oxide, o -Fe(Cr)).
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Compounds jdentified in the wear debris from worn

A.I.S.I. 440C MOD steel pins by X-ray diffraction
using Coxd‘radiation.
carried out at a sliding'speed of 2 ms ~1.

All the experiments were

Temperature / °c

Load / N Compounds Identified
Disc Surface
+ o +
-5 C - 5% - 0.9 N
49 61 19.6 ( & -Fe(Cr), Rhombohedral
oxide, ¥ -Fe,0g, ¥ -Fe),
wC
68 82 39.2 & -Fe(Cr), ( ¥ -Fe, wC),
Rhombohedral oxide
95 208 98.1 ( & -Fe(Cr), ¥ -Fe), WC
200 206 19.6 & -Fe(Cr), Rhombohedral
oxide, ( ¥ -Fe, X—FeZOS),
wC
200 227 39.2 Y -Fe, 4 -Fe(Cr), WC,
Rhombohedral oxide
200 363 98.1 ¥ -Fe, ( & -Fe(Cr), WC)
500 517 39.2 (CoWO4, qu), 4 -Fe(Cr),
Rhombohedral oxide
500 529 98.1 C0W04, W03, (Co304, J. ~Fe(Cr),
Rhombohedral oxide)
500 554 147.1 C0W04, WOS’ ( 4 -Fe(Cr),
C0304, Rhombohedral oxide).
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Table 3.15. Compounds identified from the wear tracks by X-ray
diffraction using Co radiation. All the expTriments
were carried out at a sliding speed of 2 m s -

Steel Pin Disc ° Load / N Compounds Identified
Temperature / C
+ o +
-5 C - 0.9 N
BG42 106 147.1 J -Fe(Cr), WC, ¥ -Fe
BG42 400 98.1 ( ¥ -Fe, & -Fe(Cr)),
X’-Fezos, wC,
Rhombohedral oxide, WO3
440C MOD 500 .
39.2 WOB’ CoWO4, (C0304’
Rhombohedral oxide)
440C MOD 500 .
98.1 WOS, CoW04, (C0304,
& -Fe(Cr), Rhombohedral
oxide, WC).

3.5 Surface Examination Using the Scanning Electron Microscope

Typical displays of the number of counts versus X-ray energy as
obtained by the energy dispersive analyser are shown in figures 3.32
to 3.35. Figure 3.36 shows the relative intensity of WM& X-rays
at constant FeKd‘from the worn tracks of Lescalloy BG42 steel bearings,
as a function of bearing temperature for a 1000 cycle duration with a
ball contact stress of 2.6 x 109 N m—2. The tungsten concentration
was normalized to the amount of tungsten transfer at a temperature of
500 OC, that is the maximum value measured. There is a decrease in
the amount of tungsten transfer up to a temperature of about 220 OC,
but as the temperature rises the amount of tungsten transfer rapidly

increases.

The relative intensity of de. X-rays at constant FeKd\from worn
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Lescalloy BG42 steel pins, as a function of experimental disc
temperature for loads of 19.6 N and 98.1 N at a sliding speed of

2 ms ~ is shown in figure 3.37. Figure 3.38 shows the relative
intensity of WMd‘X—rays versus computed surface temperature for the
same conditions. For figures 3.37 and 3.38 the tungsten concentration
was normalized to the amount of tungsten transfer at a disc temperature
of 500 OC for a load of 19;6 N, that is the maximum value measured.

The shape of the curves in figure 3.38 are similar to those of figure
3.37. For the 19.6 N load tungsten transfer to the steel pin increases
rapidly for surface temperatures greater than about 286 oc; figure
3.38(a). For a 98.1 N load figure 3.38(b), there is no tungsten
transfer until the surface temperature exceeds about 513 OC. Figure
3.38(a) was found to be typical of analysis carried out for loads less
than 40 N and figure 3.38(b) for loads greater than 40 N. Table 3.16

shows the relative intensity of WMd\X—rays from selected A.I1.S.I. 440C

MOD steel pins for the same conditions as in figures 3.37 and 3.38.

Table 3.16. The relative intensity of W d‘X~rays at constant Fe
from worn A.I.S.I. 440C MOD steel pins. All the _
experiments were carried out at a sliding speed of 2 m s

Load / N Disc ° Surface o Relative Intensity
N Eempgrature / C Eemperature / C gf Wna X-rays.
- 0.9 N -5 C ~ 5% - 0.02

19.6 49 61 0.01

19.6 200 206 . 0.03

98.1 95 208 0.00

98.1 200 363 0.00

98.1 500 529 0.92

Disc temperatures less than 200 0C were generated by frictional heating
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Fe (a)

Cr

Mo Fe

| (b)

Fig. 3.32.

Energy / keV

The number of counts versus X-ray energy, as obtained

by the energy dispersive analyser from the worn tracks
present on Lescalloy BG42 steel angular contact bearings.
Each experiment was conducted for a 1000 cycle duration

9 -2
with a ball contact stress of 2.6 x 100 Nm ;

(a) bearing temperature 200 oC; (b) bearing temperature
400 C.
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3.33. The number of counts versus X-ray energy, 3aS obtained

by the energy dispersive analyser from the worn surfaces
for experiments with no external heating;

-1
(a) Lescalloy BG42 steel pin, 98.1 N load, 0.6 m s
sliding speed;

‘ -1
(b) A.I.S.I. 440C MOD steel pin, 19.6 N load, 2.0 m s
sliding speed.
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Fig. 3.34. The number of counts versus X-ray energy, as obtained
by the energy dispersive analyser from the worn surfaces
of Lescalloy BG42 steel pins for a 1oad of 19.6 N and

a sliding speed of 2 m snl; (a) no external hegting
applied to the disc; (b) disc temperature 500 C.
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Fe
(a)
Cr
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Cr
Mo \'%
w
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Cr
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Energy / keV

Fig. 3.35. The number of counts versus X-ray energy, as obtained
by the energy dispersive analyser from the worn surfaces
of Lescalloy BG42 steel pins for a load of 98.1 N and a

-1
sliding speed of 2 m s o (a) disc temperature 300 OC;
(b) disc temperature 500 C.
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l

100 200 ' 300 400 500

o
Temperature / C

Fig. 3.36. The relative intensity of WMvL X-rays at constant FeK$
from worn.Lescalloy BG42 steel bearing tracks, as a
function of experimental bearing temperature for a 1000

9 -
cycle duration with a ball contact stress of 2.6 x 10 Nm .
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(a)

(b)

Relative Intensity

——y —y |
100 200 300 400 500

Disc Temperature / °c

Fig. 3.37. The relative intensity of WM¢. X-rays at constant FeKd

from worn Lescalloy BG42 steel pins, as a function of

experimental disc temperature for a2 sliding speed of 2 m s ;
(a) 19.6 N load; (b) 98.1 N load.

1.0— - +(a)

(ﬁg

Relative Intensity

‘,___L_', — 1 S [ o

100 200 300 400 500

o
Surface Temperature / C

Fig. 3.38. The relative intensity of de. X-rays at constant FeK&_

from worn Lescalloy BG42 steel pins, as a function of

computed surface temperature for a sliding speed of 2 ms
(a) 19.6 N load; (b) 98.1 N load.
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alone. They also show the same trends as the Lescalloy BG42 steel
pins.

In order to give some visual appreciation of the mechanisms
involved, scanning electron photomicrographs were taken of the worn
surfaces of the angular contact bearings and steel pins. Figure 3.39
shows S.E.M. photomicrographs at x1000 magnification of the worn
tracks present on the angular contact bearings inner race for various
temperatures. All surfaces shown were taken from experiments con-
ducted for a 1000 cycle duration with a ball contact stress of 2.6 x
lO9 N m—z. For a Lescalloy BG42 steel race at a temperature of 350 oC
figure 3.39(b), the surface is coated with an oxide. Figure 3.39(d)
shows small areas of transferred ball material on an A.I.S.I. 440C MOD
steel race at a temperature of 350 0C.

Figure 3.40 shows S.E.M. photomicrographs at x1000 magnification
of the worn surfaces of steel pins for both types of steel at loads
of 19.6 and 98.1 N, All surfaces shown were taken from experiments
conducted at a sliding speed of 2 m 5-1 with no external heating
applied to the disc. Both types of steel at a load of 19.6 N
figures 3.40(a) and 3.40(0); show relatively smooth surfaces typical
of those associated with oxidational wear. At a load of 98.1 figures
3.40(b) and 3.40(d), the surfaces show evidence of both plastic flow
of the steel and deep grooves formed by abrasive action which are typical
of those associated with severe wear.

S.E.M: photomicrographs at x1000 magnification of the worn surfaces
of Lescalloy BG42 steel_pins for various disc temperatures and loads
are presented in figure 3.41. A1l surfaces shown were taken from
experiments conducted at a sliding speed of 2 m s-l. Figure 3.41(a)

shows an area of steel surface where an oxide plateau is beginning to
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S.E.M. photomicrographs of the worn tracks present on the
angular contact bearings inner race at x1000 magnification.
All surfaces shown were taken from experiments conducted
for a 1000 cycle duration with a ball contact stress of

-2

2.6 x lO9 N m

(a) Lescalloy BG42 steel, bearing temperature 120 OC.
(b) Lescalloy BG42 steel, bearing temperature 350 ZC~
(¢c) Lescalloy BG42 steel, bearing temperature 500 C.
(d) A.I.S.I. 440C MOD steel, bearing temperature 350 C.
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break up to form debris. The surface shown was taken from an experi-
ment conducted at a 1oéd of 19.6 N and a disc temperature of 200 oC.
For the same conditions but at a disc temperature of 300 OC figure
3.41(b); oxide is also present on the surface. For a load of 98.1 N
and a disc temperature of 300 OC, the surface shows evidence of both
plastic flow of thé steel and grooves formed by the abrasive action
of the much harder WC-11% Co disc, figure 3.41(c).
Figure 3.42 shows S.E.M. photomicrographs of the worn surface of
a Lescalloy BG42 steel pin at a magnification of x1000 and x5000.
All photomicrographs shown were taken from an experiment conducted at
a sliding speed of 2 m s—l with a load of 19.6 N and a disc temperature
of 400 oC. Figure 3.42(a) shows at a magnification of x1000 smooth
areas which are transferred material from the disc identified by X-ray
data and the energy dispersive analyser. The same area is shown at a
magnification of %5000 in figure 3.42(b). Figure 3.42(c) shows a
tungsten elemental map of the same area as in figure 3.42(b). Figure
3.43 shows S.E.M. photomicrographs of the worn surface of a Lescalloy
BG42 steel pin at a magnification of %200 and x1000. All photomicro-
graphs shown were takeﬁ from an experiment conducted at a sliding speed
of 2 m s,"l with a load of 98.1 N and a disc temperature of 500 oC.
Figure 3.43(a) shows at a magnification of x200 a smooth film. Figure
3.43(b) also shows a smooth film at %1000 magnification as does figure
3.43(c) a tungsten elemental map of the same aresa. The obvious feature
where removal of a piece of the film has taken place is visible on both.
Figure 3.44 shows S.E.M. photomicrographs of the worn surfaces of
A.I.S.I. 440C MOD steel pins at loads of 39.2 and 98.1 N. All surfaces
shown were taken from experiments conducted at a sliding speed of

2 m s-_l with a disc temperature of 500 °c. For a load of 39.2 N figure
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Fig. 3.40.S.E. M. photomicrographs of worn steel pin surfaces at
x1000 magnification. All surfaces shown were taken
from experiments conducted at a sliding speed of 2 m s
with no external heating applied to the disc.

