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ABSTRACT

The oxidational and tribological behaviour of austenitic stainless
steels under CQp-based environments is investigated. An oxidising
facility capable of simulating AGR-type environment is developed.

It is shown that the oxidational behaviour of the AISI 316 and 310
stainless steels follow Wagnerian parabolic kinetics. The behaviour
of the AISI 321 stainless steels is shown to be non-parabolic and
logarithmic in nature. Such behaviour is shown to be due to the re-
placement of the Cr,0y oxide by an iron-rich nodular oxide. The nod-
ular oxide is shown to be double layered in structure and consisting
of Fe,0, and complex spinel oxides. Reaction-rate constants and Act-
ivation energies are determined for parabolic oxidation. Two models
based ucon electronic transport and elemental diffusion are proposed.
It is shown by the elecironic model that a three staged oxidation
process leads to the anomalous nodular oxidation. The diffusion model
predicts alloy-oxide and alloy sub-surface elemental concentrations
during oxidation.

Tribological behaviour of the AISI 316 and 310 steels is
studied under conditions of room and high temperatures and environm-
ents of air and CO,. The wear of the AISI 316 steels is shown to be
transitional,changing from mild to severe wear about a transition load.
For the AISI 310 steels no such transitional behaviour is observed; a
severe mode of wear is encountered for all conditions. High friction
coefficients are observed within a load dependent friction region and
low friction coefficient within a load independent friction region.

The dominant mild wear mechanisms are shown to be shearing, delamina-—
tion, ploughing and oxidation. Rhombohedral, Cubic, Spinel and Wustite
are shown to be the major constituents of the mild wear debris. Severe
adhesive wear is shown to be the dominant mechanism producing severe
wear, A contact mechanical model is pronosed to understand the mechan-
isms of shearing and delamination and the major stress components &,.6,,
Oe and Y max are determined. Heat flow analysis predict relatively low
numbers of contacting asperities and low contact temperatures of ~100°C.
Reactien-rate activation energies are predicted to be lower than obt-
ained by static oxidation experiments.

L. R. Wallace. BSc.,MSc.
Doctor of Philoscphy
1980
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f pr INTRODUCTIQ
Tiwl Unlubricated Wear

There are many areas of Industry where liquid lub-
rication is either not practical or extremely undesirable as for
example in the Nuclear Power and Aerospace Industries. In such areas
where mechanisms commonly have to operate under high temperature,
hostile environments and without liquid lubrication, the under-
standing of the unlubricated condition is of fundamental impor-‘
tance. It is one such area, namely, the Nuclear Power Generation
Industry upon which the present work is based.

Wear, in general, whether under lubricated, un-lub-
ricated, hostile or temparate conditions is commonly defined as
the gradual removal of discrete particles from the operating sur-
face of a body as a result of relative motion or mechanical action
at that surface. Unfortunately however, wear is not such a clear-
cut phenomena but as is recognised by many Tribologists is a com-
plex situation consisting of many diverse mechanisms. Many of these
mechanisms at any particular instance during wear, as is pointed
out by Burwell ( 1 ), can operate either singly or in combination.
Further complexities are introduced by the recognition of Wrights
( 2 ) view that the overall concept of wear cannot merely consist
of two solid bodies in sliding comtact but must also include
wear at a solid surface by its gaseous or liquid environment, and
as such include many forms of boundary interaction.

It has been found by workers such as Archard ( 3 )
that the wear rates of comman engineering materials under unlub-

ricated conditions cover a vast range of approximately five orders



of magnitude whereas the corresponding coefficient of friction
£all well within a factor of 10. (L)

In spite of all the published technical data on the
wear of engineering materials, a universal law of wear, such as for
example Chm's law in electricity or Newton's lawsof motion in
mechanics, to embrace the many complex combinations of different
wear mechanisms and the wide range of possible wear rates has yet

to be proposed.

1.143 Classifications of Wear

The various analytical theories of wear, all of which
endeavour to quantify observations of wear to the conditions of
wear, can be better studied by firstly considering the varius
classes of wear.

Two groups of workers in the early 1950's, namely,
Burwell and Streng ( 5 ) and Archard and Hirst ( 6 ) originally
proposed the major classifications of wear. In general, it was the
Burwell and Strang classifications which gained the most support
with little support for the Archard and Hirst classifications.
However, it is maintained by some, e.g., Quinn ( 7 ), that most
of the Burwell and Strang classifications are special cases of the
simpler classifications proposed by Archard and Hirst, namely,
those of Mild and Severe wear.

Mild wear is propcsed to be characterised by high
contact resistances, small debris particle size and extremely smooth
wear surfaces. Severe wear is characterised by low interface contact
resistances, large metallic debris particles and gross plastic de-
formation of the wear surface. However, whilst the classifications

define separate mcdes of wear they do not define specific ranges



of wear rates for each class of wear.

The Burwell and Strang classifications of wear
categorise wear into seven major classes: (1) Adhesive wear, (2)
Corrosive wear, (3) Surface Fatigue wear, (L) Fretting corrosion,

(5) Abrasive wear, (6) Erosional wear and (7) Cavitational wear.

(1) Adhesive Wear

Adhesive wear is proposed to occur under wear cir-
cumstances where adhesion, at submicron levels, between the sliding
members occurs. In general, it is firstly the adhesive contacts by
asperity-asperity interactions, by means of cold welding mechanism,
and the subsequent shear and fracturing of the microscopic adhered
junctinns which result in adhesive wear. The fracturing of the
junctions can lead elther to the formation of a wear particle ar to
the transfer of material to one of the slidng members. It is main-
tained by Quinn ( 7 ) that the severe wear classifications of
Archard and Hirst is synonymous to the present adhesive wear class-

ification of Burwell and Strang.

(11) Corrosive Wear.

In a corrosive environment the products of corrosion
may form a thin film on the interacting surfaces of the sliding
members, which as a result inhibit further corrosion. However, under
the action of slidirg, the protective film is removed, either in part
or wholly, hence allowing corrosive attack to contimue. It is the
removal of the corrosion film in this way during sliding which con-
stitutes the wear. If the corrosion product results in the devel-
opment of a protective film, i.e. in a manner similar to the
protective oxide films, then corrosive wear may be classified as

a special case of Archard and Hirst's "mild wear" condition. However,



if severe corrosion is obtained where the corrosion product offers
little protection to the sliding surfaces then the wear condition

may be classified under Archard and Hirst's "severe wear".

(ii4) Surface Fatigue Wear

Wear by means of surface fatigue is defined to occur
through the application of a high frequency of cyclic lo ading and
unloading contacts at a surface asperity. The contact stresses
induced into the substrate as a result of the cyclic loading lead
to the nucleation of sub-surface cracks which eventually propogate
to the surface to form large scale surface damage and pitting. The
pitting phenomenon commonly found at the sliding surfaces of journal
roller bearings cams, tappets and gear teeth, for example, are
generally considered to be the direct result of surface fatigue wear.
Under conditions of severe surface fatigue, wear of the kind char-
acteristic of Archard and Hirst's severe wear can be cbtained.
However, in general, surface fatigue wear is considered to be rep-

resentative of mild wear.

(iv) Fretting Wear

The relative tangential displacement between two
tightly fitting surfaces in the form of very low-slip amplitude
oscillations is considered to lead to fretting wear. The wear debris
collected (or trapped) between the sliding surfaces, unable to
escape, is considered to induce considerable stresses within the
constraining geometrie s of the components and in addition to behave
as a third-body cutting agent. In this way, the infation of fretting
wear is thought to occur. It is considered by numerous workers,
primarily Quinn, Sullivan and Rdeson ( 8 ), that fretting wear is
also a form of oxidational wear. Since oxidational ‘- wear is rep-

resentative of mild wear it follows therefore, that fretting wear



may also be considered as mild wear.

(w) Abrasive Wear

The sliding action of a rovgh hard surface, under
load, upcn a softer smoother substrate is considered to give rise
to abrasive wear. The ploughing affect of the hard surface upon the
softer substrate, producing well delineated wear grooves, is the
primary mechanism initiating abrasive wear. This type of wear is
observed to occur in varying degrees of extent at different stages
of both mild or severe wear.

1.1.2 Concepts, Theories and Laws of Friction and Wear.
Real Area of Contact

An important concept in the study of friction and wear
is that of the true or real area of comtact between two nominally
flat and smooth surfaces. On a microscopic scale, two flat surfaces
are seen to be in contact at only a fraction of the apparent area
of contact. The determination of this area quantitatively by exp-
eriment is difficult to achieve exactly and cannot be deduced by
examination of the wear topography. However precisely or approxi-
mately the quantity is deduced, this can only be an approximate
figure, however, since the magnitude of the contact area continually
varies with time of sliding. (9)(10)

Analytically, the true or real area of contact, Ar,
is given by the ratio of the applied load, L, to the flow pressure
of the softer material. That is,

L

Ar P ..I;m L=t

Under circumstances where purely elastic contact is made, in which

plastic deformation is absent, a much greater area of contact will



be achieved, where the magnitude of the area is given by Hertz's

1
equation for elastic deformationf ng.mely,

£
3

o= 2.5(Ir(E ¢ ) [1.2]

1 2
assuming that Poisson's ratio for both surfaces is 0.3. In equation

k1.2 ] E, and E, are the respective Young's Moduli for the sliding

2
members and r is the radius of apparent contact.

(1) Friction

Friction is cammonly defined as resistance to motion
which exists when a solid object is moved tangentially with respect
to the surface of another which it contacts. Quantitatively, friction
is expressed in terms of a force, being the force exerted by either
of two contacting bodies tending to oppocse relative tangential dis-
placement of the other. (12)

Three quantitative relations are required to express
the magnitude of the friction force as a function of the principal
operating variables, namely, the applied load, the magnitude of the
region of contact and the sliding velocity. The quantitative rela-
tions are: (1) The friction force, F, is proportional to the normal
ferce, L, that is,

F = ML

where M is the constant of proportionality and known as the static
coefficient of friction. (2) The friction force is independent of
the apparent area of comtact and (3) the friction force is indepen-
dstit' of e s11Atry pelieity wati Al

It is well known that the friction farce required to

start sliding is usually greater than the force required to maintain



sliding. This suggests that there are two ccefficients of frictionm,
namely, static (for surfaces at rest) and kinetic (for surfaces

in motion). Work by Dokes ( 1L ), however, has shown that this is
a gross over simplification and that the static friction coeffi-
cient is a function of the time of contact whereas the kinetic

coefficient of friction is & function of velocity.

(41) Archard's Wear Law

Work carried out by Bowden and Tabor and Archard
has shown that it is the areas where real contact is made that are
the true load bearing areas and that it is at these regions where
the plastic deformation of asperities occur. It is therefore the
damage to these load-bearing asperities upon interaction with
asperities on the opposite surface, during sliding, that produce
wear particles. It is further proposed by Archard ( 15) that not
all load bearing asperity-asperity encounters result in the form-
ation of a wear particle although all such encounters necessarily
contribute to the friction.

On the basis of such a simple model, Archard and also
Burwell and Strang produced a quantitative relation expressing the
total worn volume in terms of Ar, the real area of contact and S,
the distance of sliding, in the form:

V = EAS [4.39

V in the relation is the sum of all worn particles of volume éV as
produced from individual asperity-aspeity interactions. K in the
relation, known as the wear coefficient defines that not all asperity
interactions produce a wear fragment but that only a proportion K do

so. From the work done by Archard on a wide range of engineering



materials it is seen that X is very small and less than 1, thus sug-
gesting that an asperity encounter producing a wear fragment is a
relatively rare event.

On rewriting Ar of equation [1.3 ] in the form Ar
= 1L/Pm, where Pm is the flow pressure,we arrive at a wear rate
equation which is related directly to the operating conditions,

namely the applied load, sliding distance and sliding speed, as

given Dby:
ol Loy 5L [ ]
" 5 3Fm 1.4

This relation which forms the fundamental law of adhesive wear is
based on the principle that each wear fragment is a hemisphere of
diameter, d, and that thé volume of wear per centimetre of slidiﬁg
producing the fragment is,

3

éi' = ;‘N'nd = -—k;—
dx 12 3Pm

where N, the total number of junctions produced per centimetre of
sliding = n/d and n, the total number of junctions present at any

instant is

Lar _ LL

: =7\’d2 =7R-P;§

w of equation [ 1.4 ] is known as the wear rate, an expression
widely used in describing the tribological properties of engin-
eering materials, and is the total volume of material worn per unit

sldiing distance.

(1i1) Wear Theories

The recent theories of wear which have become in-

creasingly more substantiative are those of (1) the Oxidational



theory of mild wear, originally proposed by Quinn ( 16 ) in 1971
and (2) the Delamination wear Theory, proposed by Suh ( 17 ) 4in 1973.
For mild wear, the Oxidational wear theory leads to

the following expression for the wear rate (w):-

_d Ap . exp(=Qp/RT)L
. E: ; Q:" 5;%}::.“ [ 1-5]

where Qo is the density of the oxide, f is the fraction of the
axide which is oxygen, U is the linear sliding velocity, d is the
di gance of sliding contact during which oxidation occcurs at a
temperature To, Ap is the Arrhenius constant for parabolic oxi-
dation and R is the gas constant.

By rearranging equation [1.5 ] it is observed that
the oxidation theory of mild wear is in accordance with Archard's

wear law, That is,

’ d Ap exp(-Qp/RT L
RN e, £¥s6. ]

where the portion inside the brackets is the expression for the k-
factor of equation (1.3 ].

The delamimtion theory of wear, as proposed by Suh
in 1973, advances the idea of subsurface crack propagation leading
eventually to the delamimation of the wear surface intoc thin wear
sheets parallel to the surface. The derivation of the wear equation
is based on the removal of a number of layers of surface material
of thickness, h, from the wear track. The theory predicts the total
wear, w, from both material partners occuring during wear by the
relation:

T - L
W I\.ThTAT1 + N2h2AT2 xC1h1AT? + xethATe {1.71

where h1 5 ﬁLT1 and h2, AT2 are the removed layer thickness and the
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annular wear track areas of the sliding compcnent and the station-
ary counter component respectively; N, and N2 are the respective
number of iayers removed and x is the sliding distance.

Using equation (1.7 ], Engel ( 18 ) shows how Suh's
mechanism leads to an expression which is in accordance with
Archard's wear law. That is,

:
o i Ve
4 \g Pm 11.8 1

cl
where the portion inside the brackets is the expression for the k-

factar of equation [1.3 ].

1.2 Technological Background

The first generation of Britain's Nuclear Power
Reactors, namely, the Magnox reactors, have in recent years been
in the process of becoming gradually superceded by a second gen-
eration of nuclear reactors, namely, the Civil Advanced Gas Cooled
Reactors or AGR's.

Their principle mode of operation has been that of
us ing a greatly pressurised continually circulating gas to convey
the heat generated at the reactor core to boilers, in which the
water is as a result converted to steam. The usage of a pressurised
high-speed fluid in this way combined with the associated high tem-
perature environment has led to numerous unforseen engineering and
design problems within the AGR's.Essentially, these problems have
been those of premature component failure, component deterioration
and camponent malfunction due to excessive wear and corrosion. In
many cases the basis of the problems have been identified to be due
either directly or indirectly to vibration mechanisms produced by

the fluid-flow.



11

In order that the smoocth operation of.the reactar
is not impaired by component failure, the immediate removal and sub-
sequent replacement of the relevant components must be of vital
necessity. However, the mere replacement of failed components is
clearly not a sensibles solution since synonymous failure would
inevitably reoccur. Thus, it is important that the cause and exte;'xt
of the failure be analysed and diagnosed and that such diagnosis
be subsequently used in the modification of the original design to
ensure the non-occurence or minimisation of camponent failure. In
the diagnosing and analysing of compo ne'nt: failure the principles
of Engineering Tribology and associated tribological techniques
are found to be most useful.

Component failures and component malfunctions that
develop in the AGR's as a result of the fluid flow arise within
many areas where close association with the ccolant has occurred.
Chivers, Gordelier et al ( 19 ) report of an example of component
damage to the gas-coolant circulators ¢ the AGR's as a result of
excessive low amplitude mechanical vibration. They show by tri-
bological examination of the damaged surfaces that wear damage to
the isolating dome flange and the scaling ring flange components
of the circulators was caused as a result of fretting wear. Simce
fretting is commonly the result of vibration of very low slip
amplitudes it is concluded that the components have experienced
vibratory wear failure and must have been subjected to significant
gas coolant induced vibration. As a second example, the work by
Levy ( 20 ) shows that even under well damped conditions vibration
can still occur and as a result cause excessive metal-loss. The

conditions for effecient heat transfer require turbulent gas coolant
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flow. This can cause substantial mechanical vibration of the
boiler tubes suspended into the coolant. Normally, the tubes are
supported via welds and clamps to minimise the vibration by virtue
of coulemb frictional damping. If sufficient damping is not pro-
vided ultimate failure of the tube can arise by means of fatigue
and impact wear. Assuming sufficient damping,levy shows that damage
still occurs, resulting in excessive metal-loss through wear at the
sliding jaints.

In addition to the mechanical damege sustained by
AGR components, evidence of corrosion damage due to the cooclant
gas is also widely observed. The codant gas generally used in the
AGR's is an accurate and carsfully controiled mixture of ;eVeral
gases. The precise composition of the coclant is frequently varied
to suit operating conditions but in general ‘the mixture is com-

posed of Co,~ 'vol % Co - 300 to 700 VPPmCHh - 100 to 200 ?PPmH2

2

- 250 WPPmH20. To all intents and purposes the coclant is predom-

irantly carbon dioxide but the doping of the coolant by small

concentrations of carbon monoxide (Co), methane (CHL) and water;

however, serve an important purpose, as describted in the following.(21)
In the Advanced gas cooled reactors, a carbon

moderator positioned directly in the path of the coclant gas cir-

cuit and composed of keyed graphite bricks provides structural

support for the fuel elements. Due to the ionisation of the ccolant

gas and to subsequent radiolytic processes, as shown by Wood ( 22 ),

oxidation of the moderator-graphite occurs. Such oxidation leads

ultimately if not inhibited to a general reduction in density and

mechanical strength. Zssentially, the oxidation of the moderator
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is thought to be caused by the complex positive ion, (Coz.C02)+, which
arises as a result of the coolant-gas icnisation. The oxidation can
bte broadly represented as:

+ e!
(002.002) + 0 —— 200 + CO,

To inhibit the moderator corrosion and to protect
the structural integrity of the graphite the coolant is doped with
small concentrations of carbon monoxide, methane and water vapoﬁr.
The addition of such gases, in particular carbon monoxide,inhibit -
graphite corrosion by reacting with the oxidising ions to give other
ions which do not attack the graphite. Additionally, the methane
and water vapour constituents offer protection by the formation
of carbonaceous deposits on the pore surfaces of the moderator,which
protect by reacting with the oxidising ions instead of the under-
lying graphite. (23)

While the doped coolant gas is effecient in the
inhibition of the moderator corrosion, the presence of the minority
gases affect other plant components in an adverse manner. For example,
deposited carbon on the surface of the stainless steel fuel-elements
results in distinctly non-beneficial effects since a layer as thin
as 50 um can significantly restrict heat transfer to the gas-cooclant
and in consequence lead to an increase in the temperature of the
fuel. Non-beneficial effects in terms of plant corrosion are also
found on other plant components such as boiler tubes, where a corr-
osion process known as 'breakaway oxidation' affects the strength
of the tubes.

Breakaway Ox;dation

At the normal operating temperature in high pressure
water, steam or carbon dioxide enviromments, 9%-Cr steel, the mat-

erial commonly used for boiler tubes, reacts to form a two-layer
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(2h)

spinel-oxide.

3M + )_;_1-120-----4--MBD)_l - thi

Here, M represents the metal atoms and 1‘%0ll is a protective oxide,
which is thought to arise by the diffusion of iron atoms through the
growing oxide film to the oxide/oxidant interface where they react
to form essentially pure magnetite (FEJOh)' Breakaway oxidation
arises subsequently, as a result of the reactive carbon monoxide
in the coolant diffusing through the magnetite to the metal-oxide
interface where reaction with the metal forms a range of chromium
and iron carbides. When the metal surface becames saturated with
carbon, the rate of growth of the protective magnetite decreases
and the rate of formation of the iron/chromium spinel increases
and a more porous structure with a high carbon content develops.
The stresses built up are sufficient to push aside the outer mag-

netite layer. This behaviour is termed 'breakaway oxidation',

PRESENT WORK

Until recently, oxidation tests showed the austenitic
stainless steels to be suitable for use under AGR enviromments. On
the basis of this, high temperature AGR camponents were fabricated
from austenitic steels and subsequently commissioned for reactar
operation. Recently, however, initial long-term oxidation tests
carried cut on actual inoperation stainless steel components have
sh owed evidence of a tendency towards adverse oxidational behaviour.