(a) Lescalloy BG42 steel, load 19.6 N
(b) Lescalloy BG42 steel, load 98.1 N.
(c) A.I.S.I. 440C MOD steel, load 19.6 N.
(d) A.1.S.1. 440C MOD steel, load 98.1 N.
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(a)

(b)

(c)

S.E.M. photomicrographs of worn Lescalloy BG42 steel
pin surfaces at x1000 magnification. All surfaces

shown were taken from experiments conducted at a sliding
speed of 2 m s

(a) Disc temperature 200 ZC, load 19.6 N.
(b) Disc temperature 300 C, load 19.6 N.
(c¢) Disc temperature 300 C, load 98.1 N.
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(a)

(b)

S.E.M. photomicrographs of the worn surface of a Lescalloy
BG42 steel pin. All photomicrographs shown were taken
from an experiment conducted at a sliding speed of 2 m s
with a load of 19.6 N and a disc temperature of 400 °c.

(a) Magnification x1000.
(b) Magnification x5000.
(c¢) Tungsten map of the area of surface shown in (b)-



(a)

(b)

S.E.M. photomicrographs of the worn surface of a Lescalloy
BG42 steel pin. All photomicrographs shown were taken
from an experiment conducted at a sliding speed of 2 ms
with a load of 98.1 N and a disc temperature of 500 C

(a) Magnification x200.
(b) Magnification x1000.
(c) Tungsten map of the area of surface shown in (b)-
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() (d)

S .E.M. photomicrographs of worn A.1.S. I. 440C MOD steel
pin surfaces. All surfaces shown were taken from

experiments conducted at a sliding speed of 2 m s with
a disc temperature of 500 C.

(a)
(b)
()
(d)

Magnification x200, load 39 2 N

Tungsten map of the area of surface shown in (a)
Magnification x1000, load g8.1 N.

Tungsten map of the area of surface shown in (¢).
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3.44(a) shows at a magnification of %200 a smooth transferred film
on the surface. Figure 3.44(b) shows a tungsten elemental map of
the same area of surface shown in figure 3.44(a). It can be seen
that the film does not completely cover the surface. For a 98.1 N
load an area of the surface where the transferred film has broke
away or has not yet formed is shown in figure 3.44(c) at a magnifi-
cation of x1000. Figure 3.44(d) shows a tungsten elemental map of
the same area as in figure 3.44(c).

3.6 Pin Hardness Tests

Figure 3.45 shows the variation in bulk hardness of the worn
surfaces of Lescalloy BG42 steel pins, as a function of temperature
of the disc at which the experiment was conducted at sliding speeds
of 2 m s_l. The curves show the relationship at 19.6 and 98.1 N
loads, figures 3.45(a) and 3.45(b) respectively. These are typical
loads which show oxidational-metallic and severe wear for disc temp-
eratures less than 400 OC as shown by X-ray data and S.E.M. analysis.
Figure 3.46 shows the variation in micro-hardness versus experimental
disc temperature for the same conditions. The variation in bulk
hardness and micro-hardness as a function of computed surface temp-
erature also for the same conditions are shown in figures 3.47 and
3.48 respectively. Both bulk hardness and micro-hardness values
of the worn surfaces of selected A.I.S.I. 440C MOD steel pins are
shown in table 3.17. Disc temperatures less than 200 OC were gen-
erated by frictional heating alone.

For the bulk hardness values the error bars are within the symbols.
The depth of penetration of the diamond pyramid indentor for the micro-
hardness tests was 5.0 to 7.5 ym for a hardness range of 9 x 109 to

4 x 109 N m_z respectively. These were obtained using equation (2.20)
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Fig. 3.45. Bulk hardness of the worn Lescalloy BG42 steel pins versus_
experimental disc temperature for a sliding speed of 2 m s
(a) 19.6 N load; (b) 98.1 N load.
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Fig. 3.46. Micro-hardness of the worn Lescalloy BG42 steel pins
versus experimegtal disc temperature for a sliding
speed of 2 ms ; (3) 19.6 N load; (b) 98.1 N load.
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Fig. 3.47. Bulk hardness of the worn Lescalloy BG42 steel pins
versus computed_surface temperature for a sliding
speed of 2 m s (a) 19.6 N load; (b) 98.1 N load.
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Fig. 3.48. Micro-hardness of the worn Lescalloy BG42 steel pins
versus chputed surface temperature for a sliding speed
of 2 m s (a) 19.6 N load; (b) 98.1 N load.
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Table 3.17. Hardness values of selected worn A.I.S.I. 440C MOD
steel pins. All the experiments were carried out at
a sliding speed of 2 m s .

Load / N Disc ° Surface o Bulk Micro-
Temperature / C | Temperature / C | Hardness / hardness /
10 N o2 10° N o2
fo0.9N Is5 % T 59 ¥ 0.05 x Yo1lx
10% N n? 10% N 2
19.6 49 61 8.26 8.4
98.1 95 208 7.38 7.6
98.1 200 363 7.52 7.4
98.1 500 529 3.85 5.3
section 2.10. The depth of penetration of the diamond pyramid

indentor for the bulk hardness tests was 10 times the penetration of
the micro-hardness indentor.

All hardness readings were taken cold after completion of the
relevant wear experiment. Figure 3.45 as one would expect, shows a
decrease in hardness with increasing experimental disc temperature.

The high load curve fall is much greater indicating the influence of
frictional heating on the sub-surface layers immediately below the real
areas of contact.

The micro-hardness curves, due to the much lower penetration depth
of the indentor, are more representative of changes at the contacting
surface on the steel pin. The 19.6 N load curve figure 3.46(a), shows
an increase in micro-hardness up to a disc temperature of about 300 OC
(surface temperature 286 OC), because oxides are present on the surface
as shown by X-ray diffraction. For greater temperatures the micro-
hardness falls rapidly, due to material in the form of oxides being

transferred from the disc to the pin as shown by X-ray data and S.E.M.
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analysis. For the high load curve figure 3.46(b), the micro-hardness
increases after a disc temperature of about 300 °c (surface temperature
434 OC) with tungsten carbide WC, rhombohedral and };’—Fezo3 oxides
appearing on the surface as shown in table 3.12. For disc temperatures
greater than about 400 OC (surface temperature 513 OC), it rapidly
decreases due to materiél in the form of oxides being transferred from
disc to pin as shown by X-ray data and S.E.ML analysis. For fhe A.I.S.1.
440C MOD steel pins table 3.17, the values follow the same trends but

the magnitudes are lower as expected.

3.7 Oxidational Parameter Measurements

The oxide film thickness measured by ellipsometry varying with time
is shown in figure 3.49, for Lescalloy BG42 and A.I.S.I. 440C MOD
stainless steels over the temperature range 200 to 600 0C. For both
types of steel at temperatures less than 400 0C the oxidation rate
is logarithmic, figures 3.49(a) and 3.49(b). For temperatures greater
than 400 OC the oxidation rate appears to be parabolic, figures 3.49(d),
3.49(e) and 3.49(f). The parabolic law is connected with the growth
of a continuous oxide film, the thickening of which is controlled by
‘migration or diffusion through the film. At low temperatures such
movement through the film will be negligibly slow, but leakage of
oxygen through definite discontinuities can continue. Almost any
process in which the oxidation rate is slow would conform to some kind
of logarithmic law.

When the oxidation rate is parabolic the oxide film thickness
hO (m; is given by equation (3.5).

2 1/2
h =k 1/ t / S R R (3.5)
o p

Where kp is the parabolic rate constant, t the time and c is a

constant. By plotting the oxide film thickness against the square
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Fig. 3.49. Oxide film thickness on martensitic stainless steel as a

function. of time; (a) furnace temperature 200 C;

(b), (c), (d), (e) and (£) for oxidation temperatures of
300, 400, 450, 500 and 600 C respectively. M - Lescalloy
BG42 steel. A - A.I.S.I. 440C MOD steel.
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root of the time shown in figure 3.50, the parabolic rate constant was
determined for oxidation temperatures of 450, 500 and 600 °c.  The
1/2

slope of the graph is equal to kp . For oxidation temperatures of

o
450, 500 and 600 C the parabolic rate constants kp were found to be

+ -18 -18 + -18 2 -
(2.2 - 0.2) x 10 , (3.4 A 0.5) x 10 and (9.5 - 2) x 10 m S 1
respectively.

. 2 -1 . . .

The parabolic rate constant kp (m s ") is related to the activation
-1

energy for parabolic oxidation Qp (J mol ~) by equation (3.6),
(49)

Kubaschewski and Hopkins.

Ap is the Arrhenius constant, R is the gas constant and To is the

oxidation temperature.