The specimens investigated for such adverse oxida-
tional behaviour were supplied from the Dungeness and Hinckley AGR

power plants and were of the AISI 216 and AISI 321 varieties of
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austenitic stainless steels.

These were tested under simulated AGR environments at
temperatures of 650°C, coolant-gas pressures of L90-52.5 x 102KN/m2
and an oxidising coolart-gas mixture of composition Co,-1 vol% CO-
250 wppm H,0-300 to 700 Vppm CH}_1 and 100 to 200 Vppm H for lorg
periods of several thousands of hours. The examination of repres-
entative specimens ( 25) showed that the tested steels were, in
general, behaving significantly differently from the vast majority
of stainless steel specimens previously tested, urder short-term
conditions . In general, they were found to show comparatively high
weight gains combined with excessive amounts of oxidation. Large
localised areas of thick grey oxide in addition to the normal pro-
tective oxide were dboserved to account for the increased oxida-
tion. In the areas where the grey oxide had nucleated much of the
normal protective oxide had been removed and partially replaced
by the new oxide. (26)

Identification investigations showed that the addi-
tional cﬁcidation was not due to the familiar breakaway oxidation
but that a significantly different oxidation process had occured.
Metallo graphic examination of the grey oxide found this to be
double layered in cross-section, essmtially iron enriched, distinctly
coarse in character and very different in structure compared to the
protective oxides. Due to the double layered nature of the oxide
the oxidation process giving rise to the oxide has been collectively
referred to as duplex oxidation and the oxides produced by the
process termed duplex oxides. In summation, the results of the oxi-
dation tests showed that the oxidational behaviour demonstrated by
the Dungeness and Himkley stainkss steels were inconsistent with

the normally expected protective oxidation behaviour of austenitic
steels.
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The morphology of duplex oxides has been reported
by several workers (27 ) t0 be of uniform or nodular character.
Both forms of the oxide have been found to occur in combination.
The uniform variety of the oxide is found to nucleate in colonies
with eventual coalescence to produce a blanketing surface coverage
effect (28 ). The nodular variety of the oxide however, are found
to nucleate singularly arnd in isolation so as to produce partial
surface coverage by isolated mounds of duplex oxide. The nodules
of this form of oxide have been shown (29 ) to be, in general,
hemispherical in shape and typically of 10-LOMm in size.

In general, the properties of anomalous oxidational
b ehaviour are such that both farms of duplex oxides are found to
occur in cambination in which the uniform variey nucleate in well
delineated directions whereas the nodular variety nucleate randomly
and are normally distributed. Under circumstances, however, where
only the ncdular oxides nucleate, in the absence of the uniform
variety, the original polished stainless steel surface upon which
they nucleate can undergo severe metrological consequences. De-
pending upon the density of nucleation of the nodular oxide, the
original smooth and polis.hed surface can be transformed into a
greatly coarse and undulating surface. Where, however, uniform oxide
is nucleated in combinaticn, the roughening effect of the nodular
oxide is diminished since to some extent the hemispherical ncdules
are buried wuthin the uniform duplex axide, and the exposed hin-
terland areas between the oxide nodules are i.-filled. iw.

Considering a situation where an austenitic stain-

less steel component is employed for long term operation within an
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Advanced gas cooled reactor, the occurence of duplex oxidation upon
its surface can lead, ultimately, to excessive metal loss by axide
formation and to excessive surface roughening by nodular oxide.
Under circumstarces where excessive metal loss is obtained a general
structui'a.l weakening of the component may result. Where, however,

g ross surface ruughening is obtained excessive abrasive wear of
bearing counter-surfaces can result. Overall, therefore, the effects
of duplex oxidation can lead to extensive componert damage and to
sventual component failure.

The damaging offact of duplex axidation upon reactaor
components was originally experienced during component leakage tests
on AGR re-entrznt seals (i.e. seals associated within the fuelling
chanmnelsof the reactor core), Stevens (30 ). Seals tested on an
ﬁGR test-rig for leakage rates and mechanical break-down mechan-
isms were found to show excessive wear. This represented 7% of the
total sliding movement experiencable by the ssal in reactor service.
Visual inspection of the seals and the sezl bore showed discolor-
ation and distinctive roughening of the seal bore. This was
diagnosed to be the obvious cause of the rapid attrition of the
graphite seals. Subsequent detailed examination of the austenitic
stainless steel seal-bore revealed evidence to indicate that,
under the conditions obtained in the test rig, considerable degen-
eration and oxide roughening 'oi‘ the metal surface had taken place
( 31 )(32)(33).

The operating conditions under which excessive wear
was experienced were those of high temperature, namely 530°C at

the seal bore face and continuously circulating hot pressurised 002
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gas at 570°C and 49.0 x 102 KN/hz. The re-entrant seals ccmmonly
used in the AGR's are graphite seal mechanisms operating within
the fuel channels of the reactor core. Such seals, used to prevent
the deviaticn cof the coolant gas from the gas circuit,within the
fuel chamnels, are essential for the efficient operation of the
coolant gas circuit and therefore in an indirect manner for the
optimum conveyance of heat tc the steam generating boilers. The
failure of the seals, consequently, due to reasons of excessive
wear, for example, would be far-reaching and would ultimately lead
to in-efficiencies in performance.

Since, as described above, the surface degradation
effects of stainless steels by duplex oxidation can lead ultimately
to camponent failure,by means of excessive wear and/or excessive
metal loss, it is evident that the phencmenz of duplex oxidation
must be fully understood simce it is with its understanding that
a cure can be effected and component failure minimised. In add-
iticn, since the extent to which stainless steel components are
damaged,by the roughened durlex-oxidised counterpart surfaces ,
depend to a large extent upon their intrinsic tribologicai proper-
ties, the fundamental trib§1031031 behaviour of austenitic stain-
less steels must therefore also be well understood, under condi=-
tions where their oxidation méy occur. The present work, there-
fore, is in general concerned with the oxidational and tribological
behaviour of austenitic stainless Steels under conditions of AGR-
type environments. In the present work, research has been carried
out to investigate (1) the normal and abnormal oxidational charac-

teristics of austenitic stainless steels when subjected to long term
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conditions of high temperatures and AGR-type ccolant gas environ-
ments and (2) the friction and wear behaviour of austenitic stain-
less steels under conditions of continuous sliding, room ard high
ambient temperatures aid a predominantly carbon dioxide based
gas enviromment.

In relation to the main sections of the work in-
dicated above,an additional third area of interest has involved a
study of the wear of graphite by rough counterface surfaces. Sirce
many components in the AGR's utilise the good lubrication and
heat resisting properties of graphite in their construction, namely,
in particular seals and bearing materials, the potential wear of
such elements by axidation-roughened stainless steel comporents
e.8+, the wear of graphite re-entrant seals by oxidised seal bores,
must require to be determined and the fundamental mechanisms giving
rise to the wear investigated. The third category of the present
werk has therefore been concerned with the investigation of the
wear of graphite,by rough surfaces,under conditions of gas flow
between the sliding interfaces and low amplitude reciprocated
sliding. An emphasis on the wear of grarhite material under gas
flow situations is made since it is the components operating under
such conditims that have been found to be the most advérsley affec=-

ted by the oxide roughening phenomena.



CHAPTER 2

OXIDATION STUDIES OF AUSTENITIC STAINLESS STEELS.
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2.1 OXIDATION EXPERIMENTS
2%55) Introduction

The oxidation studies carried out in the present research
can be broadly divided into two major areas:

1) Investigations into the affect of simulated Advanced Gas-
cooled Reactor (AGR) enviromments upon the oxidational behaviour of
Austenitic stainless steels, and

2) Investigations into the nature and morphology of the resul-
tant oxidation.

By exposing specimens of austenitic stainless steels to
conditions of simulated AGR enviromments and studying the resultant
general oxidation and the oxide forms, important information about the
corrosion resistance of austenitic stainless steels operating under
hostile reactor environments can be gained. Additionally, information
can also be acquired on aspects of axidation kinetics, sub-surface
canpositional change and surface degradation of the steels as a
result of oxidation.

In order to study the oxidational behaviour of the steels
when subjected to AGR enviromments, it was required firstly to develop

an oxidation apparatus which could simulate the correct conditions.

2:0.2 Design of the Oxidation Apparatus

The conditions that were required in the simulation of the
AGR enviromments were principally those of high ambient temperatures
at 65000, a continually circulating AGR-type cooclant gas and the long-

term stability and duration of these conditionms.
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Other conditions inherent in the Advanced Gas-cooled Reactors,
such as the high coolant-gas pressures, nominally set at L137 KN/m2
and essential for good heat transfer and thermodynamic qualities, and
the high energy radiation, necessary for true simulation, were considered
non-contributory factors towards the oxidational behaviour and there-
fore not simulated.

Additional facilities necessary in an oxidation apparatus
capable of simumlating AGR enviromments needed to be the accurate
monitoring and control of the gas flow, accurate control of the tem-
erature, continuous long-term operation, a facility allowing specimen
removal (without the interruption of gas flow conditions) and finally
a leak-proof gas-flow circuit allowing little possibiiity of gas con-
tamination.

A schematic diagram of the camplete oxidation system is
illustrated in figure (2,1 ) and a plate photograph of the dssembled

system is shown in figure ( 2,2).

(1) Temperature Monitoring and Control

To provide the continuous high temperatures necessary Wild-
Barfield tubular baffle furnaces were employed. Prior to use, the
temperature variations, due to radiation losses, along the length of
the furnaces were determined and on this basis a central zone where
variations were less than 5% used for test purposes.
Ungrounded Thermocouples. To monitor the temperatures Nickel/Chromium
versus Nickel/aluminium mineral insulated thermocouples were used. In
order to achieve fast measurement response times and to avoid exces-

sive e.m.f. errors due to the switching arrangements of the thermo-
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Figure 2.2

General view of the fully assembled Cxidation Apparatus.
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couples, Ungrounded rather than Grounded thermocouples were considered
a good choice, in which the hot junctions were totally insulated from
the sheath. Since the long-term operation of the thermocouples at high
temperatures was essential it was necessary to utilise thermocouples
which could be periodically checked for correct operation and insula-
tion breakdown. Such reliability checks could be readily carried out
with the ungrounded thermocouples due to their ease of installation
and the possibility of measuring their insulation resistance. (3L)

Temperature Controllers. To avoid large variations in the heating tem-

perature due to fluctuations in the ambient temperature, as a result
of large temperature transitions at night, accurate temperature con-
trolling was conside;‘ed to be essential. This was achieved by the use
of Eurotherm relay-output temperature controllers capable of operation
within the temperature range -1 00°C to +1600°C and suitable for use
with Iron/Constantan, Nickel Chrome/Nickel Aluminium and Platinum v
Platinjum/Rhodium thermocouples. By feeding the thermocouple output
voltages into the controller and comparing with a set reference voltage
(corresponding to the required operating temperature) and amplifying
the resultant error signal and subsequently using this signal to operate
a triggered relay, accurate controlling could be obtained. The control-
lers that were ﬁsed employed sensitive output relays which could operate
with a differential input signal of less than 50mV, equivalent to
approximately 9% change in temperature on base metal thermocouples,
hence providing sensitive temperature controlling.

Initially, temperature controlling by means of nexpensive
power regulators was attempted. The regulators that were used, which

essentially functioned by means of a bimetal pressing, carrying a
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heater winding, deflecting to operate a switch when energised, sup-
plied the power, to the heating load, and also provided control by
periodically switching the power on and off. The ratio of the on

time to the total operational time determined the average power input.
However, in view of the large temperature transients at night power

regulators were aubseqﬁ:he tly found to be ineffectual.

(i1) Coolant-gas Simulation

To provide the oxidising enviromment and the correct oxi-
dising conditions, AGR coolant-gas of camposition 1% Carbon monoxide,
0.02% Hydrogen, 0.03% Methane and balance Carbon dioxide, needed to
be used. A continuous circulation of the gas at atmospheric pressure
was necessary. In view of the latter ard of the cost of the gas, a
very low flow rate of 15 x 10-6 m3/min was selected. Such a flow rate
‘would econamise on gas consumption and also be sufficiently rapid to
prevent a stagnant oxidising environment.

The flowmeters used in the oxidation apparatus were stan-
dard 100mm scale meters with angled (as opposed to on-line) Kematal
connections in corporating a stainless-steel needle-valve for flow
control. Since the flow of a predominantly 002 gas was being metered,

a flow scale calibrated specifically for Co, at N.T.P. was considered

2

necessary imstead of an air calibrated scale.
Due to the very low flow rates required, for reasons of

economy, an essential feature of the oxidation apparatus needed to

be the accurate control of small mass-flows. In addition, the selected

flow rates also needed to be accurately maintained for long durations

regardless of pressure changes. For these purposes mass-flow comtrol



Figure 2.3
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Mass Flow control valve.
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valves were employed. In these, a pressure-responsive diaghragm
is used to position the control valve and thereby effect comtrol.
A pressure P -P, (figure 2.3 ) produced at the flow selector
operates the pressure-responsive diaghragm.

Any fluctuation in pressure acting to increase the
rressure difference P1 -P3 moves the valve towards the closed posi-

tion and restores the flow-rate to the selected value.

(1i1) Flow Rate Correction

Density Changes. For realistic flow control, consideration to
correction factars for the rate of flow must be given. In general,
standard flow-meter scales are calibrated in gas volumes at N.T.P.
(20°%, 760torr). Hence the readings of the flow rates are affected
if the gas flow conditions are not at N.T.P. It is the changes in
the density of the gas, due to variation in temperature and pressure,
that give rise to the discrepancies., However, since the axidation
apparatus is designed to operate at atmospheric pressure, over all
parts of the gas-flow circuit, the affect of pressure on gas density
is considered not significant.

Considering the worst possible case and assuming that
the gas flowing through the flow meters is at 100°C, one sixth of
the temperature of the axidising enviromment, the new density
Q? of the gas is then determined by:

% 1.013 + PE 203
= Q'( 7.013 )(273+TE

uhere@, — gas density at N.T.P., PE = effective pressure in bars

and TE = effective temperature in .
Hence for PE = 1 bar and TE = 100°C and assuming 100% Co, gas of e,
= 1.98 kg.m™

Qﬂ_ e 3009
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Correction to Volumetric Flow. Using ©,, the correction factor f£(v)

for the volumetric flow scale is ‘th&refores

£(v) = (9/951 = 0.64
The actual flow rate QF2 is therefore smaller than the observed
flow rate QF, by a factor of 0.6L as given by

QF2 i QF., x f(v) = QF1 x 0.6k
In controlling the flow rates it was thus required to adjust observed
flow rates to values equal to QF2 s in arder to compensate for the
high operating temperatures.

To contain the test specimens and the oxidising environ-
ment, tubular silica glass specimen chambers of dimensions 2.7 cms
I.D. were used. Gas inlet was achieved by means of an inlet injec-
tion device; this allowed the removal of specimens without the inter-
ruption of the gas flow. Ground glass quick-fit end connections were
used and found to be adequately gas-tight at the operating pressures.

Since continuous operation of the oxidation apparatus
was required for prolonged periocds a stand-by gas supply line was
incorporated into the system. This ensured uninterrupted gas supply

in the event of gas exhaustion.

213 Specimen Preparation and Specimen History
(1) Specimen Preparation

The test specimens were initially guillotined from the
as-received stainless steel plates and subsequently correctly dimen-
sioned by machining. Due to the structural deformations and stresses
introduced into the steels by guillotining it was important to

entirely remove the guillotined edge. In this way, the constricted
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grain boundaries and the disarranged grain structure, caused by
the structural damage, could be eliminated.

Subsequently, the specimens were polished to achieve
the necessary surface finish. Commencing with a 100 grit grade of
Silicon carbide (SiC) paper, polishing was carried out with in-
creasingly finer grades of SiC paper using a polishing wheel. By
this method, a 1-5/m surface finish was given to all test speci-
mens. The effect of surface polishing by SiC paper is to abrade a
thin film of base metal from the specimen surface and thereby expose
a clean and unoxidised substrate.

Finally, prior to testing, the specimens were marked,
for identification purposes, cleaned and degreased with Inhibisol

and petroleum vapour and subsequently weighed.

(11) Specimen History

The austenitic stainless steel materials used as speci-
mens in the investigation were of types AISI 316, AISI 310 and AISI
321, These were supplied in strip form and in the annealed and des-
caled states. The compositional and mechanical properties of the
steels are shown in tables 2,1 and 2,2,

For purposes of the present investigation the specimens
we::e divided into two groups A and B. These were tested separately
in separate furnaces of the same oxidation apparatus., Essentially,
the group A set of specimens received continuous exposure to AGR
conditions for 3500 hours without thermal cycling, whereas group B
specimens were regularly cycled at 1000 hour intervals, for a total
of 3000 hours. The procedure of periodic shut-down of the oxidation
apparatus, allowing specimens to gradually cocl to room temperature

under the oxidising gas, and the subsequent gradual reheating is
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known as thermal cycling. This treatment is used to induce break-
down of the initial protective oxides.

With the group A set of specimens, the momitoring of
oxidational developments was carried out by the examination of
discreetly removed representative specimens. Specimens thus
removed were not replaced for further oxidising since it was con-
sidered that such removal and cooling would simulate thermal cycling.
With the group B specimens, the procedure of thermal cycling allowed

direct access to all specimens for the purposes of analysis.

2.2 OXIDATION RESULTS

In the present section, the axidational behaviour of
the thermally-cycled stainless steels is discussed. This is des=-
caribed in terms of the surface character of the oxides nucleating
on the surfaces of the steels. The oxidational behaviour of the non=-
cycled steels is described in Chapter 2.

Moreover, the oxidational behaviour as described here
is correlated to the gravimetric data in terms of linear, para-

bolic and logarithmic oxidation kinetics.

2.2.1 The Oxidational Behaviour of the Thermally-Cycled Steels

By using low magnification microscopy, the three types
of stainless steels investigated were found to show characteristi-
cally different oxidational behaviour.

At 1000 Hours

At the first stage of inspection following 1000 hours
of oxidation, the AISI 310 and AISI 316 steels were found to be

wholly covered by very thin light-green and light-brown protective
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oxides. Although visually different in character the oxides of
both steels were found to be Chromium rich, as illustrated by an
I-ray energy spectrum of figure (2.L ). Figures (2,52 and (2.5b
{1lustrate the general character of the protective oxides.

With the AISI 321 steels, in addition to the chromium
rich protec‘!;ive oxide there had also developed isolated islands of
light-grey iron rich oxide of a distinctly nodular nature. Figure
(2.6 ) indicates the iron rich character of the light-grey oxide.
Figure (2.7ab)shows the nucleation of this oxide within a matrix
of protective oxide.

At 2000 Hours

An additional 1000 hours of exposure resulted in little
change in the oxidation of the AISI 16 and 310 steels, although
exfoliation (or spalling) was clearly in evidence on some specimens.
Figures (2.8a) and (2.8b) indicate this oxide character.

With the AISI 221 steels, however, much of the pro-
tective oxide had been replaced by a uniform, dark-blue, crystal-
line oxide of a characteristically iron rich camposition. Figure
(2.8c) illustrates the nature of this oxdde.

At 3000 Hours

At this stage the partial nucleation of the dark-
blue oxide had now also occurred on the AISI 316 steels. This is
illustrated in figure (2.9a). With the AISI 310 steels, however,
no such behaviour had yet developed (figure (2.9b) ). As illus-
trated by figure (2.9c) all of the protective oxide on the AISI
321 steels had by this stage been completely replaced by the iron-

rich dark-blue oxide.
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2.2.2 OXIDATION KINETICS

The determination ‘of the oxide growth kinetics is an essential
and an instructive part of the overall investigation into the oxi-
dational behaviour of austenitic stainless steels,operating under

AGR environments.