1og10 kp = 1og10 Ap - Qp / 2.303 R To .................... (3.7)

A graph was plotted of 10g10 kp versus 1 / To figure 3.51, where the
slope of the graph is equal to - Qp / 2.303 R. The slope was obtained
using a statistical formula:-

Qp/ 2303 R=n (§xy) - (Fx) (E£Y ) ovrrrrrreeerer (3.8)
n(Ex2) - (£x)°

h = =1/ T.

where y 1og10 kp and x / o
v 3 -1

Hence @ = (52 * 5y x 10° J mol

The intercept of the graph 1og10 Ap was given by equation (3.9).

1og10 Ap = (Ly) (ixz) 2 (E%) (X J)  cvvevernnnmnens (3.9
n (£50) - (207

-14 2 -1
Hence A = (1.0 0.4y x 10 m s -
When the oxidation rate is logarithmic the oxide film thickness ho (m)

49
is given by equation (3.10), Kubaschewski and Hopkinsg )
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Oxide film thickness on martensitic stainless steel
as aofunction of time 1/2; (a) oxidatign temperature
450 C; (b) oxidation temgerature 500 C; (c)
oxidation temperature 600 C.
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Where ke is the rate constant, t the time and a b are unknowns.
Differentiation of the above equation and inverting produces equation

(3.11).

dt /dh =t /k +Db /k @ ... (3.11)
(o] e e

By plotting dt / dho against t the rate constants ke were determined
for oxidation temperatures of 200 and 300 oC. For the Lescalloy
’ + -9

BG42 steel, the rate constants ke were found to be ( 1.0 - 0.3) x 10

+ -9 ) o
and ( 1.6 - 0.1 ) x 10 m for oxidation temperatures of 200 and 300 C
respectively. The activation energy Q for logarithmic oxidation was

+ 3

determined using equation (3.7) and found to be ( 11 - 9 ) x 10 J

-1
mol .
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CHAPTER 4

DISCUSSION

4.1 Identification of Wear Mechanisms

Referring initially to figures 3.3, 3.4, 3.8, 3.9, 3.10 and 3.11
for pin-on-disc experiments with no external heating, the results
indicate two distinct wear mechanisms. For loads below about 40 N
the pin surfaces are relatively smooth, as shown in figures 3.40(a)
and 3.40(c) for Lescalloy BG42 and A.I1.S.I. 440C MOD steel pins
respectively and are typical of those associated with oxidational
wear. The wear debris were of small particle size and non-metallic
in appearance. However although these observations might indicate
oxidational wear, X-ray diffraction analysis of debris and surfaces
showed large amounts of metal together with the oxide as shown in
tables 3.10, 3.11 and 3.14. For both types of steel pins the debris
contained dJ.-Fe(Cr), rhombohedral oxide; tungsten carbide and ¥-Fe

with sometimes ¥ -Fe.O_ being detected as shown in tables 3.10 and

23
3.14. & -Fe(Cr) indicates the original bulk steel structure, where
¥ -Fe indicates austenite which is of lower hardness. The rhombohe-

dral oxide is a solid solution consisting of a mixture of d\—FeZO3

5

and Cr203» Isherwood and Quinnf b
The tungsten transfer identified by the energy dispersive analyser

on a Lescalloy BG42 steel pin, at a 19.6 N load and a sliding speed of

2 m s-1 figures 3.37 and 3.38, is in the form of tungsten carbide as

shown in table 3.11. Table 3.16 shows that this is also true for
the A.I.S.I. 440C MOD steel pins for the same conditions. Golden
(34

and Rowe ) showed that when WC-6% Co was . slid slowly over stainless
steel under a load of 14.7 N, almost the whole of the transferred carbide

was strongly bonded to the stainless steel. When reciprocating traver-

sals were made a considerable proportion of the transferred
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carbide was scattered loosely on the surface. This explains why
tungsten carbide is found in the wear debris as shown in tables 3.10
and 3.14.

The magnitude of the wear rate suggest that the mechanism is only
partially oxidational. Considering the hardness difference of the

. 9 -2
materials (Lescalloy BG42 steel 8.29 x 10 Nm , A.I.S.I. 440C MOD
g -2 9 -2 .. .

steel 8.09 x 10 N m and WC-11% Co 13.00 x 10 N m ) it is more
probably a mixed oxidational-abrasive mechanism. The frictional
temperatures generated shown in figures 3.23 and 3.24, were not high
enough either to produce a completely stable oxide film and hence

-14
true oxidational mild wear with an expected wear rate of about 10

3 -1
m m

, or to produce degeneration of the sintered WC-11% Co. Thus

the oxide formed afforded limited protection, with a consequently‘

lower wear rate than would have been expected if it had not been present.
For loads above about 40 N the wear for both steels 1in all cases

was typical severe wear. The debris consisted of large metallic

particles which when analysed were shown to be a mixture of dJ -Fe(Cr),

¥ -Fe and tungsten carbide. No oxides were present either in the

debris or on the surfaces as shown in tables 3.10; 3.12 and 3.14.

The pins surface was free of tungsten as shown by the energy dispersive

analyser; figures 3.37 and 3.38 and table 3,16, which confirms the

X-ray analysis, table 3.12. For sliding speeds greater than 0.6 m

s_l the wear rate starts to increase rapidly at the high loads, this

is due to the decreasing hardness of the pin substrate which is

confirmed by Y -Fe becoming more predominant in the wear debris.

Figures 3.4 and 3.10 show that for this type of wear the wear rate of

the softer A.I.S.I. 440C MOD steel is greater for the same sliding speed.

For both types of steel pins, the coefficient of friction is similar
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within the limits of experimental error and decreases with increasing
load as shown in figure 3.11.

The increase in wear rate with increase in sliding speed is due
to temperature effects. The surface temperature increases linearly
with increasing load within the limits of experimental error as shown
in figures 3.23 and 3.24. The increase in frictional heating leads
to surface softening and subsequent reduction in abrasion resistance

. (82) . . .

as described by Kruschov, together with a reduction 1n shear

strength. The hardness of the Lescalloy BG42 martensitic stainless
9 -2

steel falls from 8.29 x 10 N m at room temperature to about 6.03

9 -2 o}

x 10 N m at 500 C,where the hardness of the A.I.S.I. 440C MOD
9 -2 : 9 -2 .

steel falls from 8.09 x 10" N m to aboyt 5.56 x 10 N m according

to Parkssss) Dawihl and Frisch(56

) reported that cemented tungsten
carbide has excellent hot hardness and hot strength. The heat flow
per-second along the pin at the interface between the pin and disc
Hl, starts to increase more rapidly with load for sliding speeds

greater than 0.6 m s—l as shown in figures 3.18 and 3.19. This shows

there is an increase in the number of asperities in contact heneath the

pin, Rowson and Quinnfgl) which confirms the decreasing hardness of the
pin substrate due to frictional heating. There is the expected increase
in H. with increasing sliding speed. For the A.I.S.I. 440C MOD

1

steel pins Hl is greater as expected since it is of lower hardness. The
decreasing hardness of the pin substrate for Lescalloy BG42 steel is
also confirmed by figure 3.22, which shows the experimentally measured
division of heat at the pin-disc interface at a sliding speed of

o m s} increasing rapidly after a load of about 50 N. Table 3.1

shows the maximum attainable temperatures of the real area of contact

for Lescalloy BG42 steel pins. From the S.E.M. photomicrographs for
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both types of steel pins figures 3.40(b) and 3.40(d), the surfaces
show evidence of both plastic flow of the steel and deep grooves
formed by abrasive action which are typical of those associated with
severe wear.

A typical wear track on the disc produced by the severe wear
mechanism is shown in figure 3.29(b). This wear track was produced
by a Lescalloy BG42 steel pin with a 147.1 N load at a sliding speed
of 2 m s—l. X-ray data displayed in table 3.15 shows that steel has
been bonded to the disc indicating the possibility of some kind of
adhesive wear.

The materials are not designed to run at low temperatures and the
results presented in figures 3.5, 3.6, 3.7, 3.12, 3.13, 3.14, 3.15,
3.16, 3.17 and 3.27 are of more importance to this study. For disc
temperatures less than 400 oC, the curves are very similar in nature
to the frictional heated experiments as shown in figures 3.12 and 3.14
for Lescalloy BG42 and A.I.S.I. 440C MOD steels respectively. The
500 ©¢c curve for both steels however shows significantly lower wear
rates indicating a different mechanism. Considering tables 3.11, 3.12
and 3.14, the results indicate that for disc temperatures up to 300 oC,
wear mechanisms are the same as those as in the frictionally heated
experiments.

In the low load region below 40 N a mixed oxidational-abrasive
wear mechanism is predominant. An S.E.M. photomicrograph is shown in
figure 3.41(a), taken from an experiment using a Lescalloy BG42 steel
pin conducted at a 1oad of 19.6 N and a disc temperature of 200 °c.

It shows an area of steel surface where an oxide plateau is beginning
to break up to form debris. The debris consist of d -Fe(Cr), rhombohe-

dral oxide, Y -Fe, 3’—Fe203 and tungsten carbide where the surface
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bears the rhombohedral oxide as shown in table 3.11. For the same
conditions but at a disc temperature of 300 OC, oxide is 2also

present on the surface as shown in figure 3.41(b). The debris consist
of 4 —-Fe(Cr), X—Fe203, rhombohedral oxide, ¥ -Fe and the surface shows
both oxides and tungsten carbide.

A typical wear track on the WC-119% Co disc produced by the
oxidational-abrasive wear mechanism is shown in figure 3.29(a). The
wear track was formed by a Lescalloy BG42 steel pin with a 19.6 N load
at a disc temperature of 300 oC and a sliding speed of 2 m s_l. Fron
the profile the wear rate of the disc was found to be (5.0 I 0.4) x
-14 m3 m~l.

10 This shows the wear rate of the disc was small compared

to the wear rate of the pin which was 20 times greater, figure 3.12.

(35

Golden and Rowe ) concluded that for cobalt bonded tungsten carbide,

both the soft matrix and the hard grains wear steadily away together

. o . (36) .
during dry sliding. Miller also stated that hard solids can
undergo extensive wear when rubbed against metals of much lower hard-
ness. This effect is due partly to the abrading effect of small
particles at the harder material which becomes dislodged and dragged
across the surface. The sights from which particles are removed may
be inclusions, defects or perhaps asperities which are subject to

. . (34)

thermal shock or fatigue type failures. Golden and Rowe reported
that for metals of low hardness, a greater amount of these hard
abrasive particles are pushed down well into the metal. This possibly
explains the absence of tungsten carbide in the wear debris, but also
differences in magnitude of wear rates indicates that this is not a
major factor affecting wear.

For loads greater than 40 N both the debris and surface analysis

suggest a severe wear mechanism. FTor both types of steel the wear
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rate increases with load as expected, as shown in figure 3.5 for a
disc temperature of 200 °c and a sliding speed of 2 m s_l. The shape
of the curves are similar with the A.I.S.I. 440C MOD steel pins of
lower hardness having the greater wear rate for this type of wear. An
S.E.M. photomicrograph is shown in figure 3.41(c), taken from an
experiment using a Lescalloy BG42 steel pin conducted at a load of
98.1 N at a disc temperature of 300 °c and a sliding speed of 2 m s-1
The surface shows evidence of both plastic flow of the steel and grooves
formed by the abrasive action of the much harder WC-11% Co disc. As
shown in table 3.12, the debris consisted of ¥ -Fe, WC, d -Fe(Cr) and
rhombohedral oxide with the surface showing traces of the oxide which
probably formed on cooling.

At a disc temperature of 400 OC some degeneration of the WC-11% Co
disc begins to occur. Table 3.11 shows that tungstic oxide W03 and
cobalt tungsten oxide CoWO4 appears on the surface of the steel pins
by transfer from the disc. Figures 3.12, 3.14, 3.16 and 3.27 show
a dramatic decrease in wear rate when the disc temperature exceeds
400 oC for all loads. For Lescalloy BG42 steel pins at a disc
temperature of 400 0C the wear rate increas;s with load as expected as
shown in figure 3.6. For loads less than about 30 N S.E.M. analysis
figure 3.37 and X-ray data table 3.11, show there is transfer of
material from the disc to the pin in the form of cobalt tungsten oxide
CoW04, tungstic oxide WO3 and tungsten carbide WC. Between loads of
about 30 and 122 N no major transfer of material is occurring as shown
in table 3.12, except for a little tungsten carbide WC. Table 3.13
shows that no oxides are present in the debris for loads above 122 N
indicating a severe wear mechanism. S.E.M. photmicrographs are shown

in figures 3.42(a), 3.42(b) and 3.42(c), taken from an experiment using
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a Lescalloy BG42 pin conducted at a load of 19.6 N at a disc temperature
of 400 OC and a sliding speed of 2 m s_l. Figure 3.42(a) shows smooth
areas which are transferred material from the disc Figure 3.42(c)
shows a tungsten elemental map of the same area as in figure 3.42(b).
For the same conditions but at a load of 98.1 N table 3.15 shows that

steel has been found bonded to the WC-11% Co disc.
(46

) tungsten carbide of hexangonal structure

(52)

remains stable up to a temperature of 2600 OC, Orton reports it

(53)

. o . .
remains stable up to 1760 C and Sara reports it decomposes into

According to Hansen

the face-centred cubic phase at a temperature of 2755 °c. It is not
envisaged that temperatures approaching these values could be attained
in these experiments. As shown in figure 1.3 WC-11% Co exists up

(58)

o
to a temperature of about 1300 C, Rautala and Norton. From

(59) reports that WC-16% Co also exists up to a

figure 1.4, Gurland
temperature of about 1300 OC. Because the temperatures are very high
no change is likely to occur in the hexagonal tungsten carbide structure
and this is confirmed by X-ray diffraction analysis, tables 3.11, 3.12,
3.13 and 3.14. Even though cobalt was not detected, according to
. (60) . .
Edwards and Lipson a transformation from face-centred cubic phase
to the close-packed hexagonal phase on cooling begins at a temperature
o i . (B1) .
of about 400 C. Troiano and Tokich reported it occurred at a
temperature of 388 Oc. They found that this type of reaction could
. . . (62)
not be detected in fine grained cobalt. Owen and Madoc-Jones
reported that at temperatures above 450 oC the face-centred cubic
structure was the stable phase.
o .
At a disc temperature of 500 C the A.I.S.I. 440C MOD steel pins

show a linear increase in wear rate with load as shown in figure 3.7(b).

At all loads cobalt tungsten oxide CoWO4 and tungstic oxide WO3 give
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rise to strong X-ray diffraction lines in the debris as shown in

table 3.14. Webb et.'al.(64

) reported the oxide film formed on tungsten
carbide at a temperature of 700 OC revealed only the presence of

yellow tungstic oxide WOB' They found that it oxidized according to

a linear rate law due to rupture of the oxide film by the formation of
CO and COz. Newkirk(es) reported that the onset of rapid oxidation
occurred at a temperature of about 565 0C for macrocrystalline tungsten
carbide. For the Lescalloy BG42 steel pins figure 3.7(a), for loads
less than about 80 N the debris and surfaces are similar to those of
the A.I.S.I. 440C MOD steel pins as shown in tables 3.11, 3.13 and
3.14. Above 80 N load chemical reactions occur increasing the wear
rate, producing iron tungsten oxide Fe2W0 and chromium tungsten oxide

6
Crzwo6 on the surface of the pins which is also found present in the
wear debris, tables 3.12 and 3.13. Besides cobalt tungsten oxide
CoWO4, the only other cobalt oxide detected was cobaltosic oxide

55
Co 0 Young( ) reports that the cobaltosic oxide C0304 is the

050,
stable oxide at temperatures less than about 850 OC, which is in agree-
ment with the pin surface temperatures. The cobaltic oxide C0203
is completely converted into cobaltosic oxide 00304 at temperatures
o
above 265 C.

For Lescalloy BG42 steel pins there is the usual decrease in the
coefficient of friction with increasing load, except at disc temperatures
of 400 and 500 oC as shown in figure 3.13. For both types of steel
pins figures 3.25 and 3.26, the surface temperature 1is proportional to
load within the limits of experimental error at all disc temperatures.
For Lescalloy BG42 steel pins figure 3.16, the initial increase in

wear rate is followed by a sharp decrease at temperatures above 300 to

350 °c depending on load. For loads less than about 40 N there is an
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oxidational-abrasive wear mechanism approaching the maximum wear rate
temperature, above which there is transfer of material in the form of
oxides from the disc to the pin as shown in table 3.11. For loads
above 40 N there is a severe wear mechanism up to the maximum wear
rate temperature, above which the wear rate decreases due to a series
of complex interactions, including oxide film formation on the steel
surface and degeneration and transfer of material from the WC-11% Co
disc to the pin as shown in table 3.12. The transition from high to
low wear rate is dependent on the temperature at the real area of
contact, which is more closely related to that of the pin rather than
the disc. So from figure 3.27 the maximum wear rate occurs at pin
surface temperatures of 310, 335, 370, 430 and 540 °c for loads of
19.6, 39.2, 58.9, 98.1 and 147.1 N respectively. Trent(38) (39)

found that at a temperature of about 1300 °c there was the formation
of an extremely thin fused layer between the steel chip and the
cemented carbide tool surface, consisting of an alloy of tungsten
carbide with the steel.

Figures 3.37 and 3.38 show that tungsten transfer to the steel pin
for a 19.6 N load increases for disc and surface temperatures above
about 300 OC. For a 98.1 N load there is no tungsten transfer until
the disc temperature exceeds 400 0C (surface temperature 513 0C). The
X-ray analysis as shown in table 3.11, suggests that the tungsten
transfer for loads less than 40 N is jnitially in the form of tungsten
carbide WC and then cobalt tungsten oxide CoWO4 and tungstic oxide WOB'
For Lescalloy BG42 steel pins there are chemical reactions occurring
for loads above about 80 N probably after tranmsfer, producing iron
tungsten oxide Fe, WO and chromium tungsten oxide Cr, WO. as shown in

276 276

table 3.12. This transfer obviously leads to the very low wear rates
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of the steel measured at a disc temperature of 500 oC. S.E.M. photo-
micrographs are shown in figures 3.43(a), 3.43(b) and 3.43(c), taken
from an experiment using a Lescalloy BG42 steel pin conducted at a load
of 98.1 N at a disc temperature of 500 °C and a sliding speed of

2ms . Figures 3.43(a) and 3.43(b) show a smooth film as does
3.43(c), a tungsten elemental map of the same area. S.E.M. photo-
micrographs are shown in figures 3.44(a) and 3.44(b), taken from an
experiment using a A.I.S.I. 440C MOD steel pin for the same conditions
but at a load of 39.2 N. They show that the smooth transferred film
does not completely cover the surface. For a 98.1 N load the S.E.M.
photmicrographs are shown in figures 3.44(c) and 3.44(d). They show
an area on the surface when the transferred film has broken away or
has not yet formed.

Figure 3.19 shows that for A.I.S.I. 440C MOD steel pins, the heat
flow per-second along the pin at the interface between the pin and
disc Hl’ at a disc temperature of 500 oC only increases slightly with
load, where its magnitude at about 140 N load is less than at a disc
temperature of 200 oC. This confirms there is a large amount of
material transfer from the disc to the pin which acts like an insulat-
ing layer reducing the heat flow rate along the pin. The same effect
occurs for the Lescalloy BG42 steel pins as shown in figure 3.20.

The bulk hardness values given in figures 3.45 and 3.47 are not
true representations of surface hardness, because of the large depth
of penetration of the indentor of 50 to 75 ym for a hardness range of
9 x 109 to 4 x 109 N m—z respectively. However they show a decrease
in pin hardness with increasing temperature for both 19.6 and 98.1 N
loads for surface temperatures greater than about 360 OC as shown in

figure 3.47, indicating a lowering of abrasion resistance. The
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micro-hardness measurements figures 3.46 and 3.48, confirm the proposed
wear mechanisms. It is surface sensitive with a depth of penetration
of 5.0 to 7.5 pm for a hardness range of 9 x 10% to 4 x 10° N 2
respectively. Considering the low load curve 19.6 N figures 3.46(a)
and 3.48(a), the increasing amount of oxides as shown in table 3.11
present on the pin surface leading to the proposed mixed oxidational-
abrasive wear mechanism, causes an increase in surface hardness up to
a disc temperature of about 300 OC (surface temperature 286 OC).
Transfer of disc material in the form of oxides significantly reduces
the surface hardness. The fact that sub-surface hardness is also
reduced at this point must not be neglected since this may also have
an effect. In the case of the high load curve 98.1 N figures 3.46(b)
and 3.48(b), no significant amount of oxide is present on the surface
up to a disc temperature of about 400 0C, the wear being severe and
metallic. The micro-hardness increases after a disc temperature of
about 300 OC (surface temperature 434 OC) with 3’—Fe2 39 rhombohedral
oxide and tungsten carbide WC appearing on the steel pin surface at
a disc temperature of 400 oC (surface temperature 513 oC) as shown in
table 3.12. As the temperature increases the transfer of material
from the disc again rapidly reduces the surface hardness. For the
A.I.S.I. 440C MOD steel pins the values follow the same trends but the
magnitudes are lower as expected as shown in table 3.17.