(1) Linear Oxidation Kinetics

The oxidational behaviour as described above can be very viv-
idly illustrated in terms of a linear weight gain-time relationship.
Such a relationship of specimen weight gain (ng/cmg) versus time of
exposure is represented in figure (2.10),

It can be seen that there are two majer trends of oxide dev=-
elopment. Trend [1] is characterised by an initially rapid and then
an equilibrium oxide development pattern and trend [2] by a rapid and
a subsequent hyper-rapid development pattern with a characteristic
absence of an equilibrium stage. Trend [1] is found to be exhibited by
the AIST 316 and AISI 310 steels and as a result relates to the devel-
opment of protective oxidation whereas trend [2] is exhibited only bx
the AISI 321 steels and hence corresponds to the develorment of the
iron-rich dark-blue (duplex) oxide.

Evidently, the onset of secondary iron enriched oxidation
gives rise to much greater metal corrosion and therefore metal loss
than is produced by protective oxidation. In calculating the metal
losses due to such oxidation it was assumed that the iron rich oxide
scale was essentially Fe203 of normal theoretical density and that
the oxides fully covered the specimen surface area. In this way, a

3

metal loss to weight gain factor of 2.5k x 10 “cms = 75 m.g/cm2 was

calculated.
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Calibrating figure (2.10 by this factor, it is found
that an average weight gain of Smg/cm2 gives rise to an overall
metal loss of 15.2L x 1ol ems in within a period of 2000 hours.

From this, extrapolations can be made to predict metal

losses arising after 30 years of reactor life.

(ii) Parabolic Osidation Kinetiecs

From first appearances tremnd (1] of figure (2.101 would
seem to be following a typical Wagnerian parabelic rate 1a§;J%é§$)
is, the oxidation rate continuously decreases with increasing time.
However, a plot of the square of the weight gain versus time of
exposure shows that the oxidation under consideration does not
perfectly obey this simple relationship. In fact, the reaction rate
deviates from the parsbolic law with increasing time. Such a plot
is shown in figure (2.11).

Initially, as indicated by slopes, A, of the figure
(2.11) the oxidation reaction is defined by a normal parabolic rate

law ‘of the form:

2
(‘%—‘r) - K.t
where W = the gain in weight, kp1 = the Arrhenius Reaction-rate
constant, A = surface area and t = time of exposure.
In the longer term, however, for t > 1000 hours, the
reaction as shown by slopes B deviates to a lesser oxidation re=-
action rate and is defined by the parabolic relationship of the

form: >
(W/A) = kpz.t + C
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where kp2 is the new reaction rate and C an intercept parameter.

The variations in kp.‘ and kp2 are shown in table 2.3,

(ii1) Logarithmic Oxidation Kinetics

It is evident that the oxidational behaviour of the
AISI 321 stainless steels cannot be defined by straight farward
parabolic kinetics. Unlike oxidation following typical Wagnerian
kinetics, the oxidation pattern for these steels continuously
increases with increasing time.

In an attempt to fit the oxidation data to parabolic
and cubic rate laws, severe deviations fram such relationships
were found. In all cases, such deviations were found to stem from
the first stage of thermal cycling. Prior to this stage the oxida-
tion conformed to normal parabolic kineties.

Correlation of the data to logarithmic functions was
found to be successful. The logarithmic oxidation-rate function
that provided the best fit to the data, overall stages of oxida-

tion, was found to be of the form:

I.og.l o(i—g) = a,t
where, a = logarithmic reaction-rate constant and ¢ = the intercept.
Figure (2.12) illustrates such a function graphically in the form
of a plot of log (AW/A) against t, the time of axidation.
- A table showing the variation in the logarithmic reaction-
rate constant, a, for logarithmic oxidation, as exhibited by the AISI
321 steels, is given in table 2.,,.It can be seen that, a, varies

between the range 2.33 x 10—& to 3.2 x 1044.
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Stxdnlass Test Parabolic Reaction Rates
Steel No kp'l (kgz.m—h.s_1 ) chz(kgg.1'|'l_h.s_T )
AISI 316 1 1.0 x 107 1.6 x 107°
AISI 316 12 9.2 x 1071 ¢ 2,42 x 10712
AISI 316 1L g8 x 1072 §.8 %102
AISI 310 38 3.2 x107'° 2.6 x 1071 °
ATSI 210 Lo L.8 x 10712 3.8 x 10713
AISI 310 L1 e 1 ikks 6.9 x 10713
ATSI 310 L2 2.0 x 10772 1.3x107'2
TABLE 2,3 Parabolic Reaction-Rate Constants, ka and kp2‘
Stainless Test Logarithmic Reaction

Steel No Rate Coefficient, a.
AISI 321 15 3.2 x 10
AISI 321 16 2,65 x 10
AISI 321 17 2.33 x 10
AISI 321 18 2.33x 10
AISI 321 19 2.92 x 10
TABLE 2.} Logarithmic Reaction-Rate Coefficient, a.
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(iv) Reaction-Rate Activation Energy

The parabolic reaction-rate constant kp and the corres-
ponding reaction rate activation energy, Qp, can be used to define
the parabolic oxidation process by the expression:

K ‘A. ex'P "G /RT) (R RN RN NN ] 23
S ( S @9

where j’p = Arrhenius's constant, T = the temperature of oxidation
and R = the Universal Gas constant. (36)(37)

This expression can be used to define the oxfgl_ational
behaviour of the AISI 316 and 310 stainless steels. By using the
generally accepted values of Lp ( 39 ) for the oxidation of aus-
tenitic stainless steels, urder the temperatures and enviromments
considered here, equation 2.1 can be solved for the reaction rate

T o2 el '@

activation erergy, Qp. An Ap value of 1 x 10 ' kg.m . s as
given by Gulbransen and Andrew and Goodison, Norton and Wall ( 38,39)
was used in conjunction with the experimentally derived kp values
from the present work.

A table of results showing the calculated Qp values for
the oxidation of the AISI 316 and AISI 310 stainless steels is
given in table 2.5 Qp1 corresponds to the activation energy associated
with the initial rapid growth stage and sz to the final equilibrium

Stage .
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2.5 (a) 2.5 (v)
(Mag.x 20) (Mag.x 10)

2.7 (a) 2:7 (b)
(Mag.x 20) (Mag.x 10)
-  Figure 2.5 a) and b) Protective oxide nucleation after 1000

Hrs. of oxidation,

Figure 2.7 a) and b) Nodular oxide nucleation after 1000 Hrs.
of oxidation.
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2.9

2.9

2.9

a)

b)

c)

a)

b)

c)

Protective oxide on AISI 310 specimens following
2000Ers. of oxidation. (Magnification x 2.)

Protective oxide con AISI 316 specimens following
2000 Hrs. of oxidation exhibiting spalling. (Mag-
nification x 2.)

Uniform dark blue Fe-rich oxide on AISI 321 speci-
mens following 20CO Hrs. of oxidation., (Magnifica-
tion x 2.)

Partial coverage of AISI 316 specimens by Fe-rich
axide following 3000 Hrs. of oxidation. (Magnifi-
cation x 2.)

Absence of Fe-rich oxide on AISI 310 steel specimens
following 3000 Hrs. of oxidation. (Magnification x 2.)

Full coverage by the Fe-rich oxide on AISI 321 speci-
mens following 3000 Hrs. of oxidation. (Magnification x 2.)
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CHAPTER 3
ANAIYSIS OF OXIDISED SPECIMENS




3.1 INTRODUCTIQN

The analyses described in the present section investi-
gate the nature and properties of the surface oxides growing on
oxidised austenitic stainless steels, and of their affect upon the
alloy structure and alloy composition. Oxide characteristics such
as surface character, surface and sub-surface morphology and ele-
mental constitution are investigated. Additionally, oxide develop-
ment characteristics such as surface coverage, axide distribution
and oxide abundance are also investigated.

The physical techniques of amlyses that have beenused in
the examination of the specimens have been principally those of
Sicanning electron microscopy (SEM), Electron probe micro-analysis
(EPMA) , X-ray diffractometry, Cptical micrography and Gravi-
metric analysis. Scanning electron microscopy was found most use-
ful in the examination of oxide morphology and physical structure,
whilst oxide camposition and chemical structure could be conveni-
ently investigated by means of the El'ectron probe microanalyser and
X-ray diffractometry. In the examination of the oxide and alloy
sub-surface structure, analysis by optical microscopy was found to
be ideally suited. Gravimetric analysis was used chiefly in the
determination of the oxide growth-rate characteristics and oxida-
tion kinetics (as described in Chapter 2).

3.2 General Surface Character of the Non-Thermally Cycled
Austenitic Steels

Examination of the non-thermally cycled stainless steels
proved to show no substantial difference in oxidational behaviour

when compared with the thermally cycled steels. Although the two sets
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of specimens were very similar with respect to oxide character and
oxide type, a much slower rate of oxide growth was however apparent
in some specimens of the non-thermally cycled steels.

At 500 Hours

Inspection of representative AISI 310 and AISI 316 stain-
less steel specimens after an initial 500 hours showed that as with
the thermally cycled steels a thin layer of protective oxide had
formed. With the AISI 321 steels, however, in addition to a back=-
ground of protective axide there had also developed isolated islands
of course light-grey crystalline oxide.

At 1000 Hours

Inspection after an additional 500 hours of exposure
revealed a change in axide character. Whilst the AISI 310 steels
Istill exhibited only protective oxide,the AISI 316 steels had by
this stage developed isolated mounds of nodular oxides. An optical
micrograph of this is shown in figure ( 3.1). With the AISI 321
steels much of the protective oxide had been replaced by the light-
grey (light-blue) crystaliine oxide. '

An illustration of the oxidational character described
here is shown in figure ( 3.2), in chronologic order.

At 1500 Hours

By this stage, the protective nature of the oxide on
the AISI 310 steels was clearly in evidence since the total surface
coverage by this oxide precluded the nucleation of any other oxide.
In contrast, spalling of protective oxide and cmlescence of the
nodular axides was clearly apparent with the AISI 316 steels.

Examination of the AISI 321 steels by X-ray energy dispersive
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analysis showed the light-grey (blue) crystalline oxide to be
markedly iron enriched in composition.

Figure (3.3 ) illustrates the oxidational developments
at this stage.
At 3500 Hours

Following 3500 hours of oxidation, a tctal replace-
ment of the protective oxide by the light-grey crystalline oxide
(although of dark-blue colouration at this stage) on all steels
had occured. An illustration of such substitutional behaviour is

shown in figure (3.2).

353 Oxide Distribution and Abundance

By means of the Electron probe microanalyser, the semi-
quantitative determination of elemental concentrations within the
oxides were made. In this way, oxide growth developments, in terms
of change in elemental concentrations could be monitored. Moveover,
electron probe microanalysis was also used in acquiring X-ray dis-
tribution images of surface oxides. This allowed the distribution
of elemental abundances within the oxide, with respect to surface
coverage, to be determined and observed v:lsually.(ho)
In the AISI 310 Steels

The gradual transition in character of the oxide nu-
cleating on the AISI 310 steels from an exclusively chromium
enriched oxide to an oxide becoming increasingly richer in iron,
by the gradual replacement of spalled oxide, with comtinued
exposure, is clearly evident from the elemental concentration
measurements. It is observed that following 2000 hours of expo=-

sure, the elemental composition of the surface oxides is found to

consist of LS5#r, 2.5%Fe, 2%Ni and negligible Mn, whereas however,
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with an additional 1000 hours the composition is markedly changed
in Fe and Cr content, resulting in a composition of 21% Fe, 3L% Cr
and <1% Mn and Ni.

Such characteristic oxide transitions are even more
vividly illustrated by the X-ray distribution images of figures
(3.La) (3.lb) and (3.lc) which correspond to images of Ni, Cr and
Fe after 2000, 2000 and 3000 hours respectively. It is clear that
the surface oxide is chromium abundant following 2000 hours of
oxidation (figure (3 .l;a)‘) and iron deficient, but that with con-
tinued oxidation the oxide changes character becoming increasingly
iron enriched due to replacement by an iron rich and chromium
deficient oxide (figure (3.hc)). Figure (3.4d) illustrates a
corresponding secondary electron image of figure (3.Lc) exhib-
iting such oxide behaviour by a conventional scanning-micro-
graph.

In the AISI 316 Steels

The nodular oxide character of the AISI 316 steels in
combination with protective oxide is illustrated very clearly by
figure (3.52) which is an X-ray distribution image for iron. A
corresponding secondary electron image is shown in figure (3.5b).
This is in contrast to the AISI 310 steels where nodular oxide
behaviour is not found.

In the AISI 321 Steels

The elemental composition of the light-btlue crystal-
line oxide or duplex oxide of the AISI 321 steels is observed to
be clearly chromium deficient as is seen from a typical oxide
composition of 62.5% Fe, 1% Cr, 1% Ni and 1.5% Mn, taken after

exposure for 2000 hours.
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A characteristic property of the duplex oxides, it
seems, is the relatively high abundance in manganese, in contrast
to the manganese lacking Cr rich oxides of the AISI 210 and 316
steels. This property is further illustrated by the increase in
Mn concentration found upon examination of a heavily duplex oxi-
dised specimen at the 3000 hours stage. Figure ( 3.6) shows a
Mn distribution image taken at a specimen edge where the 6xidation

is severest.

3.4 Oxide Morphology

By means of the Scanning electron microscope the above-
surface morphology and habit of the oxides could be very readily
investigated. The minimal effort required in specimen prepara-
tion combined with the large field of depth, high spatial reso-
lution (typically 100-200 § and the high magnifications of the
SEM made this an ideal analytical instrument, for the purposes

of the analysis required in the present work.

3.0 Morphology of. the Protective Oxides

Figures (G.72) and (3.7b) illustrate scanning electron
micrographs of stainless steels exhibiting protective oxide. From
these the very flat and typically scale-like nature of the oxide is
apparent. The characteristic whiskery appearance of the oxide is
also evident.

Most importantly, however, is the illustration of the
exfoliating habit of the oxide. Figure ( 3.72 shows the oxide
character after 2000 hours of exposure, and the large extent to

which spalling and fracturing can take place to expose large areas
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of unprotected base-alloy. Figure (3.7b) indicates the oxide-
fracturing beginning to occur after 1000 hours of oxidation.

The highly vulnerable state of the base-alloy, foll-
owing spalling, is clearly marked in figure (2.72). It would seem
that protective axidation has the effect of enlarging and deep~
ening the grain-pores of the base-alloy and thus creating a
densley vaid-filled substrate. Voids as large as 3-Lpm in dia-
meter appear to be formed. Clearly, a porous substrate of this
type would be very susceptible to further cxidational attack,
offering little resistance to intergranular penetration by newly -
forming oxide species.

The blanketing effect of the surface oxide, giving
total protection to the substrate where spalling has not occurred
is plainly evident. In combination, further protection is provided
by the very dense voidfree structure of the oxide allowing little

access to penetrating axidising gases.

3.2 Morphology of the Duplex Oxides

In comparison with the protective oxides the very
different nature of the duplex oxides is evident. Figure (3.8 )
illustrates a scanning electron micrograph of typical duplex oxide
on AISI 321 stainless steels after 3500 hours of oxidation. From
this, the porous and more importantly the very rough and uneven
character of the oxide is clearly apparent. Moreover, the dense
and prolific growth of the oxide, resulting in the total coverage
of the surface,is also clearly illustrated. The consequence of

such total coverage is of course the complete degradation of the
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original surface from the point of view of surface finishing.
The resulting surface finish after such oxidation is clearly
many times rougher.

The lack of the oxide at the specimen edge could be
significant in that properties peculiar to such areas retard duplex
oxidation. During specimen preparation it is the specimen edges
that are subjected to the most cold working and grain-structure
deformation by processes such as machining and polishing. The
consequence of such effects could lead to improved cxidation
resistance.

Crystalline Structure. Under very high magnifications, the crys-

talline structure of the oxide is clearly observed. A structure of
this kind is illustrated in figures ( 3.92) and (3.5b ). The very
angular and irregularly oriented character of the duplex oxik cry-
f.s‘l'.als is very distinctive and to a large degree must be responsible
‘for the abrasive nature of the axide. It can be seen from figure
(.92 ) that, in general, the crystals are large and vary between

5 gt 10pMmin size.

3.5 Oxide Cross-Sectional Structure

By the metallographic examination of cross-sectioned
oxidised specimens the internal physical structure of the surface
oxides can be observed.

Standard metallographic technique(s%ﬂw?ere used in the
preparation of the cross-seciioned specimens as described in section
3.6. Additionally, to reveal the sub-surface alloy structure etching

was necessary. Initially etching by chemical means was attempted.
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For this, recommended chemical reagents, namely, Marbles reagent
and acid ferric chloride solution were used but with little success.
It was found that the acid sclutions tended to dissolve the iron
rich axides and that secondarily considerable brown staining was
produced by the _chloride cations in solutions. Consequently, as

an alternative an electrochemical/electrolytic method was used

where oxalic acid was employed as the electrolyte and etchant.

3.5.1 Protective Chromium III Oxide

Figure ( 3.1Q shows an optical micrograph of a cross-
sectioned layer of protective oxide.From this, the single lay-
ered and the un-intrusive character of the oxide is apparent. The
very slight intrusion of the oxide into the bulk alloy, being in
general an overlaying cxide, would tend to render it protective
rather than corrcsive.

Also evident from the illustration is the disrupted
and fractured nature of the oxide which eventually leads to fail=-
ure. Although appearing undulating (due to the disrupting nature
of the metallographic preparation technique) the surface profile

is camparatively uniform and non-nodular.

3.5.2 Duplex Oxide
In contrast, the surface structure of the duplex

oxides is clearly rough, nodular and abrasive, as illustrated

by figures (3.119 and (3.119. Such nodular character is demon=-
strated by both forms of the oxide, namely, the 'uniform' variety
of figures (3.119 and (3.11Y and also by the 'singular-nodules'

variety of which exa.niples are shown in figures (3.129 and (3.129,
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The distinctive double layered character of this oxide
is exemplified in figures (3,129 and (3,119 where the separation
of the upper and lower layers of the oxide are distinctly marked.
Moreover, the differences in structure between the two layers are
also clearly evident; the lower layer is fractured and disjointed
whereas the upper layer is uniform and crystalline. Unlike the
protective oxides, the intrusion of the lower layer into the bulk
alloy is extensive and in consequence must contribute to excessive
metal-loss.

Intergranular Penetration
The influence of the grain structure and of the grain

boundaries upon oxide development is illustrated by figures (3,129,
(3.133 and (3.139). The grain structure it appears has the e ffect

of inhibiting oxide development by blocking irwardly growing oxide.
This is well illustrated by figure (3.139. The effect of the grain
boundaries, however, is to allow access to the inwardly growing
oxide, and as such act as skeletal nucleation sites for the further
lateral expansion of the oxides. This effect is well illustrated by
figures (3.12) and (3.133.

The intergranular penetration of the duplex oxides in
this way, via the grain boundaries, is evidently greatly damaging
and must add substantially to the corrosive power of the oxide. It
is interesting to obaefve, as illustrated by figure ( 3.,10), that
in the case of protective cxidation such intergranular penetration

via the grain boundaries is characteristically absent.
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3.6 Subsurface Elemental Analysis

Using Electron probe micro-analysis, changes in sub-
surface elemental concentrations due to oxidation can be inves-
tigated. By monitoring such variations with depth, the concentra-
tion profiles of the major alloying elements within the alloy and
over-lying oxide can be determined.

For analysis of this kind representative specimens were
carefully prepared by standard metallographic techniques; that is,
by mounting in bakelite to preserve the friable surface oxides,
abrading to reveal a cross-sectioned structure and finally polishing
on SiC paper (as described in Chapter 2) to a 1Mm surface finish.
To prevent contamination of the EFMA, subsequent degreasing and
ultrasonic cleaning prior to analysis was essential.

Figures ( 3,10, (2.19 and (3.16) illustrate subsurface
concentration profiles for AISI 321 stainless steel specimens oxi-
dised for 500, 1500 and 3500 hours respectively. These represent
electron probe scans taken perpendicularly through the oxide cross-
sections.

Prominent features of the profiles are the peaks, in-
dicating elemental abundance, and the complementary troughs indi-

cating elemental depletion.