Typical wear tracks on the WC-11% Co disc, formed by A.I.S.I. 440C
MOD steel pins at a disc temperature of 500 oC and loads of 39.2 and
98.1 N are shown in figures 3.30 and 3.31 respectively. For a 39.2 N

-12 -
1 m3 m 1 which

+
load figures 3.30, the wear rate was (2.3 - 0.2) x 10
was about 80 times greater than the wear rate of the pin. Again this

confirms that the predominant wear mechanism at this temperature is
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one of degeneration of the disc material leading to transfer.

The results of the angular contact bearing tests appear to confirm
that the same wear mechanisms are occurring in this very different
experimental configuration. For the Lescalloy BG42 steel angular
contact bearings, the track wear showed a maximum at a temperature of
about 260 OC as shown in figure 3.1(2a). In this region assuming pure
sliding, the track wear rate corresponds to (1.3 b 0.3) x 10_ll m3 m_l.
Since rolling is also present the wear rate due to sliding can be
greater than this value. Table 3.8 shows the wear debris consisted
of tungsten carbide WC and & -Fe(Cr) before the maximum track wear
temperature. From the magnitude of the wear rate and debris analysis
it appears there is a severe wear mechanism operating. At a temperature
of 300 and 350 OC the wear debris consisted of rhombohedral oxide,
tungsten carbide WC and & -Fe(Cr), with tungstic oxide WO3 and cobalt
tungsten oxide CoWO4 being first detected at a temperature of 400 OC
as shown in table 3.8. This suggests that the track wear decreases
due to oxide films and transfer of material from the balls. At a
bearing temperature of 500 oC iron tungsten oxide FeZWO6 and chromium
tungsten oxide CrZWO6 was also detected in the wear debris indicating
chemcial reactions similar to pin-on-disc experiments. For temper-
atures above the maximum track wear temperature S.E.M. analysis figure
3.36, shows there is an increase in the amount of tungsten transfer to
the wear track, where the transfer is initially in the form of tungsten
carbide WC according to debris analysis.

For the A.I.S.I. 440C MOD steel the track wear and wear debris
were similar, but with tungstic oxide WO3 being first detected at a
temperature of 350 Oc as shown in table 3.9. S.E.M. photomicrographs

of a worn Lescalloy BG42 and A.I.S.I. 440C MOD steel race at a temper-—

ature of 350 OC are shown in figures3.39(b) and 3.39(d) respectively.
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The surface of the Lescalloy BG42 bearing race is coated with an oxide
while the 440C MOD steel race shows small areas of transferred ball
material, possibly tungstic oxide WO3.

For similar angular contact bearings made from Lescalloy BG42
martensitic stainless steel with WC-11% Co balls tested under similar
conditions, Parks(44) showed there is a progressive increase in wear
with increasing temperature up to a peak in the 300 to 350 OC temper~
ature region as shown in figure 1.2. He reported firstly the material
softened off as the temperature rose and there was the formation of
various types of oxides which supports the present situation.

For both types of steel bearings minimum ball wear as shown in
figure 3.2 was at approximately 100 °c higher than the temperature at
which maximum track wear occurred. This was a temperature of about
360 oC for Lescalloy BG42 steel and a temperature of about 300 oC
for A.I.S.I. 440C MOD steel bearings. Below this temperature the
balls had metal transfer from the race which was identified by glancing
angle X-ray diffraction which supports the severe wear mechanism,.

4.2 The Oxidational-Abrasive Wear Mechanism

For the pin-on-disc experiments, oxidational-abrasive wear mainly
occurred for loads below 40 N with disc and pin surface temperatures
less than about 300 oC for sliding speeds greater than 0.6 m s—l.

The pin surfaces are relatively smooth as shown by the S.E.M. photo-
micrographs figures 3.40(a) and 3.40(c) and the wear debris were of
small particle size and non-metallic in appearance. These conditions
are typical of mild wear or oxidational wear according to Archard and
Hirstgz) X-ray diffraction analysis of debris and surfaces showed

large amounts of metal together with oxide where the debris contained

d -Fe(Cr), rhombohedral oxide, ¥ -Fe with sometimes tungsten carbide
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WC and Y -Fe being detected as shown in tables 3.10, 3.11 and 3.14.

203
Sometimes tungsten carbide WC was also detected on the pin surfaces as
shown in table 3.11. A typical wear track on the WC-11% Co disc
figure 3.29(a), showed the wear rate of the disc to be small compared
to the wear rate of the pin. The magnitude of the wear rate and X-ray
data suggests the oxide formed on the pin gave only limited protection.

(33

Archard and Hirst ) using high speed tool steel, concluded that the
final wear mechanism between run-in surfaces under mild wear conditiomns
is one of abrasion by the loose oxide wear particles.
The wear rate, which is the volume removed per unit sliding distance
3 -1_ . . (8) . .
w (m° m ) is given by the Archard wear law, equation (1.1). Using
equation (1.3) values of K, the probability of producing a wear particle

at any given asperity encounter were calculated and are shown in table

4.1. Disc temperatures less than 200 OC were generated by frictional

Table 4.1. The K factors produced by the oxidational-abrasive
wear mechanism.

Steel Speed/m s_l Load / N Temperature / OC Wear K / 10-4
o *o0.05ms T Yooen ?iic% %ug;ace Rafig 3 -1
' ‘ ’ L0 7T m T

- 79 - 20%
BG42 2.00 4.9 32 37 0.87 1.5
BG42 2.00 9.8 41 40 3.49 2.9
BG42 2.00 19.6 53 64 4.21 1.8
BG42 2.00 9.8 200 152 3.03 2.6
BG42 2.00 19.6 200 201 7.99 3.4
BG42 2.00 19.6 300 286 9.83 4.2
BG42 3.00 9.8 46 50 1.73 1.5
BG42 3.00 19.6 57 92 5.01 2.1
440C MOD 2.00 9.8 40 49 1.47 1.2
440C MOD 2.00 19.6 49 61 5.45 2.2
440C MOD 2.00 9.8 200 199 2,58 2.1
440C MOD 2.00 19.6 200 206 4,34 1.8
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heating alone.

The oxidational wear mechanism which has gradually evolved over

. (17)
the past 19 years by Quinnfls) (16) (19) (20) (22) (23) Quinn et.al.,

(84) (24)

Sullivan et.al., Quinn and Sullivan gives a suitable expression
for the K factors found in mild wear.

= 2 2 2
K=4d Ap exp - ( Qp / R To y /U £ hC ) (4.1)

Ap is the Arrhenius constant for parabolic oxidation during wear,

Qp the activation energy for parabolic oxidation, R the gas constant
and d is the distance of a wearing asperity contact during which
oxidation occurs at the contact temperature given by To. U is the
linear sliding speed, f is the mass fraction of oxide which is oxygen,
hC the critical oxide film thickness and A the average density of the
oxide. Substituting for d by equation (1.8) produces equation (4.2).

K=2 wl/2 Ap exp - (Qp / R T, ) / TTl/2 Nl/z pl/2 U fz hc2 ~ 2 ... (4.2)

Where W is the load, N the number of asperity contacts and p the
bulk hardness of the softer of the two materials.
+ 9 -2
The bulk hardness values were (8.29 - 0.05) x I0 N m for
' + 9 -2
Lescalloy BG42 steel and (8.09 - 0.05) x 10 Nnm for A.I.S.1. 440C
1 -1

MOD steel where R the gas constant is 8.314 J °c™ mo1"". For

& -Fe O

203 the factor f = 0.3006, for Cr20 f = 0.3158, so therefore the

3

average value was taken. From equation (2.17) the maximum effective
depth of penetration of the X-rays through a rhombohedral oxide film

was found to be about 40 ym. Since the pin substrate was detected

at all loads and disc temperatures, the thickness of all the oxide

films are very much lower. The critical oxide film thickness hc on

(84)

the asperities could not be measured experimentally. Sullivan et.al.

showed that h.  was practically constant for a given speed with increase
c
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in load, but showed a slight decrease as speed was reduced. The

-1
mean values of hC obtained were 2.2 ym at a sliding speed of 3 m s

-1
and 1.7 pm at a sliding speed of 2 m s . Due to the thickness of
the oxide films a diffusion process is occurring at the wearing
asperity contacts which indicates parabolic oxidation. The activation
energy for parabolic oxidation Qp was found to be from ellipsometry
+ 3 -1 .
measurements (52 - 5) x 10 J mol and the Arrhenius constant Ap =
+ -14 2 -1 . . . .
(1.0 - 0.4) x 10 m s as shown in section 3.7. Multiplying
by the square of the average density of the rhombohedral oxide film
+ -7 2 -4 -1
Ap = (3 - 1) x 10 kg m s . The density for ot\-FezO3 and
3 3. -3 .
Cr203 was 5.24 x 10 and 5.48 x 10 kg m respectively. Values of
. . (84) .
N and TO obtained by Sullivan et.al. using BS970 EN8 low-alloy
steel were utilised since they could not be obtained experimentally.
-1
For a linear sliding speed of 3 m s the values of N were obtained
(85) . o

from Rowson et.al. using EN31 steel. Work within the Aston
tribology group suggests that these values are typical for a whole
range of steels. Therefore using equation (4.2) the theoretical
values of K were calculated for the unheated disc experiments and are
shown in table 4.2. Equation (4.2) does not apply to the heated disc
experiments because it does not take into account the out of contact
oxidation.