3.6.1 Oxide Structure

The double layered nature of the duplex oxides, as
found by optical micrography (described in section 3.5), is very
clearly demonstrated by figures ( 3,19 and (3,16). This is demon-
strated by the variations in elemental concentrations which define

the boundaries of the double layered oxide. It is evident that not
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only is the oxide non-uniform in physical structure but also

inhamogenous in elemental camposition.

(1) Outer Oxide

The high abundance of Fe and M{>1.5%) and the charac-
teristic deficiency of Ni («1%) and Cr(~1%) in duplex oxides is
{1lustrated very clearly as previously described (section 3.3) by
electron probe analysis of the surface oxides. In accordance with
such analysis, this character is also clearly exemplified by the
concentration profiles of figures (3.15) and (3,16), where the
outer oxide conforms exactly to such a camposition.

The variations in the Fe and Mn content of the outer
oxide with increasing time of oxidation are well illustrated by
the concentration profiles. It is evident that with increasing
time the Fe content falls and the Mn level rises within the ranges
N %=35.5% for Fe and2%-8.8% for M , at oxidation times of 1500 and

3500 hours respectively.

(11) Imer Oxide

The analysis detailed in section 3.3 can only be applied

to the understanding of the properties of the outer layer of the
duplex oxides. A fuller understanding can be gained by examining the
concentration profiles of the whole oxide, which would in addition

also illustrate the compositional properties of the inner oxide.

The characteristic feature of the inner oxide, as illus-

trated by figures (3.15) and (3.16, is the abundance in Cr and Ni

and the deficiency in Fe andMn , resulting in an oxide of completely

opposite compostional properties to that of the outer oxide. With
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increasing time of oxidation,the oxide is found to become richer in
Cr and greatly deficient in Fe, the latter reducing from 19% after

1500 hours to an insignificant 2% after 3500 hours of oxidation.

(111) Single Layer Oxide

Figure (3,1L) illustrates the oxidational behaviour of
the AISI 321 steels following 500 hours. Represented here is the
Chromium (III) protective oxide variety of the oxides. Consequently,
the duplex structure is absent.

It is evident that element enrichment increases sharply
at the lower surface of the oxide in the vicinity of the alloy-
oxide interface, but is distinctly deficient at the upper regionms.
The oxide camposition is Cr and Mp-abundant at its upper surface
but becoming depleted in these elements at its lower regions (by
5% and 2% respectively) and greatly enriched in Fe and Ni.

In comparison with the protective oxide hehaviour of
the AISI 316 and AISI 310 steels (as described in Section 3.2 and
3.3) it is evident that the protective oxide of the AISI 321 steels

is, in contrast, less chromium abundant and more M and Fe enriched. .

b2 Depletion Zones

Elemental depletion profiles of the sort described are
also observed at the alloy-oxide interface. As illustrated by figure
( 3.19, the concentration profiles for chromium exhibit promin-
ent depletion profiles in this region. It is apparent that within
a narrow region immediately below the alloy-oxide interface a re-
duction in Cr content to a level below that of the bulk is found.
Such reduction in chromium can lead to zones that are severely

depleted in Cr.
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It is found from the present results that the depths to
which such depletions occur (from the interface into the alloy)
increase with continued oxidation. This is demonstrated by figure
(3.17) where the depletiom widths rise fram 1.5uwm at the 500 hours
stage to 11.0pmm and 23.0mw at the 1500 hours and 3500 hours stages

respectively.

3:6.3 In General

Figure (3.18) illustrates an Fe X-ray distribution
image of an oxidised AISI 321 steel showing duplex oxidation.
Corresponding sample concentration prefiles of Fe, Cr, Ni and Mn,
taken through a typical oxide nodule, in the position indicated by
the vertical line, are represented by figures (3.19a), (3.19b),
(3.19¢) and (3.19d) respectively. Exemplified by the sample traces
are the characteristic properties of duplex cxides, as described
above., The duplex structure is displayed by figwres (3.1%92), (3.19b)
and (3.19¢). Additionally, the variations in the concentration pro-
files since they are at equal sensitivity and magnification, illus-
trate clearly the elemental enrichments and deficiencies of the axide.

The nodular character of duplex oxides, which was illus-
trated in a previous section by optical micrograprhy to be, in parti-
cular, characteristic of the 'singular-nodule' variety of the oxide,
is alsc well demonstrated by the electron probe X-ray distribution
imeges, as shown by figures (3.10a) and (3.20b). The latter correspond
to Cr and Fe distribution images, respectively. Evident in the illus-
trations is the Cr rich nature of the lower oxide (figure 3,20a) and

the Cr deficientFe rich nature of the upper oxide (figure 3.20b).
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Figure 3.1 Duplex oxide mounds on AISI 316 steel after 1000 Hrs.
of oxidation. (Magnification x 50.)

Figure 3.3 Surface oxide character following 1500 Hrs. of oxida-
tion. (Magnification x 2.)
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AISI AISI AIST
321 316 310
- - - 1000 Hrs
1500 Hrs
3500 Hrs
3500 Hrs

Figure 3.2 Surface oxide characteristics with respect to
increasing time of oxidation. (Magnification x 1.)



Figure

3.

10

Electron-probe X-ray distribution images of a) Ni, b) Cr
and c) Fe; d) secondary electron image of (c). (Magnifi-
cation x 300,)



Figure

3.6

aj

b)

A

Electron-probe X-ray distribution image of Fe showing
nodular character of oxide.
Secondary electron image of (a). (Magnification x 190.)

Electron-probe X-ray distribution image of Mn taken at
specimen edge. (Magnification x 300.)
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Figure 3.7 a) Chromium oxide exhibiting spalling. (Magnification x 500.)

b) Chromium oxide structure. (Magnification x 2k.)
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Figure 3.8 Duplex oxide growth.
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75

Cross section morphology of protective Chromium (III)
oxide. (Magnification x 300.

(a) Cross section morphology of nodular, Fe-rich,
duplex oxide. (Magnification x 600.)

(b) Cross section morphology of nodular, Fe-rich,
duplex oxide. (Magnification x 300.)
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Figure
3.10

Pigure
301 1 (a)

Figure .
3.11 (B)




Figure

3.2

17

(a)

- (b)

a) and b) Etched Cross section morphology of single
duplex oxide nodules showing hemispherical shape
and duplex structure. (Magnification x 600.)
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(a)

b)

L

Etched cross section morphology of nodular duplex

Figure 3.13 a
oxide. (Magnification x 15C.)

Figure 3.13 b) Etched cross section morphology of uniform duplex
oxide showing the affect of grain boundaries. (Mag-
nification x 300.)
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Figure 3.18 Electron-probe Fe X-ray distribution image of a duplex
oxide nodule in cross section. (Magnification x 1k.)
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b)

concentration profiles

Figure 3,19 a) and b) Electron Probe Subsurface
(Magnification x 1k.)

of Fe and Cr respectively.
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e)

d)

Figure 3.19 c¢) and d) Electron probe subsurface concentration profiles
of Ni and Mn respectively. (Magnification x 1k.)




Figure 3.20 a) and b) Electron probe Cr and Fe X-ray distribution
images of nodular oxide in cross section, respectively.
((a) Magnification x 300; (b) Magnification x 300.)
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Figure
3.20 (a)

Figure
3.20 (b)




CHAPTER L

TRIBOLOGICAL STUDIES OF AUSTENITIC
ST. ESS STEELS
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L. EXPERIMENTAL DETAILS
s TG Introduction

The wear experiments carried out in the present work
study the unlubricated friction and wear behaviour of the austen-
itic stainless steels under various operating conditionms.

The operating conditions involved are those of arti-
ficial gaseous enviromments, externally induced high temperatures
and various sliding velocities and loads. The iﬁ.fluence of Chromium
content upon the wear behaviour is also investigated. Consequently,
it is the AISI 316 and AISI 310 stainless steel varieties, being of
significantly different chromium compositions, that are tested.

In general, the work described in the present section
can be divided into three main areas:-

(1) The friction and wear behaviour of austenitic stainless steels

operating at room temperature and under a CO, enviromment.

2
(ii) The friction and wear behaviour of austenitic stainless
steels operating at room temperature and under an air enviromment.
(iii) The friction and wear behaviour of austenictic stainless
steels operating at elevated temperatures and under a 002 envir-

ormment .

§.t.2 Wear Testing Machine

The wear experiments carried out in the present work
were conducted on a continuous sliding pin on disc wear machine. (L2)
The pin on disc facility of the machine provided a flat on flat
geametry test situation, as opposed, for example, to the very dif-
ferent geometries of a crossed-cylinders or disc on disc (Ammsler-

type) wear testing machines.
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Figure 4.1

General view of the pin on disc contimious sliding Wear Test Rig.
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An illustration of the pin on disc wear testing machine
is shown in figure (L.1 ). This apparatus was designed to fulfill
a wide range of applications in wear testing. It was designed to
operate over a wide range of loads and speeds. Incorporated in the
apparatus is a heating facility capable of raising the bulk tem-
perature of the disc up to 7oo°c. Facilities to continuously mon-,
itor wear rates, sliding friction, pin and disc temperatures and

sliding speeds are also incorporated.

(1) General Features

Sliding Velocities and the Drive System. A 3-phase, LH.P. electric

driving motor, a variable speed pulley and & reduction gear-box
provides the main driving mechanism for the machine. By this,
rotational speeds in the range 60 to 1LLOR.P.M. corresponding to
linear sliding velocities in the range 0.31 to 7.5 ms-1 could be
achieved.Toc measure the speeds of rotation a magnetic impulse
tachometer was used.

Loading. A loading shaft is used to convey the applied load to the
pin. Linear and rotary bearings are used in housing the shaft to
allow freedom of movement. The loading shaft assembly i=s shown

in figure ( L.2).

The necessary loads required could be applied in two
ways: firstly, by means of a pneumatic system where compressed air
could power a piston mounted along the axis of the loading shaft
and secondly by direct dead weight loading. In this way, loads in
the range 1.0N to L9.ON could be applied. Due to the friction and
debris contamination of the loading-chaft bearirges and ceals very

light loads could not be applied.
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Figure 4.2

Pin loading assembly and the heating facility.
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Electrical Assembly of the Wear Testing Rig

| Power supply transformer.

2. Disc resistance heater.

3. Pin.

L. Pin thermocouples.

5. Cold junction - Ice bath.

6. Slip ring commutator.

Te Disc.

8. Slip ring shaft commutator.

9. Linear voltage differential transformer.
10. Friction strain guage.

Ais Magnetic Pick-offs.

12, Impulse tachometer.

1305 Strainstall transducer amplifiers.
14,15 &

16. X-t potentiometric recorders.
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Disc Heating Assembly. By means of a 2KW electrical resistance

heater, in the form of a ring attached to the non-wearing side of
a specimen disc, disc temperatures upto 720% could be obtained.
The heating assembly was mounted on a secondary shaft screwed into
the main shaft and comsisted of an insulating annulus, a securing
plate and a set of copper slip rings to provide electrical contact.
A 270 volt auto-transformer connected to the heater via carbon
brushes supplied the energy. The full heater assembly is illus-
trated in figure (),.2 ) and schematically in figure (), .3 ).

Calorimeter Pin-Holder. The pin-holding mechanism consisted of a

split cylinder flow calaimeter arrangment where the pin, sand-
.iched between the two halves of a calorimeter, is tightly gripped
when housed into the loading shaft. Such a calorimetric arrange-
ment provided a convenient method of measuring the frictionally
generated heat flow along the pin. A schematic diagram of the pin-
holding mechanism is shown in figure ().} )

Carbon Dioxide Gas Enviromment Assembly. A suitably sealed metal

container, incasing the specimen area, was used in providing a
gaseous carbon dioxide enviromment. By appropriate modification to
the main shaft and loading-shaft housings‘ , the container could be
positioned to completely cover the disc, pin~holder-arm and the
heater assembly, to create an isolated compartment within which to
develop the gaseous enviromment. Figure (),,5 ) illustrates the
assembly.

In sealing the container, initially silicone rubber
cement and a sealing compound (used extensively in high temperature

applications) were used. However, although being resistant to high
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Calerimetric Pin-Holder Assembly

1. Pin.

2, Pin thermocouples; T,, TB and TC'
3. Pin copper calorimeter.

L. Sindanyo insulation.

5. Calorimeter copper base.
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Components of the Wear Testing Rig

13.

Environment container.
Central shaft.

Cooling assembly.

Drive pulley.

Disc.

Pin,

Loading shaft roller bearings.
Loading shaft.

L.V.D.T.

Friction strain guage.
Pneumatic thrust piston.
Drive motor.

Drive belt.
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temperatures and achieving gas-tight seals they were found to be
difficult to apply and remove. In consequence, a readily removable
plasticine based sealing compound was finally used although this
was found to be relatively unstable with long-term exposure to
high temperatures.

Gas Supply. A schematic diagram of the gas supply circuit 1s shown
in figure ( L4.6). Carefully regulated CO, gas was supplied on a
continuous basis via a gas cylinder filled to lsﬂﬁkN/mz. Due to
the eventual slow leakage of the gas through the main shaft clear-
ance a continuous supply of gas was necessary to ensure a domin-
antly 002 and non-stagnant enviromment.

For the control and regulation of the gas flow, a flow
restrictor, a needle valve flow-controller and a standard gas-
cylinder pressure regulator were employed. A narrow-bore coiled
tubing orflow restrictor, in combination with a needle valve flow
controller, provided stable control and allowed and maintained flow
into the specimen area at a low rate, V&B, 100—2000m3/m. To monitor
the rates of flow, an auxillary flow rotameter was occasionally
employed and used also for the purposes of adjusting the flow con-
troller.

To ensure that a predominantly 002 enviromment pre-
vailed, within the specimen area, a positive gas pressure of the
gas inside the container was necessary. With adequate sealing, as
described above, a gas pressure of 0.2 bar could be achieved and
maintained. A pressure gauge, situated at the end of the gas-line,
could be used to monitor this pressure and to ensure against over

pressurisatiocn.



96

“ATqQWassSy JuaWwuoilAUg - SDY

J3UIDJUOD JUAWUOIIAUT
aA|DANPIAN
10}211}S31 MmO\ 4

12}3WD}01 MO

W ~ @ o

13puljhs sng g
sabnob ainssaid 3¢
13103y sSDY <

10)p|nbas ainssaigd |

6
_

L

&

I0) 9y} jo woiaboiQg

..}

- — -

anpwayss Y4914

00098




97

In providing a continual supply of gas to the specimen
area, a gradual cooling of the specimens, particularly at high tem-
peratures, by the cold in-flowing gas was found to be significant.
To minimise such an effect a gas pre-heater connected to the outlet
of the gas pressure regulator was used. This maintained the ambient
temperature of the gas flowing into the enviromment area at just

above roam temperature.

(11) Temperature Measurement

Disc Temperature: To measure the bulk disc temperatures Chromel-

Alumel thermocouples, spot-welded close to the disc wear-track, weTe
used. The thermocouple leads were connected to carbon slip rings
mounted on the main shaft and through these connected externally to
a cold-junction and finally to a signal recording x-t recorder. In
this way, the continuous recording of the disc temperature was pos-
sible. A circuit diagram illustrating the thermoccuple cconnections

is shown in figure (L.3 ).

Pin Temperature. To determine the heat flow through the pin, due

to frictional heating, temperature measurements at set distances
along the pin were monitored. For this, chromel-alumel thermocouples
spot-welded at three positions along the pin were used. The three
thermocouple connections to the pin, Ta, Tb and Tc, in relation to
the calorimeter and the pin, are illustrated in figure (L.L ). Ta
and Tb measure the magnitude of the heat flowing along the pin at
the points of their connections; Tc, placed at the pin-end and in
contact with the calorimeter casing, measures the ambient temper-
ature of the specimen area, the temperature of the calorimeter and

the magnitude of the heat-flow at the pin-end. (L3 )
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A circuit diagram illustrating the external connections
of the thermocouples is shown in figure (L.3 ). The method by which
the pin temperature measurements were interpreted to provide data
for the Heat Flow Analysis is given in Chapter S and ref. (L3).

Reliability of the Temggrature-Moniéoring. To assess the accuracy

and the reliability of the chromel-alumel thermocouples, a digital
thermometer was used to cross-check the thermocouple readings.
Measurements were taken simultaneocusly at two auto-transformer
settings.

Figure (),,72) illustratec a graphical representation of
the readings recorded at the positions Ta and Tb on the pin, with
the auto-transformer setting at 80 volts. The faithful monitoring
of the temperatures by the pin thermocouples to within #12%, at
all stages of the heating, is clearly apparent. Figure (l,,7n) rep-
resents the readings taken at the disc area at a transformer setting
of 60 volts. The faithful monitoring of the temperature by the disc

thermocouples to+10% is also evident, at all stages of heating.

(4i4) Wear Measurement

A continuous measurement of the wear occurring on the
pin was achieved by the use of a Linear Voltage Differential Trans-
former or LVDT. The transducer could detect small changes in the
position of the loading shaft and therefore in the change in pin
length.

An illustration of the LVDT and ites re’ation to the pin
and the loading shaft is shown in figure ( );,2) and in schematic
form in figure (.5 ).

Continuous monitoring of the transducer output was
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achieved by amplification and subsequent re;cording by a x-t recorder.
The deflection in the transducer trace, thus produced, with respect
to time, indicated directly the rate of wear of the pin.

During experimental runs, equilibrium steady-state con-
ditions were looked far. By examination of the linearity of the LVDT
traces such equilibrium wear stages could be iﬂentified.. The traces
could also be used to identify other wear characteristics such as
the initial severe wear conditions and major wear transitionms.

An altermative method of wear measurement, namely the
weight-loss technique, was also used. This technique could be used
to deduce pin wear by determining the overall weight loss of the pin.
The ratio of the loss in weight of the pin AW, expressed with respect
to its density, Q , to the total distance slid, S, by the pin, defined
the rate of wear, K , of the pin that is:

K = i“?-i‘r/s cmj.cm"1

Discrepancies. The errors inherent in the LVDT method of measuring
wear rates can be due to the results of entrapped wear debris, em-
bedded pin, and electronic and mechanical noise. Firstly, due to

the trapped debris between the rubbing surfaces, lower than actual
wear rates may be obtained, since the real reduction in pin length
cannot be detected. Secondly, the embedding of the pin into the disc
wear-track can result in erronecus wear estimates, due to the exag-
gerated apparent decrease in pin length. Finally, as a result of

the electronic noise, generated by the amplifying and recoming systems-
and the low amplitude mechanical vibration at the loading shaft, a

wide and spiked wear trace, leading to uncertainties, can be ohtained.



101

By the combined use of the wear data from the LVDT and
the weight-loss techniques much improved accuracy is obtained. In
the latter method, however, no distinetion can be made between the

initial running-in wear and the lesser equilibrium wear.

(iv) Friction Measurement.

Continuous monitoring of the friction behaviour was
achieved by the use of a strain gawsedynamometer. This could de-
tect the torque exerted on the loading shaft by the frictional
force. Figure (.5 ) shows the positioning of the dynamometer with
respect to the loading shaft and the pin and disc area.

As with wear measurement, the dynamameter output was
firstly amplified and subsequently monitored by a x-t recorder.

Due to mechanical vibration and to the repeated boun-
cing of the friction arm, distarfions in the output signal tended
to be significantly high. To minimise this, mechanical damping was
introduced to restrain the bouncing and to restrain the mechanical

vibration.

La1.3 Specimen Preparation

The stainless steel disc materials were recieved in
the softened and descaled states. These were initially plasma cut
to approximate size and subsequently accurately machined to exact
size; The discs were of dimensions 120mm dia., x 8mm. The pins,
also in the softened and descaled state, were machined to dimensions
of 0.06L4mm dia., x 31.8mm.

To achieve representative wear, the surface finishes

(an important part of the overall specimen preparation) needed to
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match those of the pins at the rubbing faces. Surface finishes,
achieved by grinding (for the discs) and machining (for the pins),
were maintained at a standard 1M CLA level, but found to vary with
individual specimens within the range 0.75-2.0 ps CLA.

Prior to testing, thorough degreasing and cleaning of
the specimens was essential. A procedure of cleaning in hot water
and soap solution and degreasing in petroleum vapour.was adopted.
To avoid contamination or damage to the rubbing faces of the spec-
imens careful handling when mounting on the wear test machine was

required. After testing, immediate weighing of the pins was car-

ried out.
Lol Wear Tests at Room Temperature
(1) In Air:

Loads in the range 3N to 130N and sliding speeds of
O.Sms'1 and 12.0:us-.I were used for the tests conducted under air at
roan temperature. The effect of high temperatures under air was
not investigated.