Table 4.2 shows that the theoretical values of K are very much
smaller than the experimental values. Assuming tribo-oxidation takes
place, the rate of growth of the oxide film is quite different to that

. s . . (84)
measured under static conditioms. According to Sullivan et.al.
the activation energy Qp, which depends on relative potential barrier

heights will remain the same in both static and sliding cases. The

Arrhenius constant Ap however, will be very different in the tribological
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situation since it depends on surface conditioning, voids and
dislocations. The experimental K values are of the same order of
magnitude for the various 1oads; speeds and also disc temperatures
as shown in table 4.1. The theoretical K values show an increase
with increasing load and speed.

Using the experimental K values and assuming the oxidational theory
of mild wear applies equation (4.2), values of Ap were calculated and
are shown in table 4.2. The Ap values tend to decrease with an increase
in load W and with linear sliding speed U. Table 4.2 shows all the Ap
values to be very much larger than the value measured under static
conditions which also agrees with Sullivan et.al§84) This is due to
the greater degree of surface disruption which occurs during sliding.
It seems then that for this limited range of experiments up to loads of
40 N without external heating the oxidational wear theory could describe
the wear process. We have however to take account of the large
differences in hardness and thus some abrasion which is also likely to
occur. Again the equation cannot be applied to elevated temperatures
but all the evidence suggests that the same mechanism is occurring.

4.3 The Severe Wear Mechanism

Severe wear mainly occurred for loads above 40 N and disc temper-
atures less than 400 oC for sliding speeds greater than 0.6 m s—l
From the S.E.M. photomicrographs figures 3.40(b), 3.40(d) and 3.41(c),
the pin surfaces show evidence of both plastic flow of the steel and
grooves formed by the abrasive action of the much harder WC-11% Co
disc. For both Lescalloy BG42 and A.I.S.I. 440C MOD steel pins the
debris consisted of large metallic particles which when analysed were

shown to be a mixture of & ~Fe(Cr), ¥ -Fe and tungsten carbide wC.

There were no oxides present either in the debris or on the surfaces
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as shown in tables 3.10, 3.12 and 3.14. These conditions are typical
of those associated with severe wear according to Archard and Hirstgz)
On a typical wear track shown in figure 3.29(b), X-ray data shows
that steel has been transferred to the disc. This is similar to
Kerridge and Lancasterfs) who investigated the severe wear of 60/40
brass on hardened steel. They found a transferred film of the softer
material builds up on the hard surface. There is adhesion between
the surfaces which causes part of the surface to be removed by a cold

(3)

welding mechanism, Bowden and Tabor. Also there is wear of the
WC-11% Co disc as shown in figure 3.29(b), which is due to abrasive
action. For the angular contact bearing experiments, the severe wear
mechanism occurred at temperatures equal to and less than 260 and

200 oC for Lescalloy BG42 and A.I.S.I. 440C MOD steel bearings respect-
ively. This is supported by the magnitude of the wear rates and
X-ray diffraction analysis.

Using equation (1.3) for the pin-on-disc experiments values of K,
the probability of producing a wear particle at any given asperity
encounter were calculated and are shown in table 4.3. Disc temperatures
less than 200 0C were generated by frictional heating alone.

The only established quantitative theory which may be appropriate
to this wear regime is the delamination theory for metallic wear
proposed by Suhf7) (12 this gives an expression for the K factors where
the wear rate is given by equation (1.4). The theory is based on the
formation of dislocations and vacancies in the subsurface layers. The
theory relates wear rate to the formation of subsurface cracks event-
ually leading to the formation of wear particles. It is broadly based

on an adhesive mechanism and while adhesions of some sort is evident

from plastic flow on the steel surfaces, abrasion must also take a
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Table 4.3. The K factors produced by the severe wear mechanism.

Steel Speed / m s—1 Load / N Temperature /(%3Wear K / 10“3
Pin Disc Surface Rate /
| 10"11 m3
!

*0.0sms > foox 5% Isg I 19 % 109
BG42 2.00 58.9 83 103 1.15 1.6
BG42 2.00 98.1 105 157 2.43 2.1
BG42 2.00 132.4 106 227 3.83 2.4
BG42 2.00 147.1 106 279 5.58 3.1
BG42 2.00 58.9 200 295 2.01 2.8
BG42 2.00 98.1 200 360 4.11 3.5
BG42 2.00 147.1 200 - 11.16 6.3
BG42 2.00 98.1 300 434 4.82 4.1
BG42 2.00 147.1 300 535 14.65 8.3
BG42 3.00 58.9 100 208 1.31 1.8
BG42 3.00 98.1 119 300 3.51 3.0
'BG42 3.00 147.1 125 - 11.84 6.7
440C MOD  2.00 58.9 74 157 1.80 2.5
440C MOD  2.00 98.1 95 208 4.26 3.5
440C MOD  2.00 147.1 98 - 8.96 4.9
440C MOD  2.00 58.9 200 284 3.11 4.3
440C MOD  2.00 98.1 200 363 7.03 5.8

440C MOD 2.00 : 147.1 200 399 21.50 11.8
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prominent part in the mechanism. For these reasons K values could
not be obtained from the expression since not all the parameters were
appropriate and could not be measured experimentally. In severe

(86

wear according to Kerridge, ) plastic shearing led to transfer of
metal from one surface to the other, subsequent transfer led to
growth of the transferred layer which finally breaks up producing
wear debris. The break up of the layer probably occurs once a
critical accumulation of recoverable strain-energy per unit area is
exceeded.

A measure of abrasive wear resistance is the amount of elastic

i . (28)
deformation that the surface can sustain. Burwell gave an express-
ion for the elastic limit of strain, equation (1.10). The larger the
elastic 1limit of strain the better should the surface be able to resist
damage. Therefore we can say K is a function of the elastic modulus
-2 I
E(Nm ) divided by the bulk hardness of the softer of the two
. -2 . . o

materials p ( N m ). The increase 1n TS ( 'C ) the temperature of
the surface of the pin outside the real area of contact, leads to
surface softening and subsequent reduction in abrasion resistance,

(82)

Kruschov. Since no oxide film is present 'I‘S is closely related
to the temperature of the real area of contact between the pin and the
disc. Therefore the K values can be possibly expressed by the

empirical relationship equation (4.3), where Ta is the temperature of the

-5 . .
surroundings and 1.01 x 10 the constant of proportionality.

-5
K= 1.01 x 10 0 B T_ /P T, eeereeencrsmnmmmmnnnetineae s (4.3)

+ 9 -2
The bulk hardness values p were (8.29 - 0.05) x 10 N m for

+ 9 -2
Lescalloy BG42 steel and (8.09 - 0.05) x 10 N m for A.I.S.I. 440C

11
MOD steel, where the elastic modulus for stainless steel E = 2.06 x 10

o
N m—z. T the temperature of the surroundings was taken as 20 C.
a
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Therefore using equation (4.3) the theoretical values of K were

calculated and are shown in table 4.4.

Table 4.4. The theoretical K values derived for the severe
wear mechanism,

Steel Pin Surface K / 107° K ;1070
Timperature / °c (Experimental) +

- 5% - 10% - 6%
BG42 103 1.6 1.3
BG42 157 2.1 2.0
BG42 208 1.8 2.6
BG42 227 2.4 2.8
BG42 279 3.1 3.5
BG42 295 2.8 3.7
BG42 300 3.0 3.8
BG42 360 3.5 4.5
BG42 434 4.1 5.4
BG42 535 8.3 6.7
440C MOD 157 2.5 2.0
440C MOD 208 3.5 2.7
440C MOD 284 4.3 3.7
440C MOD 363 5.8 4.7
440C MOD 399 11.8 5.1

Table 4.4 and figure 4.1 show good agreement between the theoretical
K values and experimental values for K factors less than 6.0 x 10.-3
Therefore other factors must be involved such as for example the
number of asperity contacts. The sliding wear mechanisms reviewed

(87

by Childs ) show that plastic flow depends on the ratio of the inter-

facial shear strength at a contact to the shear flow stress of the
(88)

metal. Also contact theories, reviewed by Archard show that an

appropriate roughness parameter may be interpreted as the mean slope

of the high spots flattened by the contact. In order to test equation

(4.3) to its full extent, materials with very different E /p ratios
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need to be used.

4.4 The High Temperature Wear Mechanism

For the pin-on-disc experiments, the high temperature wear
mechanism occurred at all loads 19.6 to 147.1 N for disc and pin
surface temperature greater than 400 OC. Some degeneration of the
WC-11% Co disc begins to occur, since tungstic oxide WO3 and cobalt
tungsten oxide CoWO4 appears on the surface of the pins and in the
wear debris as shown in tables 3.11, 3.12, 3.13 and 3.14 decreasing
the wear rate of the pin. For the Lescalloy BG42 steel pins above
about 80 N load, chemical reactions occur producing iron tungsten
oxide Fe2W06 and chromium tungsten oxide Cr2W06 on the surface of the
pins which were also detected in the wear debris as shown in tables
3.12 and 3.13. The chemical reactions occurring after transfer can

be represented by the following equations, where all the oxides are

in their highest oxidation states.

Fe_O,. + WO ——— Fe2WO

2°3 3 6

Cr203 + WO3 _ Cr2WO

6
S.E.M. photomicrographs figures 3.42, 3.43 and 3.44 show that the smooth
films do not completely cover the surface. A typical wear track on
the WC-119 Co disc figure 3.30, showed the wear rate of the disc to
be large compared to the wear rate of the pin.

The largest amount of tungsten transfer occurred at a load of
19.6 N and a disc temperature of 500 °c according to S.E.M. analysis,
figure 3.37. The surface film consisted of tungstic oxide WO3 and
cobalt tungsten oxide CoWO4 as shown in table 3.11 which gave strong

X-ray diffraction lines. From equation (2.17) the maximum effective

depth of penetration of the X-rays was found to be about 7 ym, Since
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the steel substrate was detected this suggests that the thickness
of the transferred film is less. For the angular contact bearing
experiments, the high temperature wear mechanism occurred at temper-
atures above 200 and 260 OC for A.I.S.I. 440C MOD and Lescalloy BG42
steel bearings respectively. This is supported by S.E.M. and X-ray
diffraction analysis.