In the setting-up procedure, pin adjustment, to ensure
correct aligmment against the disc prior to loading, was essential.
Sample wear debris, for analyses, was collected during all tests.

(41) In Co, :

For the Co2 experiments, similar setting-up procedures
and operating conditions were observed. However, in addition, purging
of the air fram the specimen area to develop the 002 enviromment was
necessary. Repeated filling of the enviromment container with the

denser Co, gas, to the required pressure, satisfactorily achieved

2
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purging. The subsequent upkeep of this pressure ensured a pre-

dominantly 002 enviromment.

b .5 Wear Tests at Elevated Temperatures

Loads in the range 3N to 130N, a sliding speed of 0.5ms™"

and temperatures of 300% and 500% were used for the tests conduc-
ted under 002 at high temperatures. .

Due to the cooling effect of the Coz, the gas environ-
ment was firstly developed and the specimens heated subsequently.
In heating the specimens, the pin was loaded against the disc and
the heating of the latter commenced. In this way, the indirect
heating of the pin was achieved without the necessity of a separate
pin heater. The temperature of the disc was gradually raised to the

required value and allowed to reach steady-state.

L.2 WEAR RESULTS
k.24 Wear of the AISI 316 Stainless-Steels (No External Heating)

In general, the wear behaviour of the AISI 316 stainless
steels, under the conditions investigated here, is characterised by
a transitional two-phase wear pattern. Mild and severe wear phases
separated by a transition defines the two-phase wear pattern. Under
all conditions, a critical load is found to induce the transition
between the two phases. Above the critical load severe wear is en-
countered whilst mild wear predominates at loads below the critical
condition.

Figure (L.8) illustrates the gereral wear behaviour of
the austenitic AISI 316 stainless steels when sliding at speeds of

O.Sm.:s-1 and 2.Om.s-1, under an air and C02 environment.
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(1) Wear Under 4ir

It is apparent from figure (L.8) that the wear behaviour
under an air environment is strongly load dependent, about a critical
loading condition. A transition at the critical load produces steeply
rising wear rates, indicative of adhesive and galling wear, from a
much less energetic and milder wear process.

The effect of sliding velocity upon the wear behavicur
is illustrated by figure (L.8). Lowering the sliding speed to 0.5

m.s  appears to laver the wear rates by ore half of an order of

magnitude, to a range between 5 x 107w om ko 2% 10-)'l —

1

-1
+mm

from 1 x 10° mP.m™! to 1 x 107> mram at 2.0ms”' . and at corres-
ponding loads. The critical load, however, is unaffected by a change
in sliding speed and is retained constant at the 1.0 - 1.5kgm load.

The effect of environment and sliding velocity upon the
wear rate and the lcad trensition is illustrated in tabular form by
Tables L.12) and b).

(i1) Wear Under Carbon Dioxide.

As shown by figure (L.8), operation within a Co, - gas
envirconment has the effect of reducing the overall sliding wear,
relative to the wear in eir.

Considering the wear patterns produced under the extreme
operating conditions, a decrease in the wear rates by cme order of
megnitude at all loads is typical. Wear rates in the range 3 x 1077

e = &
mm” .mm Lt O.Lkgm to 5.6 x 10 5 m3.m1

-7 Maat o 3 i
and 6.5 x 10" t0 5.0x 10~ ma .mm , for corresponding loads, at

at 15.0kgm for s = 0.5 ms-1

g = 2,0 ms™' are found. (Tables L.1a) and b).)
As with air, a strongly load dependent wear pattern about

a critical loading condition characterises the overall wear behaviour.
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(1i1) The Effect of Sliding Speed

For all environments, a sliding speed dependent wear
behaviour is apparent. The effect of reducing the sliding speed is
to significantly lower the wear rates amd to displace the critical
1load.

In the severe wear region, for 002 conditions, a

reduction of above one order of magnitude in the wear rates is pro-

duced, giving values of L x 1077 mB.m'1 at 2.0kgm and 5.6 x 10-5

m3.mm-1 at 15.0kgm, for a speed of 0.5 ms"1 , from 7.0 x 10-6 m3

and 5 x 10_"‘ -

-1
«ITm

-y , at the 2.0 ns™ speed, respectively. In the
mild wear regicn, however, a change in the sliding velocity has a
very ruch smaller effect. The large redictims as seen in the severe
wear region are not repeated. Decreases of less than one half of an
order of magnitude, as & miximum, are found giving typical wear
rates in the region of 6.0 x 1077 mj.m-‘l :

Wear Transition. A sliding speed dependent wear transition is

apparent under 002 conditions. By reducing the sliding speed the
p osition of the transition is displaced tc higher loads and to a
new critical loading velue. At a speed of 2.0 rr1s"I the transition
is found to occur at 0.%kgm but with a change in sliding speed to

1

0.5 ms~ , displacement to a higher load of 2.0kgms occurs. (Figure L.8)

,2.2 Wear of the AISI 310 Stainless Steels (No External Heating)

In general, the wear behaviour of the austenitic AISI 310
stainless steels is characterised by a distinctly non-transitional
ard a directly load dependent wear pattern. A single-phase wear mode
defines the overall wear pattern and predominates in the wear behav-

iour under all operating conditionms.
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Figure (L.9) illustrates the general wear behaviour
of the AISI 310 steels when operating at speeds of C)..Sm.s-1 and

2.051.3-1 under air and 002 enviromments.

(1) Wear Under Carbondioxide

The wear of the AISI 310 steels under a Coz-gas envir-
orment is clearly non-transitional. A strongly load dependent and
steeply rising wear pattern, indicative of severe wear, is seen.

By reducing the sliding speed, to O.Sm..s-‘I , lower wear
rates are obtained, but a change to a transitional wear pattern is

7 1

- Lol w
not observed. Typical wear rates in the range 6.0x10 ' mm~.mm to

Lx 107" am .mm-1 are found between the loads of 0.l kgms and 15.0kgms,

- 2 - -
Tto 7.5 x 10 Smm“m 1for C.5ms 1.(Table L.2)

for E.Oms—l and 1 x 10°
By considering the similarities in the slopes of the
wear patterns (figure L.9) it would seem, that for the AISI 310

steels, the wear transition is displaced to much lower loads. In

consequence, only the region of wear above the transition load is

revealed.

(i) Wear Under Air

Wear under an air enviromment at 2.01:'1.3-‘I shows the

expected higher wear rates and the characteristic non-transitional

and directly load dependent wear behaviour. (Table L.2) i
L.2.3 Wear at Elevated Temperatures

The wear behaviour of the AISI 316 stainless steels
sliding at O.Sm.s-‘l under a Co, erviromment at high temperatures
Vi, 300% and 500°%, is illustrated by figure (.10).

The general wear behaviour is clearly transitional and
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Load R (oo™ W (rn° om™ )

(kgms) Air co,

0.140 €,0 x 107" 3.0 x 1077

0.90 9.0 x 107 3.4 x 107"

1,50 1.3 21067 3.3 x 1077

1.60 1.4 x 107 3.4 x 1077

2.00 5.5 % 1070 b x 1077

8.00 3.8% 107 1.2 x 107
15.00 2.0 x 1072 5.6 x 107

TABLE L.la) Room temperature Wear Data for the AISI 316 Steels
at S = 0.5 m.s-1.

%22253 hJAir(mmg‘mm_1 W coz(mmg'mm_1) }
0.0 1 T 68 x107 |
0.90 2.8 x 107° 9.0 x 1077
S I 00 3.2:{10'6 1.9x10-6
2.00 Ta3 % 107 7.0 % 107
8.00 L.0 x 107k 1.2x 107k

15.00 1.3 x 107 8.0 x 107

TABLE L.1b)

Room Temperature Wear Data for the AISI 316 Steels

at S = 2.0 m.s~1,



1

11

N W ¢o,(300%) W o, (500°C)
oad 3 -1 3 "
(kgms) (mm” smm” ) (mm” .~ )
0.40 1.8 x 1077 1.8 %1077
0.90 2.3 x 10°7 1.9 x 1077
1.50 2,7 x 1077 2.2 x 107"
1.60 2.8 x 1077 2.8 x 1077
2.00 bk x 1077 L.l x 1077
8.00 1.2 x 10'5 1.2 x 1077
15.00 g6 x 107> 5.6 x 107
TABLE L.3 High Temperature Wear Data for the AISI 316 Steels
at S = 0.5 m.s=!, 300°C and 500°C.
%Ez:is) W {302(1111113.1:1111-T 'N'Air(mB.m-? Wcoe(1111'11‘3.1111?1'1
10.L0 1.0 x 1077 4.0 x 1077 6.0 x 1077
0.90 L x 1077 2.0 x 1070 b ey 10
2.00 2.0 x 1070 1.0 x 107> 1..0ix 107>
8.00 2.6 x 107 1.6 x 1074 5% 107k
15.00 7.5 x 107 5.5 x T L.0 x 107¢

TABLE L.2 Wear Data for the AISI 210 Steels.
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load dependent. A very close resemblance to the wear behaviour of
the AISI 316 steels at room temperature is found. Above a tran-
sition load of ~15.0N an identical wear pattern is followed. In
the mild wear region, an increase in ambient temperature appears
to lower wear-rates and enhance wear resistance.

At very light loads, namely 300gms and less, in-
creasingly wider differences in wear rates between the room and
high temperature values are observed. Whereas the wear rates
below the transition load, at room temperature, remain constant
with decreasing load, the effect of high temperature is to rap-

idly reduce the wear rates and as a result inhibit wear. (Table L.

Lh.3 HEAT-FLOW DATA

3)

Tables L.L, 4.5 and L.6 represent the measurements made

by thermccouple of the frictiocnally generated heat flowing along
the pin, during sliding. Monitoring of the heat-flow along the pin
can be used to provide useful information about the wear process.
Detailed descriptions are given in Chapter (5) and in (43)and (LlL)

Tables L.L (a) and (b) represent the thermal data for the
sliding wear of the AISI 316 steels at O. S:n.s'1 in air and Co,
envirorments, respectively. The asterisked tests represent those
which exhibited mild wear. It is these that are used in the heat
flow analysis.

Tables 4.5 (a) and (b) show the heat data for the wear of

the AISI 310 and AISI 316 steels at 2.0m.s™ in Air. Table
L.6 represents the heat-flow data for the tests conducted at high

temperatures.
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| AIST 316 - 2.0ma | o Abe
Load (%) TPy | 1(%c)
(kgms) A B c
11.5 440.0 16L.0 22.0
L.O 220.0 gl .o 31.0 (a)
1.25 63.0 52.0 26.0
0.5 | - - -
0.3 - - -
AIST 310 = 2.0m8 - Aip
Load v %) L r.(%) 1 2.(%)
(kems) A B c
12.5 168.0 58.0 38.0 (v)
1.25 82.0 L6.0 28.0
8.L45 40.0 30.0 29.0

Data for AISI 316 steel at 2.0ms"1 in Air

b) Data for AISI 310 steel at 2.0m8 45 ddr

TABLE 4.5 - a)

-
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L. FRICTION RESULTS

In the present section the sliding friction behaviour
of the austenitic stainless steels is= described. The effects of
operating parameters such as those of load, sliding speed and tem-
perature upon the friction are reported. The effect of steel com-

position i.e. Cr Content, is also reported.

L.k Effect of Load

In general, the variation in the friction coefficient,
, with applied load was found to be transitional about a critical

narrow range of loads. Three distinct regions of frictional be-
haviour were identified: (1) A transition region. (2) A load
independent region and (3) A-load dependent region. Figures (.11),
(L.12, (4,19 and (L.1) illustrate such regimes of frictional
behaviour and demonstrate the transitional character of the friction.
(1) Transition Region

Within a narrow range of loads, typically between 2.2
kgm-L .Okgm, a sharp transition in the overall friction pattern wars
found to occur. As shown by figures ( L.17), (L.19, (L.13 and
(L.1) the transition produces a marked decrease in the friction
coefficient from a range varying between 0.7-1.9, to a steady mean
value of 0.6. The former range represents an equilibrium friction
stage and the latter indicates a non-changing uniform stage.

(11) Load Independent Region

The load independent region (Wi.)of the friction be-
haviour as illustrated in figure (4,12) and defined by the load-
zone Whg W, £ 12.0kgm, where Wy is the transition load region,
represents a static and non-changing uniform phase in the friction
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behaviour. With increasing load, in this region, the sliding fric-
tion was found to be non-dependent upon the applied load and could
be defined by M(for W > W&) = K(constant). For all sliding condi-
tions, K was found to fall within a narrow range 0.55 to 0.70.

By comparison with the general wear behaviour patterns
of figures (L4.8) and (4.9), it is evident that the load inde-
pendent friction region corresponds to the severe wear regime.
Whereas large variations in wear rates were found at the severe
wear regions, the lack of fluctuation in M would appear to show
the insensitivity of the friction to the wear magnitudes but strong-
ly indicative of the existence of a common regime of wear.

(ii1) Load Dependent Region.

The load dependent region (W ) as defined by the load
zone WT3WLD‘7,0.25kgm, represents an equilibrium phace in the fric-
fion behaviour. With decreasing load, below the transition region,
the sliding friction was found to be wholly load-dependent and
closely following Amonton's law of friction. An approximation to
this law is found to accurately define the friction behaviour in
this region, and given by the expression:

M (for W, &W,) = F/W + C
where, F = frictional forcey W = applied load; and C = a constant,
lying between O.L and 0.6 for all sliding conditions. The friction
coefficient, FAW + C, in this region, although fluctuating slightly,
was found to fall within a range of 0.7(for WiD = WT) to 1.9 (for
wm<0.3kgrn) .
By comparison with the general wear patterns of figures

(L.8) and (4.9 ), it is evident that the load dependent friction
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region corresponds directly to the mild wear regime. The accordance
of the friction to Amonton's law is clearly representative of a

mild and equilibrium wear mode.

L.Ai.2 Effect of Sliding Speed

In general, a marked effect upon the friction due to
changes in the sliding speed was not observed.

At the speeds considered, the friction was found to
be wholly independent of the sliding speed at the higher loads
i.e. for W>2.5kgms, but relatively dependent at the very light
loads. This feature is illustrated in figure (.19 where at
O.Sm.s-‘I much higher friction coefficients (M)are apparent over
the lighter loads or load dependent friction region, in compari-
son to the values (Mi) at 2.0111.5-.I . Typical differences in M and Mo
for W{0.2kgm, of between O.L and 0.6 are found. M3, representing
the friction at the load independent friction region is clearly
non-varying with changes in the sliding speed. Also illustrated in
figure (L.15 is the non-variation of the friction coefficient

at the transition zone.

L.L.3 Effect of Chromium Content

Figure (;,1l) illustrates the affect of the Chromium
content of the steels upon the friction coefficient. In general,
a distinctly non-transitional friction pattern was found for the
higher chromium AISI 310 steels ( 2L.2% Cr).

As shown by figure (l.1l). the three staged frictional
behaviour, typical of the lower chromium AISI 216 steels, is not

obtained at higher chromium levels. A totally load dependent
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behaviour is found to dominate with the apparent absence of the
load independent and transition regions. In the region above the
load range 0.3541/W<1.0 the variation in the friction with applied
load is found to be similar between the 17% Cr steels and the higher
2L.2%,Cr steels, where this is indicated by the similarities in
the slopes. In general, for all loads, higher values of the friction
coefficient are found with increasing Cr content.

By comparicon with the general wear patterns of figures
(L.8 ) and (L.9 ) it is evident that the non-transitional friction
behaviour of the AISI 310 steels is representative of the non-
transitional severe wear behaviour of the steels. As such, a single
cammon wear mode would seem to be indicated for the AISI 310 steels

over all range of loads,

The range of values for M 316 and/u-a.‘o urder air ard Co, environ-

ments are specified in the table below.

For 20kg SW K 12..0 kg Fov O-1kg £ WL S ey

170 L G- 24-3 & C 17% Co 284-3 2 &

Q62 Mar 205 | 082 Mar> 0S5 | "4 2 Mae >085] 11352 Mag > 095

0352 Mear 707 | O0F 2 Meoa>035 | 1-2> Mcoa 708 1-$8 2 Mco2r 27 095

It is evident that much larger variations in the friction are
found, for corresponding loads, at the higher Cr-content levels

thean at the 17% Cr level.

L.k Effect of Temperature

Figure (L.16) illustrates the effect of temperature upan

the friction coefficient at the load-dependent and load-independent
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regions. In general, a non-dependency of friction upon temper-
ature was found.

Under the conditions considered, the friction at
300°C and 500°C were found to be within the ranges 0.7 - 0.75
(for 2.0kg <W&12.0kg) and 1.1 - 1.9 (for 0.1kg< W< 1.5kg) and
0.8 = 0.85 (for 2.0kg <W<12.0kg) and 1.0 - 1.8 (for 0.1kg&W<
1.5kg), respectively. In comparison with the friction at room
temperature under a Co, enviromment (}-‘Coz), of the values 0.55-
0.6 (for 2.0kg<& W412.0kg) and 0.9 - 1.6 (for 0.1kg< WL 1 .5ke),
it is apparent that a significant difference does not exist, al-

though in general, M Co, at 300°C and 500°C are nominally higher.

L.5 ANALYSIS OF THE WEAR DEBRIS AND THE WORN SURFACES

L.5. Introduction
In the present section the analysis of the wear debris
by X-ray diffraction and the analysis of the wear scars by scan-
ning electron microscopy are described.
For the purposes of identifying the composition and
structure of the wear-debris produced during the wearing processes,
the Debye-Scherrer L-ray diffraction technique was used; (L5)

Debye=Scherrer X-Ray Diffraction

In the Debye=Scherrer technique, incident monochromatic
radiation striking a cylindrical polycrystalline specimen is dif-
fracted into two sets‘ of cones: the forward-reflected and the back-
reflected diffraction cones. Each cone of rays is diffracted from

a particular set of lattice planes. A narrow strip of film is used
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to record the diffraction cones. The intersection of the cones with
the film forms a diffraction pattern consisting of a series of:
shart lines. The distance of the lines fram the incident radiation
entrance hole (for the low-angle diffraction lines) or from the

exit hole (for the high-angle diffraction lines) can be interpre-

ted in terms of the lattice interplanar spacing parameter, d.

Lh.5.2 X.Ray Diffraction Analysis of the Wear Debris
The wear debris, in general, can be of three types:

(1) Purely metallic in form, (2) purely of oxide form or (3) of
a mixed metallic and oxide form.
While the metallic debris is readily identified by
X~ray diffraction, the identification of the oxide debris, partic=-
ularly of Fe - Cr alloys, is much more difficult. Such difficul-
ties are due to the continuous range of solid solutions obtainable
between Fe and Cr oxides, within their rhomboched ral, spinel and
wustite phases. (L6)
The rhambohedral oxide phase can exist as a solid sol-
ution of Cr,0, and < -Fe, 0, with lattice constants varying from

273 273
@ =543 (for 100% oﬂ-—FeQOB) to A, = 5.33 (for 100% Cr203).

0
The Wustite phase can be present in two forms, one associated with
pure iron oxidation (with CFO = 4.31 ) and the other associated
with chrome-steel oxidation (with s 4.29 ). The spinel oxide
phase, the most difficult of the axide phases to identify, has a
camplex structural configuration, of the general form Fe Fe( 2ex)
Cr. O, where 0L x<2.,
x U
The analyses of the wear debris in the present work is

described in relation to the severe and the mild regimes of wear.



128

(1) Wear Debris - Mild Wear Region

Figures (L.1?a),(L.1?b),(h.17c) and (L.17d) illustrate
typical examples of X-ray powder diffraction patterns obtained from
the wear debris of the AISI 316, 3% and 30 steels respectively,
operating within the mild-wear region. TableL.7 illustrates the
camposition of the wear-debris produced and identifies the inter-
planar lattice spacings, d, of the debris constituents.

(a) AISI 310 Steel Debris

The nature of the debris produced in the wear of AISI
310 steels, in the region below the transition load, was found to
be clearly metallic. This feature is well illustrated in Table 4.7
where only Austenite, and a rhombohedral oxide i.e. Cr203 are
identified. The lack of spinel oxide phases and other oxide phases.
representative of mild-wear, is distinctive, and suggests a gen-
erally severe mode of wear.

(b) AISI 316 steel Debris (No External Heating)

In the wear of AISI 316 steels, a clearly non-metallic,
finely powdered and oxidised character of the wear debris was
found. The oxidised nature of the debris is well identified by
X-ray diffraction, as is demonstrated by Table L.7.

In general, the oxides identified can be classed into
four oxide systems: (1) Rhombohedral, (2) Wustite, (3) Cubic and (L)
Spinel. In addition to the oxides,austenite was also identified.
Rhombohedral Oxides. The rhombohedral oxides found were Cr203,

ot.-FeZO3 and (Cr,Fe)203. The two former oxide-forms characterise
the extremes of the oxide system. The latter represents the con-

tinuous range of solid solution oxides obtainable.
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Debye-Scherrer diffraction pattern of AISI 316 wear
debris (S = 2.0ms~'; in Airg?

Debye-Scherrer diffraction pattern of AISI 316 high

temperature wear debris (S = 0.5ms='; in C°2)'

Debye=Scherrer dif’racticn pattern of AISI 316 severe-
wear debris (S = 2.0ms=!; in Air).

Debye-Scherrer diffraction gattern of AISI 310 wear
debris (S = 0.Sms='; in Co
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Diffraction
Line 20 (Cms)
1 39.550
s 51.00
% 3 52,15
we 59.55
5 6L.80
6 17,15
7 81.80
*% 8 89.55
2 100.30
10 112.30
11 120.00

Identity

Y -Fe203,

Austenite
Austenite
Austenite

Cr30 ,(Cr,Fe)203

-FE.'2 3, 203
(Cr,Fe) 0 35 ¥ =Fe,0,
Cr Oh

(Cr,Fe) 0 -Fe,0

g¥ai=teoty
Austenite

Austenite

Austenite

Figure:y.17(a) Powder diffraction pattern for AISI 316 wear debris produced

#EE =

p

*
]

urder mild wear. (Sliding speed = 2.0ms-

Very strong intensity line.
Strong intensity line.

Fairly strong intensity line.

-1; Environment=Air.)
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Diffraction
Line 26 (Cms) Identity
1 28.90 Cr O
3* 2 L1.,20 Austenite
. Cr203;Fe203
3 L8.80 Cr203
| )y £0,90 : Austenite
S 56 .60 : A —F9203
wee 6 59.50 Austenite
ol e
T él .70 F3203
8 66.90 (Cr,Fe)20é
uc—FezOB; r203
9 73.10 (Cr,Fe)203;Cr203
* 10 89.30 Austenite

Figure: L.17(b) Powder diffraction patiern for AISI 316 wear debris produced
under mild wear at 500 C, (Sliding speed = 0.5ms™';
Enviromment = Coz.)

M = Very strong intensity line.

#* = Fairly strong intensity line.
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Diffraction

Line 22 (Cms) Identity

N 51.00 Austenite

3t 2 £9.50 Austenite

y.L. 03 67.15 Fe 0y ¥ ~Fe,0,

o(-Fezoj,Cr Oh

L 89.L0 Austenite

#* S 101.05 Austenite

#* 6 112.95 Austenite

Figure: 4.17(c) Powder diffraction pattern for AISI 316 wear debris produced
under severe wear. (Sliding speed = 2. Oms=] 3 Enviromment=Air. )

Diffraction

Line : 26 (Cms) Identity

vily 3 L5.57 -

33 2 52.20 Austenite

w3 60,60 Austenite

s & T7.47 Austenite
S 90.57 Austenite

#* 6 | 100.85 Austenite

Tl 112,45 . Austenite

Figure: 4.17(d) Powder diffraction pattern for AISI 310 wear debris produced
urder severe wear. (Sliding speed = O. Sms=" 3 Environment-Co2 )

#0¢ = Very strong intensity line.
#x = OStrong intensity line.
* = Fairly strong line.

v.f. = Very faint intensity line.
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The rhombohedral oxides are found to exist at all oper-
ating sliding speeds, enviromments and loads.
Cubic Oxides. The cubic oxide i&entified in the debris was ¥ - Fe203.
The latter, although synonymous to the Spinels and in particular to

magnetite, Fe30h, is indicative of different oxidation properties
due to its very common occurence as an oxidation product, but
separation between the two oxide phases by X-ray diffraction is
difficult.

As with the rhombohedral oxides, ]’-F‘eZO3 was found to
be present in the debris at all operating conditions, within the
mild wear region.

Spinel Oxides. The Spinel oxide phases identified in the wear

debris were F330h (cubic-form) and Cr30h (tetragonal-form). As
seen in Tablel;.7, intermediate solid solution phases are not app-
arent but due to their small propertions and weak intensities are
difficult to identify.

While Cr30}_L is found to be a common oxidation product
in the debris, F330h is found to occur only under an air environ-
ment. However, the difficulties in separating 3 -Fe203, which is
commonly occurring, from Fe30 may suggest a wider occurence of
the latter.
Wustite Oxides. The FeQ constituent of the debris, wherever iden-
tified, was found to be of small proportions and not cammonly occur-
ring as an oxidation product. From Table ;,7 , FeO is seen to be recs-
tricted to occuring at sliding speeds of fC!.Sm.s-1 only with a sig-

nificant absence at 2.01:1.5'-1 .
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(e) AISI 316 Steel Debris (at 300° and 500°C Disc
Temperature)

At operating temperatures of 300°C and SOOOC a markedly

oxidised debris character was found. As with the room temperature
debris, rhombohedral, spinel and wustite oxide phases were again
identified but in much larger proportions, in general (Tablel.7 ).

At 500°C a noticeable absence of metallic material in
the debris was apparent. However, the austenite phase was still
strongly identified in the diffraction pattern. Even at the higher

temperatures, within debris containing much larger proportions of
oxide, better resolutions of the solid solution series of oxide-

types for the rhombohedral and spinel phases was not obtained.

Temperature Dependency

The common or selective occurences of the various oxide
phases at only certain operating conditions can be related to sur—rq =
face temperatures during wear. Investigations by several worlsi‘r"?s’h;r;ﬂ)
the dependency of oxide formation upon temperature have shown the
existence of definite temperature transitions in relation to speci-
fic oxide phases., That is, for Fe-Cr alloys, at ~ 270°C rhombche-
dral phases andX-Fe203 are formed; at ~350°C the spinel phases
begin to appear and finally at > 500°C the wustite phases occur.,

A direct comparison can be made with the present
results. The uncommon occurence of wustite, would suggest that
few sliding wear conditions generate surface temperatures greatly
in excess of SOOOC - 60000, but that temperatures upto this range
are produced. Hence the common appearance of spinel oxides, (stable

at temperatures > 350°C), in the debris.
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| Exptl. Exptl. E Identity Index Experimental
| d-value | I/I ! d-value conditions
=308 ‘ | oryg | 3.05 L, 9
Lol 20 ¥ Fe0; 2.6L 9
| |
' | Cr203 | 2.66
2,686 | i (Cr,Fe)203 i 2.69 1L
| | |
i | A —F3203 I. 2.69
i | Cr203 % 2.66
: ' |
2.54 E Fe,0) | 14
! 3- a
_ Fe203 :
| Cr.‘lf}h '
25 5¢ ‘ 20 CrBOh 2.3%9 1,13
S 0B Ten | Austenite 2,08 152:34,5.6,7.8,
?. { 9,10,11,12,14,
1.08 80 Austenite 1.8 1,2,3,4,5,6,7,8,
9,10,11,12,14,
1.67 Lo Cr,0, 1.672 9, 14
i Cr,0, 1.655
ol -F3203 1.69
(Cr,Fe)203 1.68
Austenite

TABLE L .7(a) Wear-debris Identification.




TAELE }.7(b) Wear-debris Identification.
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Exptl. Exptl. Identity Index Experimental
d=-value I/T d-value conditions
| 1.61 10 c:-30h 1.59 10
1_ (Cr,Fe)203 1.59
]; i ¥ -Fe203 1.61
| | . - 1P
| F9203 596 .
1.43 30 c:-zo3 1.43 15230:5,9,11
| E Cr30h 1132
‘ (Cr,Fe)2O3 1.4k
| 1.366 5 (Cr,Fe) 0, 1.3k 9
| < -Fe203 1.349
Cr30h 1.348
F830h
127 70 Austenite Tse] 1,2,3,4,5,6,7,8,
| | 9,10,11,12,1L
1.16 30 (Cr,Fe) 0, i - (Sl 8 N
DL-FeQOB 1.162
1.08 60 Austenite 1.083 1,2,3,0,5.6,7,8,
FeO 9,10,11,12,1L,
1.03 Lo Austenite 1.037 198y 3.0,5,6,7,5,
9,10,11,12,1L
1.01 10 7(-F9203 0.989 2, 5
b -Fe203 1.03
FeO 0-998




Numbers

R
™

T2

o v ow

-3

1
12
13
1L

1 Standard Austenite Sample.

nT.

Steel

(AISI)

316
316
36
316
316
316
316
316
316
310
310
310

316

Room Temperature.
Mild Wear Region below transition.

Severe Wear Region above transition.

Egperimental Conditions
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Sliding

Speed

(m.s=1)

0.5
0.5
0.5
0.5
0.5
2.0
2.0
2.0
2.0
0.5
0.5
0.5
0.5

Temp%rature
C

R.T.
R.T.
R.T.
R.T.
R.T.
R.T.
R.T.
R.T.
R.T.
R.T.
R.T.
R.T.

500°¢C

Transition

T
T2
T
™
T2
™
T2
T

T2

T2

Environ-
ment

Co

Co

Air
Air
Air
Co
Co

Air

Co
Co
Co

Co
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(ii) Wear Debris - Severe Wear Region

In all cases, the wear debris of the region above the
transition loads was found to constitute chiefly of Austenite. While
small proportions of rhombohedral (31°2O3 oxide and wustite were found
in the debris, particularly at high temperatures, no oxide phase of
significant proportions were identified. (Table L.7)

In general, the variation in composition of the wear-

debris with operating conditions can be summarised schematically

by the diagram shown in figure %.18).

4.5.3 Wear Surface Topographies

By means of the Scanning electron microscope, the sur-
face topography of the wear areas of representative pin and disc
specimens were analysed. Specimens indicative of the severe and
mild wear regimes were examined.

(1) Wear Topography - Mild Wear Region

Figures 1.19), ( 2 ), ( b ), ( ¢ ),and ( d)

illustrate the general nature of the wear scars . of the
steels worn under mild-wear conditions. Typically, the wear topo-
graphy of the steels are characterised by a smooth and even sur-
face appearance. The absence of gross surface deformation is clearly
evident. Also evident are the well defined pattern of wear grooves,
demonstrating clearly the direction of sliding.

The illustrations demonstrate the chief modes of mat-
erial removal occuring during mild-wear. Mainly, removal by shear-
ing, by parallel-plate dislocation, by hollowing and by oxide-form-
ation.

Hollowing. As shown in figure (.19)( a ), hollowing results in
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the removal of material in large lumps leaving a greatly disturbed
wear surface in the form of a cavity. This form of removal is lo=-
calised and discrete.

Shearing. The transverse shearing of the surface, in a direction
perpendicular to the direction of sliding, leads ultimately to the
dislocation of material (figure (4.19),(b)). This is achieved by
the gradual weakening of the surface layers.

Plate Dislocation. In contrast to hollowing, byerdlarge, material

removal is obtained by the uniform dislocation of material along

the wear grooves, in the form of well defined miniscule plate-like
debris. By its nature, the plate-like debris removal leads grad -
ually to the parallel dislocation of material over the total wear

surface. Figure (L.19),(c) illustrates such a process.

Oxide=-Formation

Figure (4.19,(d) illustrates the wear swface created
by continuous sliding at 500°%. The oxide layer, formed during the
wearing process, is clearly in evidence. The oxide once formed in
this way, subsequently fractures at a critical thickness to pro-
duce a wear particle. As a result, gradual removal of material is
achieved., The high'magnification (x1.5k) micrograph of figure (4.19),
(d) demonstrates clearly the fracturing of the oxide into a small
wear fragment. The well compacted oxide layer, as described here is
evidenced by numerous workers, mainly Stott et al (L9,50) where

greatly compacted oxide, forming glazed layers, are noticed.

(11) Wear Topography - Transition Region

Figure 20(a) illustrates the wear surface formed in the

transition region between the load range 2.2kg £ W & L.Okg. The
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smooth and even surface character evident in the mild wear region is

¢ learly absent. A much greatly deformed surface is seen where material
removal is achieved generally by tearing, plucking and ploughing.
Removal by parallel plate dislocation, however, is still in evidence.
The well defined wear grooves, characteristic of mild-wear, are

feintly spparent but largely obscured by surface deformationm.

(114) Wear Topograrhy - Severe Wear Region

Figure (L.20),(c,d) illustrates the wear surface formed
in the severe wear region. The very gﬁ?tely deformed surface char-
acter is markedly evident. The total lack of delineation by wear
grooves and sliding direction is indicative of a severe adhesive mode
of wear. The gross smearing of surface material by plastic de-formation,
causing as a result, a widely undulating surface topography, is much
in evidence.

It is apparent that the mechanisms of matefial removal,
such as those of plate dislocation and oxide formation are not appli-
able to the severe wear process. In general the main mechanism is
that of adhesion between the sliding surface layers followed by the
shearing, tearing and rupturing of the adhesion junctions to form
course and angular debris. In additon, the transfer of material to

opposite surfaces by the adhesion mechadism is also achieved.
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Figure L.19 Typical mild wear topographies showing
a) hollowing (x 200) ané b) shearing (x 1500).
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e)

Figure L. 19 "Typical mild wear topographies showing
c.g parallel plate dislocation (x 1k) and
d) oxide layer fracturing (x 1.5k).
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Figure 4.20

Figure 4.20
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a) Wear topography at the Transitinn Region showing
increased surface deformation (Magnification x 1K)

b) and c) Wear topography at the Severe Wear Region
showing extensive surface deformation and surface
flow. (Magnification x 200.)



147

L.2Q(a)
Figure
L.20 (b)
. Figure

o
5
()

o

£

L.20 (c)




CHAPTER IVE

I A
DISCUSSION




148

5.1 DISCUSSION OF STATIC OXIDATIONAL BEHAVIOUR
Sl Introduction

The good corrosion resistance qualities of stainless
steels are well known and it is for this reason that they are
widely used in many oxidising and corrosive enviromments. However,
under conditions where such qualities are found to break down, the
subsequent inferior nature of the steels is less well-known or
understood.

The importance of understanding the nature of the
steels after the breakdown of the initial oxidation resisting pro-
perties, in terms of their subsequent oxidational behaviour, is
-self evident. Such an understanding beccmes particularly import-
tant in the situation where the stainless steel components exhibit
such a breakdown early in their operating lives. Moreover, equally
important is the understanding of the nature of the breakdown pro-
cess itself and of the factors and mechanisms involved.

In the present section the static oxidational be-
havioﬁr of the AISI 316, 310 and 321 stainless steels is discussed.
This is described with respect to the nature of the breakdown
process and the subsequent oxidational behaviour of the steels in
terms of their oxidation kinetics, subsurface el emental constitution

and diffusion mechanics.

5.1.2 General Oxddation Characteristics

Evidence provided by oxidation kinétic determinations
and by the physical analysis of the overall oxidation process sug-
gests that significant differences exist between the oxidational

behaviour of the three steels. Figure (2.10) clearly summarises
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these differences. However, at later stages of axidation the behav=-
iour of the three steels are in close resemblance. Essentially,
whereas the AISI 310 and AISI 316 steels exhibit a gradual and normal
Wagnedan-type oxidation pattern, the AISI 321 steels follow a very
much more abnormal logarithmic pattern of oxide growth.

The consistent nature of such oxidational behaviour
within the austenitic stainless steels, under AGR-type enviromments,
is clearly apparent  if a direct compariscnﬂis made with the oxida-
tional work of Rowlands, Whitlow and Woottg;j.%his work carried out
on the oxidational properties of the AISI 321 and AISI 316 steels
under simulated AGR conditions, shows very close resemblance to the
oxidation patterns observed in the present work, That is, as indi-
cated by the weight gain-time curves of figure (2.10) two forms of
behaviour are apparent: (i) the sudden transitional abnormal be-
haviour of the AISI 321 steels and (ii) the normal parabolic behav-

iour of the AISI 316 and AISI 310 steels.

(1) Protective Oxidation

With reference to figure (2.10), initially the behav-
iour of all the steels is similar showing typical parabolic oxida-
tion.

This initial oxidation, as identified in a previous
section, can be attributed to the gradual formation of a thin pro-
tective layer of an @ssemtially chromium III oxide. It is such an
oxide layer that gives stainless steels good resistance against oxi-
dising enviromments since the protective oxide layer precludes the
possibility of any further oxidation, and as such is the normally

(52,53)
required behaviour.
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Following the first temperature-cycle, protective oxi-
dation is still found to dominate the behaviour of the AISI 316 and
AISI 310 steels. However, such normal aoxidation which for most aus-
tenitic stainless steels remains = tact for long periods, is found
to eventually fail during the later stages of oxidation.

Examination of the oxidation kinetics of the early
oxidation process indicate that the protective axidation of this
nature can be described by a typically parabolic relation of the
form:

(aw/A)? = kt + G
where AW = the gain in weight; kp = parabolic reaction rate constant.
That is, the oxidation rate continuously decreases with increasing
time of exposure.

It is identified in a previous section, that although
protective oxidation clearly follows Wagnerian oxidation kinetics it
cannot, however, be described by a single parabolic rate. An aprar-
ently two stage parabolic mechanism is found to occur, namely, an
initial high oxidation rate described by kp.I and a final lower oxi-
dation rate described by kp2‘

Similar kinetics have also been observed by Hill and
Hales,. Boggs et al and Hussey and Cohen. In general, the initial
'fast' oxidation rate is commonly superceded by an oxidation rate

(5L,55,56)
that is an order of magnitude slower.

(ii) Anomalous Oxidation

The ancmalous non-parabolic oxidational behaviour indi-
cated in figure (2.10) is found tec occur in all of the three austeni-

tic .steels. However, such oxidation is particularly prominent in the
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AISI 321 steels. Associated with such behaviour is the nucleation
and subsequent growth of mixed oxides in the form of duplex scales.
As dentified in Section 3.8, the scales consist of an upper Fe30h
layer and a lower, commonly below surface, mixed spinel axide layer.

The very different nature of duplex cxidation in caom-
parison to protective oxidation is clearly app.arent in terms of
their respective axidation kinetics. There is no simple rate law
that can be used to define anomalous oxidation it the irregular
nature of the oxide growth can be best approximated by a logarithmic
rate-law of the form: (as illustrated by figure (2.12))

Log (AW/AC) = at

where AW is the gain in weight and 'a' is the logarithmic reaction-

rate constant.

5.1 .3 Mechanisms Causing Anomalous Oxidation

| In general, anomalous oxidational behaviour can be
identified by the occurance of the initial failure of the protec=-
tive Chromium III oxide and the subsequent nucleation and growth of
duplex spinel axides.

The physical mechanisms supporting and encouraging such
behaviour can be attributed to a combination of effects arising as
a result of (a) the treatment received by the steels during manu-
facture, (b) the treatment received during specimen preparation and
(c) the treatment received under test.

It is thought that any one or all of such treatments
could eventually lead to a profound alteration in the metallurgy

or elemental constitution of the steels.
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(1) Austenite Phase. Transformation

In comparing the oxidational behaviours of ferritic
steels and ferritic stainless steels, which have high contents of
ferrite and martensite, with austenitic stainless steels, the fer-
ritic steels are well known to be greatly inferior in oaxidation re-
sistance. Many such steels contaidng 9%, 12% or 17% Cr and 2%Ni
when exposed to AGR conditions have been observed to also behave
anonalously showing the classic symptoms of protective axide fail-
ure and subsequent incidence of spinel growth (Rose 1973.( g7 ).

Synonomous behaviour of this nature of the ferritic
steels would tend to suggest that the ferrite content within the
structure of the austenitic steels may contribute significantly to
their oxidational behaviour.

Assuming that it is the ferritic content of the aus-
tenitic steels that supports anomalous oxidation and causes the
failure of the protective oxide scale, it remains to deduce the
manner by which the ferrite is generated. The occurrence of this
could be due to the accumilation of retained ferrite during manu=-
facture or the generation during specimen preparation or generation
as a result of temperature cycling.