Again using equation (1.3) for the pin-on-disc experiments values
of K, the probability of producing a wear particle at any given

asperity encounter were calculated and are shown in table 4.5.

Table 4.5. The K factors produced by the high temperature wear
mechanism, All the experiments were carried out at
a sliding speed of 2 m s,

Steel Load / N Temperature / 0C Wear K / 10—,5
Pin Disc Surface Rate /
o9 N ¥s5 % I 59 13 3 -1
’ ° kO m- m

- 7% - 129%
BG42 19.6 400 420 1.67 7.1
BG42 19.6 500 441 0.14 0.€
BG42 39.2 500 - 0.40 0.9
BG42 58.9 500 487 0.52 0.7
BG42 98.1 500 524 5.12 4.3
BG42 147.1 500 - 7.36 4.1
440C MOD 39.2 500 517 0.29 0.6
440C MOD 58.9 500 515 1.01 1.4
440C MOD 98.1 500 529 1.10 0.9
440C MOD 147.1 500 554 2.51 1.4

This is the most complex wear mechanism of the three described since
so many competing reactions are taking place. There is degeneration
break down and oxidation of the tungsten carbide disc, removal and

transfer of material from the disc, oxidation of the steel surfaces and
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chemical reactions taking place at the steel surface. Wear by the
removal of the oxide film from the surface of the pin might then be
by a number of processes including fatigue or differential thermal
expansion. All these factors make quantitative analysis of the

wear rates or a derivation of an expression for K impossible.
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CHAPTER 5

CONCLUSIONS

From the evidence gained from this investigation there are three
distinct mechanisms for the wear of martensitic stainless steel against
WC-11% Co with increase in load and temperature.

At low laods below 40 N with disc and pin surface temperatures up
to about 300 OC for sliding speeds greater than 0.6 m s—l the mechan-
ism is oxidational-abrasive. The wear debris taken from Lescalloy
BG42 and A.I.S.I. 440C MOD steel pins were of small particle size and
non-metallic in appearance, where X-ray data showed large amounts of
metal together with the oxide. The most predominant oxide was the
rhombohedral oxide, which was present in the debris and on the relatively
smooth pin surfaces with sometimes also tungsten carbide being detected.
There is no evidence of true mild oxidational wear either from debris,
surface analysis or from the magnitude of wear rates. Profilometry
measurements indicated the wear rate of the WC-11% Co disc to be small
compared to the wear rate of the steel pin.

For both types of steel pins the wear rate, which is the volume

+ ~-14
removed per unit sliding distance ranged from (8.7 - 0.6) x 10 to

+ - 3 -1 .
(9.8 - 0.7) x 10 13 m m . Values of K, the probability of producing
a wear particle at any given asperity encounter were of the order of
10—4 for the various loads, speeds and disc temperatures used. From
static oxidation experiments the activation energy for parabolic oxid-

) + 3 . -1 .
ation Qp was found to be (52 - 5) x 10 J mol and the Arrhenius

: -7 2 -4 -1

constant Ap = (3 x 1) x 10 Kg m s . For the unheated disc

experiments, the theoretical values of K were obtained using the oxid-

ational theory of mild wear equation (4.2), which were found to be very
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much smaller than the experimental values. This could be explained

in terms of tribo-oxidation, where the rate of growth of the oxide

film is quite different to that measured under static conditions.
Therefore the Arrhenius constant Ap will be very different in the
tribological situation. The Ap values calculated show a decrease with
an increase in load and with linear sliding speed. All the Ap values
were very much larger than the value measured under static conditionms,

due to the greater degree of surface disruption which occurs during

o 4 2 -4
sliding. If Ap is taken to be 10 to 105 kg m S the wear rate

can possibly be obtained to within a few orders of magnitude. While
this explanation is consistent with other work the magnitude of the
difference in Ap values suggests that it is not a complete explanation.
Also other workers have not found significant variation in Ap for
tribological conditions with load, see for example Sullivan et.al.(84)
It is more likely that true pure oxidational wear is not responsible,
but that abrasion takes a significant part in the wear process.

At loads above 40 N and disc temperatures less than 400 oC for
sliding speeds greater than 0.6 m s—1 the mechanism changes to severe
wear or metallic wear. For both types of steel pins the debris con-
sisted of large metallic particles which X-ray data showed to be a
mixture of & -Fe(Cr), Y - Fe and tungsten carbide, with no oxides
present either in the debris or on the surfaces. Here the rate of
removal of the steel must be far greater than the rate of formation of
an oxide film, thus allowing no oxidative protection. An S.E.M. study
of the surfaces in this region indicated plastic flow of the steel and
abrasive wear, with X-ray data showing that adhesive wear was also
taking place. Surface profilometry measurements showed wear of the

WC-119% Co disc was due to abrasive action. This is possibly caused by
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small particles of the tungsten carbide which becomes dislodged and
dragged across the surface.

For both types of steel pins the wear rate ranged from (1.15 :

0.08) x 10-11 to (2.1 : 0.1) x 10-'10 m3 m—l, where the K values were
of the order of 10—3 to 10»2 for the various loads, speeds and disc
temperatures used. The theoretical K values obtained using equation
(4.3), showed good agreement with the experimental values within the
limits of experimental error. The equation is an over simplification
and many other factors must be involved such as the number of asperity
contacts, interfacial shear strength at a contact and the shear flow
stress. However, the correlation is interesting and worthy of note.
At all loads19.6 to 147.1 N with disc and pin surface temperatures
‘greater than 400 OC a third wear mechanism appears. This is due to
the degeneration of the sintered WC-11% Co and transfer of relatively
soft oxide films to the surface of the steel. These transfer films

of tungstic oxide WO, and cobalt tungsten oxide COWO4 indentified by

3
X-ray data which gave strong X-ray diffraction lines produces an
effective bearing material, thus dramatically reducing the wear rate

of the steel pin. According to S.E.M. analysis the higher the load

the greater the surface temperature required for material transfer, where
X-ray data showed that the tungsten transfer was initially in the form

of tungsten carbide. The S.E.M. photomicrographs fcr both types of
steel pins show the smooth films do not completely cover the surface but
that load bearing plateau are formed. According to X-ray data the
thickness of these films are less than about 7 pm. Surface profilometry
measurements in this region, showed the wear rate of the WC-11% Co disc
to be large compared to the wear rate of the steel pin. This is to

be expected due to the large amount of transfer.

For Lescalloy BG42 steel pins above about 80 N load chemical re-
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actions occur increasing the wear rate of the pin. X-ray data

showed that iron tungsten oxide FeZWOS and chromium tungsten oxide

Cr2W06 were present on the surface of the pins and also in the wear
debris. The chemical reactions occurring after transfer can be

represented by the following equations, where all the oxides are in

their highest oxidation states.

273 3 Fe, WO,

C?203‘ + WO3 —— CrZWO6

For both types of steel pins the wear rate ranged from (1.4 : 0.1)

X 10—14 to (7.4 : 0.5) x 10-13 m3 mwl, where the K values were of the
order of 10—5 to 10_4. Due to the complex nature of the sliding process
it was not possible to obtain theoretical K values. It is interesting
to note that these are of the same order as the values measured for

mild wear at low loads and temperatures.

Now comparing the results from the angular contact bearing simulation
tests to those of the pin-on-disc experiments. In spite of the very
different type of test, the first essentially rolling with some sliding
the second pure sliding, the results indicate that both the severe wear
and high temperature wear mechanisms are occurring.

From the magnitude of the wear rates and debris analysis, the severe
wear mechanism occurred at bearing temperatures equal to and less than
260 and 200 OC for Lescalloy BG42 and A.I.S.I. 440C MOD steel bearings
respectively. Like the pin-on-disc experiments adhesive wear was
also occurring, where the WC-11% Co balls had metal transfer from the
bearing race identified by X-ray analysis. For Lescalloy BG42 and A.I.S.I.
440C MOD steel bearings there was a recuction in the track wear for
temperatures above 260 and 200 oC respectively. Here the high temper-

ature wear mechanism was occurring according to S.E.M. analysis,
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which showed an increase in the amount of tungsten transfer to the
wear track. At a bearing temperature of 500 and 450 OC for Lescalloy
BG42 and A.I.S.I. 440C MOD steel bearings respectively, X-ray data
showed that the same chemical reactions were occurring as in the pin-
on-disc experiments. It seems therefore that as long as the conditions
of wear are established through examination of debris and surfaces, the
simple pin-on-disc test may be useful as a screening test for material
selection, without going to the considerable expense of producing
angular contact bearings in these special materials.

In order to test equation (4.3) to its full extent an expression
to obtain the K factors for the severe wear mechanism, materials with
very different elastic modulus to hardness ratios need to be used.
Since the simple pin-on-disc test may be useful as a screening test
for material selection, work on many other materials would also be

necessary to establish the absolute validity of this test.
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APPENDIX 1

The Heat Flow along the Pin

7
The heat flow theory was originally developed by Coy( ) where

the pin was held in a heat flow calorimeter as shown in figure 2.13.
First considering the heat flow in the insulated portion of the pin,

the heat flow per second leaving the section of the pin where the

-1
thermocouple measuring TA is conducting heat away HB (J s ) 1is
given by equation (a).

Hy = K_TT th M (T, = Tg) cosh (M Ly - (Tg - T | (2)
sinh (M L,)
3
M2 = 2K. /K R 2 In (R /R (b
i s Bt n a t) ............................. )

In these equations KS and Ki are the thermal conductivities of the
steel pin and insulator respectively. Ra is the outer radius of the

insulating mediunm, Rt is the radius of the pin, L3 the distance between

the thermocouples recording TA and TB and TC is the thermocouple

reading at the inside diameter of the copper cylinder around the pin
and insulator. The heat flow along the thermocouple wire measuring

T is (Hz - H

A ), where H2 is the heat flow per second entering the

3

section of the pin where the thermocouple measuring T, is conducting

A

heat away. It is assumed that the temperature of the thermocouple

wire at the outer cylindrical surface of the sindanyo is equal to TC.
c(r, - T
(T, - T

2 (Ra - Rt)

C is the conductance of the thermocouple wire.