The fast quenching treatment normally used in the man-
ufacture of austenitic steels in order to_ soften and normalise the
grain structure tends to promote the retention of ferritic material.
However, this is not generally significantly 1arg(e5.8’5’9)

(a) Cold Working

The application of cold work to steel surfaces in the

form of surface polishing and machining, during preparation, can
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commonly lead to the generation of ferrite in austenitic steels.
The magnetic properties of steels having received a high degree
of surface polishing are invariably found to be much strenghtened
as a result of the extensive cold working.

As is suggested by several investigators (Angel 195L
( 60), Yamaguchi 1956 ( 61 ), Fisher et al 1973 ( 62)), the fer-
rite generated in this way, by cold working, can be attributed
entirely to the partial transformation of austenite.It is thought
that the stresses introduced into the surface structure provides
sufficient energy for the phase transformation to occur.

However, X-ray diffractometry traces of austenitic
steels not exhibiting anomalous oxidation, namely the AISI 316
steels, indicate that the generation of ferrite by cold working is
not always successful. Such a trace is illustrated in figure (.12)
where the ferrite b.c.c. phase peak is clearly atsent in contrast
to figure (5.19, which illustrates a trace from an AISI 321 steel
exhibiting anomalous oxidation. This evidence would tend to suggest
that only those steels where an unstable composition exists, that
is the existence of unstable or metastable austenite, is the influ-
ence of cold working sufficient to induce the phase transformation.

(b) Temperature Cycling and Differential Contraction

By reference to figure (2.10) it is apparent that the
onset of anomalous oxidational behaviour is initiated at the first
stage of temperature cycling. From this it would be logical to con=-
clude that, as with cold working, the treatment of temperature cyc-
ling encourages the formation of ferrite from metastable austenite.

It is thought that the slow cooling process, rather than the heating,
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leads to phase transformation and therefore subsequent anomalous
oxidational behaviour.

Due to the slow cooling and re-heating processess
associated with temperature cycling, a further possible mechanism
encouraging anomalous oxidational behaviour can be that due to
differential thermel contraction. This, a physical rather than a
metall ographic effect, could lead to the cracking and spalling of
the oxide scale through the differences in the rates of cooling and

thermal contraction between the alloy substrate and the oxide scale.

Non-Temperature Cyclic Oxidation

Very close resemblances in oxidational behaviour be=-
tween the continuously oxidised steels, that is the non-temperature
cycled steels, and the temperature-cycled steels is apparent from
the experimental results. However, in the case of the non-cycled
AISTI 321 steels, although anommalous behaviour is found to re-occur,
the onset of such behaviour is significantly delayed.

Differences in behaviour of this nature would seem
to suggest that although temperature-cycling considerably hastens
the onset of anomalous oxidation by encouraging phase transform-
ation, it is not however vital in the producing of anomalous be-
haviour. Moreover, without the initial cold working procedure, a
process which would appear to cause a substantial amount of phase
tFansformation, the occurence of anomalous behaviour would be much

delayed and diminished.

(i1) Normal Oxidation and Nickel Content

There is evidence to believe that austenite instability
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and therefore the promotion of ancmalous oxidation may also be dir-
ectly related to nickel content.

It is suggested by Cina, 1954, ( 63 ) that in those
austenitic steels where the nickel contents lie within the lower
limits of a 7-20wt? range, the stability of the f.c.c. austenite
phase is very often found to be of a mgtastable character. It would
seem that to generate a truly stable austenitic structure a high
nickel content is particularly beneficial. Furthermore, austenitic
steels consisting of high nickel contents would be expected to show
stable austenitic structures and a gred deal of resistance to phase
transformation.Since the formation of ferrite by phase bdransform-
ation is directly related to anomalous oxidational activity, a
strong resistance to such formation would therefore also offer a
strong resistance to anamalous oxidation.

I In accordance with the above, the high levels of
nickel content in the AISI 316 and AISI 310 austenitic steels, namely,
12.L % and 19.95% respectively, would suggest that a strongly stable
nature of the austenite would prohibit the generation of ferrite
and therefore, in turn, the occurrence of anomalous oxidation. More-
over, in such stable austenitic steels the phase transforming mech-
anisms such as cold working and temperature cycling would be expec-
ted to have little effect. Conversely, however, with the AISI 321
steels of low nickel content, namely 9.1 %, a metastable austenitic
structure would be expected to be very vulnerable to ancmalous oxi-
dation and to the phase transforming mechanisms.

In comparing the above predictions with the experi-

mental evidence, a very close correlation is clearty evident. Firstly,
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as predicted, the influences of cold working and temperature cyc-
ling, that is the phase transforming mechanisms, have no direct
effect upon the behaviour of the AISI 316 and AISI 310 steels. Sec-
ondly, a consequently normal oxidation pattern is followed, with a
greatZ_Ly reduced vulnerability to anomalous oxidation. Finally, the
AISI 321 steels are profoundly affected by the rhase transforming

mechanisms and consequently exbibit severe ancmalous oxidation.

(144) Spinel Nucleation and Chramium Depletion.

The seleétive removal of chromium from a narrcw zone
just below the surface during oxidation is seen to be a character-
istic feature of the overall oxidation process. The consequence of
such behaviour is the creation of a very shallow zone that is def-
icient in chromium. It is thought that such a zone provides a fur-
ther important mechanism for the eventual nucleation and growth of
spinel oxidation.

Normally, in stainless steels, the high content of
chramium combines readily with the oxidising enviromment to form
a thermodynamically favoured chromium III oxide phase. Selective
oxidation of this nature precludes the formation, under steady
state conditicns, of any other species of oxide. The depletion of
chromium from the bulk alloy at the surface regions, however, dis-
turbs the steady state conditions and reduces the thermodynamic
favourability of the chromium to oxidise. In consequence, the most
stable oxide phase to nucleate is no longer the chromium III oxide
but that of the mixed spinel oxides, that is the mixed solid solu-

tion oxides of iron and chromium.
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However, evidence from the results suggests that even
at the most advanced stages of chromium depletion, the immediate
nucleation of spinel is not observed. Such behaviour is only ob-
served subsequent to the complete failure of the protective oxide.
Hence, it would seem that although chromium depletion is an impor-
tant mechanism in the initiation of anamalous oxidation it does not
become effective until a depleted alloy surface is exposed. More-
over, depletion of this nature does not immediately affect the sta-
bility of the protective oxide, once this has nucleated, since the
continued growth of this oxide is sustdned even through the severe

states of chromium depletion.
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5.1 Diffusion Mechanisms

The physical and chemical characteristics of anomalous
oxidation may be further understood by considering the general elec-
tronic diffusion patterns occuring during oxidation. Consideration
of the cationic, anionic and electron diffusion behaviour, w ithin
the solvent metal and oxide can be used to explain the oxidational
developments giving rise, eventually, to anomalous behaviour.

In the present discussion, two tentative diffusion
models are suggested to help in the understanding of anomalous oxid-

ation.

(1) Multiple Stage Oxidation; Duplex-Oxide Formation

The important axidational phases leading eventually
to anomalous behaviour may be defined by five distinct stages:
Stage 1. In the first stage the oxidation of the iron and chromium
is found to occur, which eventually results in the formation of
Wustite and Chramium III oxide. The former initially occurs as a
very thin-layer oxide,replaced in parts by isolated scales of the
latter, nucleating as a subscale (figure ( 5.2)).

With further oxidation a thickening and the eventual
coalescence of the chromium III subscale is produced. In this way a
campact protective chromium III oxide layer is formed, precluding the
further formation of Wustite.
Stage 2. In the second stage, cracking and exfoliation of the pro-
tective oxide, following thermal cycling treatments, is produced,
leading to the formation of mixed spinal oxides. Spinel oxide nuc-
leation is seen to occur in isolated areas where cracking has exposed

fresh metal surfaces (figure ( 5.2)).
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Subsequent oxidation and additional cracking produces
lateral extension and eventual coalescence of the spinel oxide. In
this way the protective chromium III oxide is eventually replaced
(figure ( 5.2)).

Stage 3. In the third and final oxidation stage where anomalous be-
mviour eventually arises, a double layered oxide consisting of
mixed spinel (lower layer) ard Fe203/Fe30h (upper layer) forms of
oxides, is ultimately formed.

Electrochemical-Cell Model.

The mechanisms producing the various stages of oxida=-
tion can be resolved if viewed from the point of view of ionic and
electronic transport within the lattices of the oxide layers. More-
over, using the idea of Hoar and Price ( 6L ) and Jost ( 65 ),
we can consider the oxidation process as occuring within an elec-
trochemical cell. An illustration of such an electrochemical cell is
indicated in figure ( 5.3) where this is used to describe the oxida-
tion of a metal Me, by a gas X2.

Under these terms, the transport of ions and electrons

through an oxide layer can be visualised as being a flow of current

Gas Oxide Metal
(X2) (MeX) (Me)

- Me®
x e
¥ o ﬁﬁh‘\“hde’

- €

TCathode Anode
FIG.5.3
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through a ;ell, in which the oxidation film provides both the elec-
trolyte for the cell, by virtue of ionic transport, and the external
circuit, because of electronic conduction. The e.m.f. of the cell is
provided by the decrease in free-energy of the electrochemical rea-

ctions.

(i1) Electronic Mechanisms of Oxidation

Using an electrochemical model of this kind, the elec-

tronic diffusion patterns within the various stages of the oxidation
.process, in terms of ionic and electron transport mechanisms, can
be determined.

In general, the oxidation process consists of two
phases: (1) The simultaneous passage of the solvent and solute
metals, ie. iron and chromium respectively, into the oxidic state
where conversion into the most favoured oxides is achieved and (2)
The subsequent transport of solvent and solute cations and oxygen
anions, inwards or outwards, within the oxide lattices.

(a) Stage 1.

In stage 1, the transport of solvent and solute metals
into the oxidic state results in the formation of Wustite and Chromium
III oxides. An illustration of the electronic diffusion mechanisms
taking place within this stage is given in figure ( 5 ).

Since Wustite and Chromium III oxide are both p-type
conductors the main oxidation controlling transport mechanism is
predominantly ¢ ationic diffusion outwards via vacant cation sites
rather than anionic diffusion inwards. That is, oxide growth is not
due to the diffusion of oxygen ions from the surface to the metal-
oxide interface but to the transport of chromium and iron ions out-

wards towards the oxide-gas surface. However, due to the unusually
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high concentration of lattice defects in Wustite, the diffusion

of oxygen anions to the metal-oxide interface is-stﬂl achieved

but to & limited extent. In this way, further oxidation of chro-
mium is achieved.

Chramium Oxidation

At this stage the preferential oxidation of chromium
is absent since initially the diffusion of chromium to the alloy-
oxide interface is slow. Consequently, the iron oxidises in prefer-
ance, although not exclusively, to form a fully covering thin film
of wustite.

However, as more chromium diffuses to the alloy-oxide
interface, with increasing time of oxidation, a much increased rate
of growth of Chromium III oxide is achieved, via the interaction with
an increasing concentration of inwardly diffusing oxygen anions. In
this way, a thin but compact subscale of Chramium III oxide is formed.

However, due to the inaccessability of oxygen anions to the alloy-
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oxide interface and to the low concentration of chromium cations
reaching the oxide-gas interface, the chromium is still not prefer-
entially oxidised.

As more of the chromium at the alloy surface is oxi-
dised a very shallow chromium depleted zone is created. Such deple-
tion subsequently leads to the development of a concentration
gradient immediately below the alloy surface. In this way a driving
force is provided for the diffusing chromium which leads to the
increase in diffusivity of the latter. In consequence, an abundant
supply of chromium at the surface results which eventually leads
to a much increased rate of growth of chromium III oxide. Such oxide
expansion ultimately produces a fully covering campact scale of Cr2—
03 which precludes any further formation of Wustite and hence be-
haves protectively. In conclusion, the preferential oxidation of
the chromium at this stage eventually leads to the replacement of
the wustite by a protective chromium III oxide.

Carbon Dioxide Decomposition.

Since the oxidising enviromment is predomina:fly carbon
dioxide, the direct combination of cations with diffusing oxygen
anions is not possible but is eventually achieved by a three stage |
process. Firstly, the decomposition of the 002 at the high temp-
eratures leads to the formation of free oxygen.

SRy ¢
Secondly, the free oxygen produced in this way, is gradually chemi-
sorbed into the oxide-gas surface. Finally, the ionisation of the
chemisorbed oxygen provides a source of diffusing oxygen anions for
direct combination with outwardly diffusing cations. Ionisation of

this kind is achieved by virtue of the cathodic reaction:
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302 chemisorb T e

(b) Stage 2

The diffusion pattern which controls the oxidation
process at stage 2 is illustrated by figure (5.5). Since there
exists a strong chramium depletion profile under the protective
chromium III oxide, the subsequent oxidation at the ruptured Cr203
areas proceeds predaminantly by the oxidation of the irocn in pref-
erance to the chromium. However, the oxide thus created is of a
mixed spinel structure.

In general, it can be seen that two main oxidation
controlling mechanisms co-exist at this stage. Firstly, the passage
of Cr-" cations whithin the chromium III oxide, to establish the

continued growth of the oxide, and secondly the predominantly out-

ward diffusion of bivalent Fe2+ and trivalent Fb3+ ions, via tetra-
hedral and octahedral cation sites, at the ruptured Cr203 regions.
Fe/Cr alloy Crz O3 02
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Since the mixed spinel and Cr structures are not

203
as defective as the wustite lattice structure, the process of new
axide formation is by combination with chemisorbed axygen anions at
the oxide=-gas surface, rather then by the combination with imwardly
diffused oxygen at the alloy-=oxide interface.

The most probable composition of the spinel oxide
created at this stage must be a combination of the sort:

Ft-32+ Cr? 0112- - Fef:

and of the form (Fe, Cr)Oh. Such an oxide would have a general
structure of the form:
(Feg:x Cri-r Fe2+) 0)42-

Owing to the high volume ratio of the spinel oxide,(éc)

subsequent oxidation causes further rupturing of the Cr20 3 by
expansion of the spinel against the resistance of the existing pro-
tective oxide. In this way, larger areas of unprotected allcy surface
are exposed resulting in the further nucleation of the mixed spinel
oxide. Eventually, the continuation of such an oxidation process
leads to the replacement of the chromium III oxide by the spinel
(Fe Cr)OL.
(c) Stage 3

At the final stage, the upper parts of the mixed
spinel oxide is gradually replaced by the nucleation of an Fe203-
type oxide. The growth of such an oxide is initiated by the decrease
in concentration of iron ions at the mixed spinel oxide-gas surface.
A decrease in concentration, in this way, leads eventually to an
insufficient supply of Fe2+ and Fe3+ ions to the axide-gas surface

and in consequence to the failure to maintain the growth of the
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spinel oxide. Moreover, the rate of growth of the Fe203-type oxide
is enhancedby the greater mobility of the cations in diffusing
through the oxide.

Since the newly formed Fe oxide is chiefly a p-

2%3
type conductor and the spinel oxide an n-type conductor, the form-
ation of oxide can be expected to take place mainly at the spinel
oxide = Fe203 oxide interface and very little at the oxide-gas sur-
face. That is, cations diffusing through the inner oxide combine
with inwardly diffusing oxygen anions at the spinel-Fe203 oxide
interface.

Phase-Boundary Reactions

Consideration of the phase boundary reactions at the
junctions between the various oxide layers (figure ( 5.6)) would
seem to indicate that rather than a double layered oxide being
formed a multi-layered oxide is produced. That is, oxide phases
ranging in composition from (Feg:x Crf: Fe2+)02-, (Fe:?:x Cri+)20§'

+ F3203 to & -Fe203 are formed. However, due to the inter-solution

between some oxides a double layered structure is apparent.

Fe I Cr Mixed A 0,
Alloy Spinel
Fel* + 2e~
et el O
Feits3e | —a—>= — 0,
via O 02 o2-
G il o i o o
¢ Cr3* + 3e-
[ IA|IB I

FIG. 6.6
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The phase boundary reactions, I, IIA, IIB and III at the oxide

juncticns can be expressed by the equations:

IIA.

IIB.

i) 8

2
2Fe + Cr + [UFe2+ +0Q F‘e'3+ +QCr + 8®] = zero

3+

2Fe + [O Fe2+ +0OFe” +58] +Cr+[0O cr-t 3@] = zero

(Re,0,)Cr, = 2[Fe>* cro Fe2']oL%" + (D Fe>' + @ F2t +Qcr + 8]
+ [Q0% + 26]

3+ 3+ 2+, 2= " - 2a
2[F32...x Cry Fe ]Oh 2.'15",203‘.(31'Jc + (200" + LO] for all x

1 2¢
0, + (OO0 + 29]F3203 = zero
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5.1.5 Diffusion Controlled Oxidation

It is apparent from the discussion that the development
of a concentration gradient at the viscinity of the alloy-oxide inter-
face has a strong affect upon the subsequent oxidational behaviour.

However, it is suggested by a diffusion model that
whereas such gradients affect the type of oxide to be nucleated (by
limiting the rate at which th; oxidising elements reach the inter-
face) they do not control the rate of growth of an oxide. That is,
iry <L {Cs], where M, is the amount of oxidising element diffusing
at any instant from the alloy-oxide interface and CS the concentration
at the interface, then the oxidation growth-rate is not controllsd
by the diffusion of the oxidising element within the alloy but by

the diffusion of the latter within the oxide.

Xwil c~0
= D2 9&

Oxide < 6 X

X=0 - C=Cs

Alloy < “0)s %% e

Xzt 'L C=Cp

Consider the diagram shown anve which represents the diffusion
through an oxidised iron alloy of high chromium content, where
under steady state conditions the oxidising element concentrations
at the alloy-oxide interface and at a depth, 1, within the alloy
ars maintained at GS and CE respectively. The diffusion process

is represented by the diffusion coefficients D, and D1 and the

2
concentration gradients (4 ¢/ Jx) and ( ch1/d'.x) A
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Assumptions implicit in the model are that the oxide
is single layered, the overall oxidation is parabolic and the rate
of transer of diffusing substances is proportional to the parabolic
oxidation reaction-rate.

Using Fick's laws of diffusion (Ref. 36,45) to define the
rate of transfer of diffusing cations through the alloy and oxide
layers, i.e., -D, (JC1/6x) and -D, (502/ 5x) respectively, we
can see that if:

-p, (6¢c,/§) = -¥D, (§c,/¢§) (5.1]

»

where ¥ 1is a constant of proportionality and
-D, (50/5}() = Dy (Cg - Cg)
then substituting into [5.1]

D (Cg-Cg) = -¥ D, (806
1
It can be shown that -D, ((509/5‘{) = kpt/2B where 1/B is a constant

of dimensions g.cm .

= = - b/ 4
_Dl (oS CB) ¥ kpt/2B
1
Co = By = o) kpt.1/D, 2B
Hence CS = -Ykpt.1 + C,

=)

ny

o
td

Since m2 = kpt (defining parabolic oxidation)

-~ 2 .
Cy = -¥m .1 + CB [5.2]
D, 2B _
1
Assuming that Mt is equal to the rate of transfer of diffusing
material to the oxide-gas surface, -D, (dcz/ Jx) then:

M =_1m2 53]
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Substituting [5.3] into [5.2] we see that:
Gy ™= -K_ﬁ_J;.Mt + CB
i)

Hence Mt < CS'
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5.2

g.2.1 Analysis of the Wear Behaviour

The results repcrted in the present work show that
under conditions of low-speed unlubricated continuous sliding the
wear behaviour of the AISI 316 and AISI 310gteels is described by two
clearly defined modes of wear; namely, mild equilibrium wear and
severe metallic wear. For the AISI 316 steels a well defined trans-
itional behaviowr between the two wear modes is exhibited, with the
dominant prevalance of one or other of the wear modes either side of
the transition. The linear representation of the change in volu-
metric wear rate with applied load vividly illustrates such tran-
sitional behaviour es shown by figures (5.7 ) and ( 5.8). For the
AISI 310 steels, it is the predominantly severe wear mode which is
observed.

With respect to the fricticnal behaviour, a three
staged friction pattern is observed in general. A load dependent
friction region, a transition region and a load independent fric-
tion region characterise the overall friction behaviour. In the
case of the AISI 310 stainless steels, an essentially single staged
friction pattern, as defined by a load dependent behaviowr, is

observed to dominate the friction behaviour.