Now considering the heat flow in the exposed portion of the pin.
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It is assumed that there is no temperature gradient along the radii of
the pin, although heat is transferred from the cylindrical outer
surface of the pin to the air. The heat flow per second along the

. . . . -1
pin at the interface between the pin and disc H, (J s ) and the

1

temperature of the surface of the pin outside the real area of contact

o
TS ( C) are given by the following expressions.

Hl - Ks T Rt (TA - TE) sinh ( Ll / Z Rt) + H2 cosh ( Ll / Z Rt) (@)
Z
T = - i
s (TA ~TE) cosh ( L1 / Z Rt) + Z Hz sinh ( L1 Y/ Rt) + TE ... ()
KSTTRt
K_ 1/2
Z = O PO (£)
2 Rt h

TE is the temperature of air flowing past the pin well away from the

boundary layer on the cylindrical surface of the pin. Ll is the fimnal
length of pin exposed to the air between the holder and the disc and h
is the heat transfer coefficient from the cylindrical exposed surface
of the pin to the air. It was éssumed that the air which flows past
the pin has a temperature TC'
Before Hl and Ts can be calculated values for the heat transfer
coefficient to the air must be obtained. This is an experimentally
derived quantity which overcomes the necessity for analysing the complex
heat flow situation, in which the surface layer of air around a solid
transfers heat by conduction whilst the bulk of the air transfer heat
by convection. It is found from the universal curve between Nusselt
numbér (NNu) and Reynolds number (NRe) for heating and cooling of air

(89)

flowing normal to single cylinders, McAdams.

Z
1l
[V
jou]
[e]
~
5]
~
o0
~

Re t

2
1
N
Y
s
~
=
~
S
N

Nu t air



- 182 -

U is the speed at which air is flowing past the cylindrical surface

of the pin, which is assumed to be equal to the linear sliding speed
of the disc at the pin, v is the kinematic viscosity of air and X_. is
the thermal conductivity of air. NRe can be calculated and a value
of NNu obtained from the graph, hence a value for h can be obtained.
The experimentally measured division of heat at the pin-disc
interface, J}expt) and the total heat per second evolved at the pin-
disc interface for no external heating H(total) (J s—l) are given by
the following expressions.
J}expt) = Hl / H(total) ... i i e (i)
H(total) = F U ........... e et e e e s (3
Hl is the heat flow per second along the pin at the interface between

the pin and disc, U is the linear sliding speed of the disc at the

pin and F the frictional force.

A computer programme was written enabling Hl;_TS, J}expt) and
H(total) to be calculated. A copy of the programme in Fortran is
shown in figure 1. The variable parameters were:-

-1
U - the linear sliding speed of the disc at the pin (m s )
W - load (N)

F - frictional force (N)

TA - temperature recorded by thermocouple at pin surface just as it
o
emerges from pin holder ( C )
TB - temperature recorded by thermocouple situated at a distance L3
along the cylindrical surface of the pin from the thermoceow i<
o
recording TA ( €)
TC - thermocouple reading at the inside diameter of the copper cylinder
around the pin and insulator ( oC )
L1 - the final length of pin exposed to the air between the holder and

the disc (m).
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MASTER HEATFLOMW

REAL KI, KS, L1, L3, M

DIMENSION UC30), wW(30), FF(30), TA(30), TB(30),TC(30),
2 L1(30), HTOT(30), DELTAE(30), TS(30), H1(30)

DATA kS, KI, RA, PI/ 23.86, 0.1045, 0.00781, 3.14159/

DATA L3, RT, C/ 0.0156, C.00326, 0.00001174/

M = SQRT(2 * KIZ((KS * (kT**x2))*ALOG(RA/RT)))

READ(1,10) NEXP

FORMAT (ID)

PO 20 1 = 1,NEXP

READ(1,30) UCI), w{(I), FF(I), TA(l), TB(1), TC(I), L1CD)

FOR®MAT (7F0.0)

CONTINUE

WRITE (2,40)

FORMAT (1H1,6HEXP NO,4X,SHSPEED,SX,4HLOAD ,&4X , BHFRICTION,3X,
2 2HTA,4&X,2HTB ,4X,2HTC,4X,2HH1,4X ,2HH2 46X, 2HH3 3X 4HHTOT,
3 5X,4&KDEXP,5X,2HTS)

1 =20
DO SO I = 1,NEXP
RRE = (2.0*RT*UC1))/(1.461E-05)
IF(RRE.LE.4.0) 60 TO &1
IFC(RRE.LE.40.0) 60 TO 42
IF(RRE.LE.4000.0) 60 TO 43
IF(RRE.LE.40000.0) GO TO &4
If (RRE.LE.250000.0) GO TO &S
RNU = 0.891+(RRE**0.33)
60 TO &6
RNU = 0_821+(RRE**(0.385)
60 TO 46 :
RNU = 0,615+ (RRE**0.466)
60 TO 46
RNU = 0.174%(RRE**0.618)
€0 TO &6
RNU = 0.0239*(RRE*+0_805)
(RNU*0.02711)7(2.0*RT)
SQRT(KS/ (2.0*RT2H))
LI1CI)/(Z*RT)
TACI) - TB(I)
TB(I) - TC(I)
E = TAC(I) = TC(I)
HI=KS*PIw(RT*##2) *+Ma((E*COSH(M*L3))-D)/SINH(M*L3)
H2= ((C*EX/ (RA-RT))I+H3
HIC(I)=(PI*RT*(KS/Z)*(E*SINH(A)) )+ (H2+COSH (A))
HTOTCID=FF(I)*U(I)
DELTAECI)=H1(I)/HTOT(1)
TSCI) = (E*COSHCA))I*((Z*+H2/(KS*PI*RT)II*SINH(A))I+TC(I)
WRITE(2,60) I,UCI), WCI),FFCI), TACI), TBCI),TC(I), H1(1) H2,H3,
2 KTOTCI),DELTAE(I),TS(D)
FORMAT(IN ,1X,12,6X,F6.2,3X,F6.2,4X, F6.2,2X,F6.1,1X,F5.1,1X,
2 FS.1,1X,F5.2,1%,F5.2,1X,F5.2,1X ,F6.2,2X,F5.3,3X,F6.1)
CONTINUE
sTOP
END
FINISH

oW »NTI

LI I I ]

The heat flow computer programme.




- 184 -

Values of the experimental parameters:-

Ks = thermal conductivity of the steel pin

- 23.8 Js - at %!
Ki = thermal conductivity of the insulator (sindanyo)

- 0.1045 3 s ot Ot
Ra = outer radius of the insulating medium

+ -3

= (7.81 - 0.02) x 10 m

L3 = distance between the thermocouples recording TA and TB

= (1.56 T 0.05) x 10°° m

R, = radius of the pin

_ (3.26 T 0.02) x 10> m

C = conductance of the thermocouple wire

—1.174 x 100 53w Ot

Kair = thermal conductivity of air
-2 - - -1
—2m1x1025s %
v = kinematic viscosity of air

1.461 % 10 ° n® s %
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APPENDIX 2

Determination of Film Thickness by Ellipsometry

Ellipsometry is a technique that allows the determination of the
thickness of a thin film on a flat substrate. It is capable of
measuring a film thickness to within : 0.3 X, that is a sensitivity
much greater than that obtained with the method based on light inter-
ference. There is no elaborate sample preparation required and films
can also be studied under liquids. More details of the application of
ellipsometry for the examination and monitoring of surfaces are given
by Neal§76) (90)

The basic layout of the ellipsometer is shown in figure 2.15.

Films a few X thick on a metallic substrate can be detected by measur-
ing the ellipticity of light after reflection. If the electric

vector of the incident light is parallel or perpendicular to the

plane of incidence, no changes result on reflection and these directions

are used as reference positions or azimuths. But if plane polarized

light makes an angle other than O or 90 degrees with respect to the

plane of incidence, the reflected light is elliptically polarized.
Elliptically polarized light is defined as two perpendicular vibrations
of different amplitudes out of phase. Analysis of the elliptically
polarized reflected light, gives the ratio of the axes and the orient-
ation of the ellipse with respect to the two azimuthal directions. The
ellipse depends on the angle of incidence and on the optical constants

of the metal n and k.

The determination of film thickness is described by Neal and Fane$79)

where the basic equation of ellipsometry is given by equation (a).

rp / r, = tan W exp (1 D) ittt e (a)

Where rp and rs are the Fresnel reflection coefficients for light with



- 186 -

electric vectors parallel and perpendicular to the plane of incidence
respectively. ﬂ) is the relative amplitude reduction ratio and AN
is the relative phase difference between the p and s components.
Values of ¥ and /A are modified by the presence of a surface
layer. In the early stages of film growth (i.e. up to about 10 nm)
the changes in Y and A from that of a clean surface are proportional

to film thickness, equations (b) and (c).
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Q} and Z& relate to a clean surface and ¥ and A relate to a surface
with a layer of thickness t superimposed. A and B are constants for
a given combination of surface and film. For thicker films more
exact equations need to be used.

One must first consider a film free surface, where the Fresnel
reflection coefficients for light travelling from medium 0 to 1 are

given by equations (d) and (e).

Toipy n cos g - m COS G .. (d)
no cos ¢1 + n1 cos ¢0

rol(s) = Po cos ¢o - nl cos ¢1 .................. (e)
nO cos ¢o + n1 cos ¢1

¢O and ¢l are the angles of incidence and refraction respectively,
with the non absorbing media having refractive indices n and n,.
For absorbing media both no and n, would be complex. Suffixes (p)
and (s) refer to vectors parallel and perpendicular to the plane of
incidence respectively. For opaque film free surfaces, n and k are
related to the instrument readings VY and N\ through equations (a),
(91)

(d) and (e), given in a form suitable for computation by Ditchburn.

For a non absorbing surface film of refractive index nl on a
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substrate of refractive index n,, the Fresnel reflection coefficients

for light incident in air or vacuum are written as:-

r + T e D
T, = ol(p) 12 (p) *P (£)
1+ 1 - SEoTD treeeereaeseesecn
ol(p) T12(p) 7
with a similar expression for rS
D=4 TTin, (cos #) t/ ) (g)

Where t is the film thickness and A is the wavelength of light.

For absorbing media a complex refractive index N = n - ik replaces
the refractive index n. A computer programme has been written by
(92

0'Shea ) enabling the film thickness to be easily determined.
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