(1) Adhesive Wear

By consideration of figure (5.8 ) it can be seen that
above the transition load the wear-rate gradients, dw/dW are closely .
similar in magnitude whereas, however, below the transition the

gradients vary widely. It is thought that such similarity in dw/dW
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above the transition zone is indicative of a common wear mode.
Assuming this, it can be inferred that the wear mode character-
ising the wear of the AISI 310 steels, for all loads, is similar
in nature to the wear process occuring above the transition in
the wear of the AISI 316 steels. Examination by Scanning electron
microscopy of representative AISI 316 and AISI 310 steel specimens
from the corresponding high wear regions, as illustrated by the
micrographs of figures [;.20, show many similarities inwear scar
topographies, thus again suggesting the occurrenceof a synonymous
wear process in each case.

For all wear surfaces in the high wear regions;a
greatly deformed wear substrate is observed with much evidence
of gross smearing of surface material by plastic deformation. In
addition, the presence of a widely undulating surface profile
suggests the occurrence of substantial material transfer during
sliding. Since adhesive wear, as classified by Burwell and Strang,
is often recognised by the presence of gross plastic deformation,
rough undulating wear scars, metallic debris and metal transfer, it
can be concluded that the dominant wear process occurrnhg at the
high wear regions above the transition zone is chiefly adhesive.

The atomic model for adhesive wear, as,derived by
Holm, forms the basis of Archards wear law. In Holm'\s6?a?dhesive
wear model is postulated the idea of the removal of groups of atoms
fram the substrate by virtue of their adhesive junction strength
becoming greater than the cchesive strength of the material. This
postulation is used as the basis to derive the volume of wear (w)
for a slider undergoing adhesive wear, as given by:

w = IBS
Pm
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where Z = number of atomic layers removed; S = sliding distance;
P = applied load and Pm = flow pressure. Archard [ 68 ], using
Holm's atomic model, defines the adhesive wear process by consid-
ering plastic deformation of the asperity junctures, assuming that
a hemispherical particle results from the sliding, and postulating
that the adhesion along the base is stronger than the sum of the
cchesive shear forces along the hemispherical surface of the po-
tential fragment. Denoting by K the probability of a juncture
yielding a fragment, Archards adhesive wear law is given by:

w = KPS/2Pm
The value of X is a non-dimensional constant for a given pair of
surfaces and known as the adhesive wear co-efficient.

It follows from this equation that for adhesive
wear mechanisms the wear coefficient K is a constant and that
abrupt changes are found only for (1) contact pressures exceeding
the yield streng‘l'h‘ of the material and (2) for non-adhesive wear
mechanisms. As such, the variation of K during wear can be used
as an indicator of adhesive wear. Table 5.1 shows the variation of
K with applied load for the high wear-rate regions egbove the tran-
sition zone. A clearly constant relation for K is evident and sup-

ports the view of the occurence of adhesive wear.

(ii) Oxidational Wear

Table 5.1 illustrates the variation of K at the region
below the transition zone for the AISI 316 steels. The non-con-
stancy of K suggests the occurence of a predominantly non-adhesive

wear mechanism.
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Additional evidence in support of this view is pro-
vided by the analysis of representative wear scars and wear debris.
The analysis of the debris produced from the region below the
transition shaws the debris to consist largely of oxide in the form
of very fine granular material with small quantities of coarser
metallic fragmemts. The oxides, in general, are shown to belong to
four oxide systems: (1) Rhombohedral, (2) Wustite, (3) Cubic and (L)
Spinel. The most commonest of the oxides, namely, Cr203,a¢ -F3203
and (Cr, Fe)203, belonging to the rhombohedral system, represent
the contimiocus series of solid sclution cxides obtainable between
Fe and Cr. Other less common oxides present in the debris, namely,
Y -Fe203, Spinels (FeBOh and CrBOh) and Wustite (FeO) indicate the
sliding surface conditions during wear, e.g. surface temperatures.
Since a purely adhesive wear mechanism generate predominantly coarse
metallic wear debris, with virtuaily no oxide, it can be concluded
that the oxide debris generated in the region below the transition
is due to a milder and essentially non-adhesive wear mode.

The topography of the wear scars are characterised
by a smooth and even surface appearance with the total absence of
gross surface deformation, as illustrated by the micrographs of
figure (L.19). Delineation by well defined wear grooves clearly
demonstrate the direction of sliding. The absence of such wear top-
ography in the wear scars from the corresponding adhesive wear
regions 1is in addition to the view that two fundamentally diff-
erent wear mechanisms are in existence.

In conclusion, it is considered that (1) above the

transition zone, in the case of the AISI 316 steels, and for all
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regions, in the case of the AISI 310 steels, a predominantly ad-
hesive wear mechanism prevails, producing as a result a highly

energetic severe mode of wear; and (2) below the transition zone,
predominantly oxidative and delamination wear mechanisms prevail,

producing as a result mild wear.

(111) Delamination Wear

A closer examination of the wear scars produced under
mild wear conditions shows that where surface covering by compacted
oxide is not in evidence a distinctive smooth laminated wear sur-
face consisting of thin horizontal wear sheets parallel to the
surface is observed. It is shown by Suh [69 ] that materials dem-
onstrating such surface character have undergone delamination wear.
Scanning electron micrographs illustrating typical forms of delam-
ination wear are shown by figures (L1%b) and (li9c). As initially
propounded by Suh, delamination we;r is considered to be due to
the nucleation of subsurface cracks and the subsequent growth,
coalescence and propagation of the cracks to the surface to form
sheet-like wear particles. The magnitude of the wear, w/s, by such

a process is given by:

1 1
3-(11+32h2)2
s de dc2 Pm

where dc and h denote the critical plastic dis-placement and sur-

face layer thickness respectively and B denotes a complex parameter

dependent upon surface topography.

(iv) Contact Mechanisms

The basic mechanism by which delamination wear arises,

namely that of crack propagation to the surface, is evidenced in the
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present work by figure (|9 which illustrates a scanning electron
micrograph of a delamination crack delineating the wear surface. By
sectioning wear-scars exhibiting delamination wear Suh showed that
such delamination cracks were initially observed to begin in the
subsurface layers parallel to the surface, nucleating along lattice
dislocations and vacancies.

It is suggested in the present discussion that such
delamination cracks are caused by stress inducing cyclic contact loads.

Consider the case of a stationary flat-faced cylindri-
cal pin loaded against a stationary flat surface of a disc. Under
such conditions a uniformly distributed load is applied over the
area of a circle of radius, a, where 2a is the diameter of the pin.
The consequent distribution of pressure over the contact surface
can be represented by the ordinates of a hemisphere of radius, a,

constructed on the surface of contact, as illustrated in figure (5.9).

el
\ ! T

Fiqure $.2
2 ~

As a result of the contact pressures, stresses are produced within
the contact area. The distribution of such stresses are distributed
beyond the contact surface, unlike the distribution of the pressure
which is confined within the contact surface.

The magnitude of the stresses induced in this way can
be determined by resolving the principal stress components, 62’ Gw

and Gg. It is shown by Timoshenko [ 70 ] that the stress component
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o‘z due to a normal force P acting on the plane boundary of a semi-

infinite solid is given by :

s, = - %% 23 (r° + zz)-% [5.4]

where Z = distance along the Z-axis of the contact and r = radius

of the contact surface. The pressure, q, acting on a ring-area of
radius r and width dr (figure (5.10)) due to a load distributed

over a circular surface of contact of radius, a, is P/2%X rdr. There-

fore, the load P in terms of the pressure, q, is 2Xr. dr q. Substi-

Figure 5.10 Sv O

z
tuting for P in equation (5.} ] gives the stress d Oy produced at a

point on the Z-axis (figure ©,10)) by a load distributed over a

ring-area of radius, r, and width dr:
£
dg, = -3qrdr23(r2+22) 2

The stress & - produced by the load uniformly distributed over the

entire circular area of radius, a, is therefore:
a B 2y a
62’-_J’03qrdr (r“ + 2°) 2

=g 2 S 2) 12
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r z —] 5.5)
° . = q _1 - _.3— >
& (a2 - 22) 2 i
-
forZ = 0 GZ = =q

Hence, at the surface the stress is equal to q and gradually de-

creases with increasing Z.

Timoshenko and Goodier [ 70] show that the stress components C'r and

C g due to a normal P acting on a plane boundary of a semi- infin-

ite solid are given by: 9 b

Sr §—ﬂ.{(1 e [h -4 Peh o) P e ) "‘jg..@
-1

)
and  Gg = == (1-24){-1-2-+%(r2+22)2+z(r2+22) 2J B.7)

where =~ = Poisson's Ratio.

Considering four elements of the loaded area (figure (5,10)) each of
which carries a load qr. d¢. dr, and using equations [.6] and [5.7]
the stresses produced by their respective loads can be determined.

These are shown by Timoshenko to be of the form:

dor = dote w gr.ad.de (-2t «9)7 (28 + ) Y 3 4 ) 9
=

Integrating with respect to $(0 —=7/) and with respect to r, from

o to a, determines O r and §g produced by the entire loaded area:

6r = Go = 4 [-0+29) f?v;g - czz 22>31 5.8]

-+

At the centre of the circular loaded area, for the poinmt O, where Z = O

61‘=66"-1;2\)

The maximum shearing stress T mex at any point on the Z-axis is given

by 1/2( Se = §,). Hence using equations [5,5] and [5.8]

=29
T max = %[lg_ + %(1 +v) J2(1 +-0)] [5.9]

L
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Under conditions of continuous sliding the stresses, § z, dr,
and J max are applied and unlike the stationary case are instantan-
eously relieved. This occurs at all points of cantact between the
pin and disc once per revolution. For large sliding distances, how=
ever, where many hundreds of sliding revolutions are necessary, the
stresses are applied and relieved repeatedly. In this way, all points
of contact at the surface and corresponding regions below surface ,
bounded by the volume of a hemisphere,undergo cyclic stresses. The
volume of material below surface which is immediately affected by
the contact loading for the present case is given by the volume of
a hemisphere of radius equal to the radius of the pinETl )(72)

Using equations £.5], £.8] and 5.9] the principal stress
camponents &, Or and Op and J max and their variation with depth
have been calculated for the continuous sliding condition at loads
of 0.75 kgms, 10 kgms and 15 kgms. Figure (5.11), ( a ), ( b ) and
( ¢ ) illustrate graphically the calculated magnitude of the stresses
and their variation with increasing depth beyond the contact sur=-
face.

For all loads it is evident that very high stresses
exist and that for the normal and radial compressive stresses & 79
S r and G the maximum magnitudes are found at the surface,at Z = O,
e.g8., Srand Sg = and &, = at 15 kgms load. The
stresses gradually decline with increasing depth. The shearing stress,
Y’ , however, upon which the yielding of such material as steel de-
pends is comparatively small at the surface. With increasing depth
a maximum is reached in the shear stress at a depth of 0.7a, with a
subsequent decline with further increase in depth. As such, the view
that delamination wear is initiated below surface is well supported

by the stress determinations made here.
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Since, amongst other factors, it is the magnitude of
the shearing stress that decides upon the likelihood of material
failure, it is noteworthy that a maximum in the shearing stress
occurs at a region below the surface. Herce, it is at a depth corre-
sponding to ) max within the conmtact surface at which material fail-
ure, by way of crack nucleation, is most likely to occur. Since
delamination wear is initiated by sub-surface material failure and
sibsequent crack propogation, the stress determinations made in
the present work would clearly seem to be in accordance with the

mechanisms describing delamination wear,

Thermal Stress

In order that material failure can occur it has been
shown by many workers that the relation Tmax 2> F.S must be sat-
isfied, where F.S. = fatigue strength of the material in shear.
That is, the maximum shear stress induced by surface loads must be
sufficiently large to exceed the fatigue strength. However, it is
apparent for the present case, figure (5.11), that although the
maximum shearing stress is large at the loaded contacts, it is,
however, not sufficiently large to satisfy this shear stress to
fatigue strength relation. In casequence, it can be concluded that
in order for material failure of the kind evidenced to occur there
must be additional stress inducing processes acting to suffi- -
ciently increase J max.

The additional stress inducing processes it is sug-
gested may be due essentially to the thermal stresses produced by
frictional heating and to a lesser extent by processes such as the

frictional force. It has been shown by several workers that due to
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the frictional heating at the surface steep thermal gradients are
produced between the surface and sub-surface layers, as a result
of large differentials in their maximum temperatures. 'Kelly {73 1
demonstrates this clearly by his temperature calculations for the
case of steel on steel contact for a relative sliding volocity of
1.25 m.s”' and a load contact per unit length of kgm.m"1 .(?L‘)(?S)
If the surface material is at a higher temperature
than the sub=surface material then the expansion of the surface
against the restraining sub-surface must produce surface compres-
sive stresses,O T. Such stresses, known as thermal stresses, as a
result add to the overall stress produced at the contact surface.
Stresses produced in this way can be considerably large ard in con-
sequence cause the yield strength to be exceeded and material fail-
ure to occur. In addition, material failure is most likely to occur
at regions of lattice dislocations, stacking faults and lattice
voids where in general the yield strength would be much reduced
below the overall bulk value. Consequently, the additional stresses
produced by thermal and frictional processes would exceed the local,
if not the bulk, yield strength. Under conditions of continuous
sliding, the repeated application of the generated stresses to the
failed regions would therfore gradudly increase the material damage
and ultimately cause the failure to propagate to other regions with-

in the contact surface.

5.2.2 " Heat Flow Analysis

In the preceding section, the delamination wear theory
has been used in helping to define the wear mechanisms giving rise

to the mild wear in the region below the transition. In the following
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section the oxidational wear theory is investigated for the pur=-
pose of helping to further elucidate the wear behaviour.

It is evident, by examination of the wear debris
ard the wear scars, that much oxidation of the wear surface is
produced during the mild wear stage. A large proportion of the wear
debris is found to consist of oxides of iron and chromium and that
the wear scars show the formation of compacted oxide over-lying
the substrate, as illustrated by figure (L19d. Clearly, it must
be the gradual failure of such an over-lying oxide by a micro-
fatigue process and the subsequent shearing into minute fragments
which must prcduce the oxidised wear debris.

A wear process exhibiting such wear behaviour exem-
plifies, as defined by Quinn [ 76 ], typical oxidational wear. As
such, it is thought that Quinn's oxidational wear theory is readily

applicable in an attempt to further define the mild wear behaviour.

(1) A Brief Description of Quinn's Oxidation Theory of
Mild Wear

Essentially, the oxidation theory of mild wear states
that under conditions of oxidational wear, the wear rate, w, of one
of the members of a sliding pair of steels may be given by:

w = W.d.Ap.exp(-Qp/RT) [5.10]
U.Pm.fz. Ko Ec2

where W is the applied load, U is the sliding velocity, Pm is the
substrate flow pressure, f is the fraction of oxide which is oxygen,
o is the oxide density ard €c is the critical thickness at which
the oxide becomes unstable; d is the distance between wearing as-
perity contacts and given by d = ~/ W/, .N.Pm where N is the number

of areas of contact sharing the load. (77)
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Quinn [ 77 ] uses the oxidational wear equation to
describe the wear process in terms of the critical oxide film
thickness ( €c¢), the temperature of oxidation at the interface (To)
and the number of catacting asperities (N). This is achieved by
substituting the appropriate oxidation constants, Ap and Qp, con-
sistent with the oxidation debris type, and the experimentally
derived wear rate into the wear expression (equation [5.10]).

The exact method used by Quinn et al is comprehen-
sively described elsewhere. In short, however, the salient features
are discussed in the following:

By use of the temperature measurements made of the heat flow along
the pin, the division of heat at the interface Sexpt. can be deter-

minded, as given by:

H1
Sexpt. HETotal

where H1 = Heat flow at the interface; H = total heat flow. In

total
addition a theoretically derived expression for the division of
heat at the interface, {theory, in terms of a surface model con-
sisting of N asperities of approximately the same area of contact
aupon which an oxide film of thickness, £, is situated, is also
det:ermined and given.by:

dtheor = Ta/(Tp + Td) [5.11]
where Tp and Td are temperature excesses at the interface assuming
all heat flows in'to the pin and the disc respectively.
By its definition, Stheor is N and S dependent since

7 = 8 Bootar .1
L a ks N
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and Tp = “Total . 1 + ‘Tobal . 1 .¢g
Lak N % 2 N
g a ko
where a = the radius of the real area of contact; k; and ko = thermal
conductivities of the steel and oxide respectively.
Letting P = HTotal/h a k
Equation [5.17) can be expressed as:
H € <)
1
d’theor = -ﬁ > .6 % /“‘& + -lgié-l- + ﬁ [5-1 2]
Ra kON

By inserting appropriate values of N into equation [5.13, for a range
of values of £, a set of values of N can be féund which satisfy the
relation:

é-theor = 6expt.
By substituting values of N and into equation [5,1]

To = (§theor . Tp) + Ts (5.13
corresponding values of To, temperature at the area of contact, can
be determined which are consistent with J theor and (f expt.

Using the values of To the corresponding values of N,
and assuming that
Wtheor = Wexpt.
Qp can be determined by substitution imto equation [5.1d, for a
range of values of £ .
Finally, only those combinations of N, £ and To which
give the correct Qp are selected. A computer is used to search for

the appropriate combinations of N, € and To, consistent with the wear

5.2.3 The Application of the Oxidation Theory of Mild Wear
to the Present Work

In applying the oxidational wear theory to the present
work, several assumptions have been made. Firstly, it has been ass-

umed that the relevant Ap factor is that which defines the static
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oxidation of austenitic stainless steels, namely, 1 x 1077 kgz.

=l

3-1 . Secondly, the dominant constituent of the surface oxides at

the sliding interface is Cr and thirdly, that the correct Acti-

203
vation Energy Qp is that found by experiment in the present work
for the parabolic oxidation of austenitic stainless steels,

Using the theory as previously described, in accor-
dance with the assumptions,the heat-flow measurement for loads below
the transition are analysed. Tables 5,2 and 5,3 illustrate the ana-

1 ysis results for air and CO, enviromments, respectively, for oxide

2
thicknesses of 1pm and 5 um

It must be pointed out that in order to satisfy the
initial assumptions the parameters Qp, k,, f and Qo which are used
in the analysis are those relatin g to chromium (III) oxide and not
to Iron oxides or any intermediate forms of combined iron ard

chramium oxides.

(1) Loy

Examination of Tables 5.2and5.3 show that in general,
for all test loads and enviromments, very low Qp values are found
compared to the experimentally derived values of Qp =90kJ as found
by static oxidation experiments. It is evident th#& assuming thicker
oxide formation viz., £= 5 fm higher Qp values are found, but are
still inconsistent with the experimental values. However, it is
encouraging that in general the values of all Qp's are very similar,
not widely varying, and remain reasonably constant for all loads

and enviromments.
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(i1) N, To and £

The values of N appear to be consistent with the oxid-
ational wear theory in that in general relatively few asparities are
in contact between the sliding surfaces at any one time. It is
noticeable that with an increase in oxide thickness there is a large-
decrease in N. Clearly, this would seem to suggest thaf the dimensions
of asperity heights are of the order of microns and hence readily
buried by a few microns increase in oxide thickness and thereby
exposing fewer asperities.

The values of To appear to be low, for oxide thick-

n esses of 1 pm but markedly higher for & =5 pm The variation of
To with load is evidently consistent dnce for all_ experiments, in
general, a decrease in To is found with decreasing applied locad.
However, there appears to be no direct linear relationship between
To and N. The variation of N with decreasing load and To show no
direct trend. If To were wholly dependent upon the number of con-
tacting asperitites a corresponding decrease would be found in the
values of N with decreasing To. However, To must to same extent be
dependent upon N since it is to a large extent the extent of inter-
metallic contact and asperity-asperity interaction that determines
the heat generated at real areas of contact.

The thickness of the oxide at the interface, it would
seem, is an important factor in the overall oxidation process. Add-
itionally, since any change in £ results in substantial changes in
N and To it is also suggested that the oxide thickness significantly
influences the micro-mechanical and micro-thermal processes at the

interface.
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(111) Alternative Ap

It has been shown that the value of the activation
energy, Qp, can be considerably changed by changing the value of £,
However, to be realistic the value of £ cannot be made larger than
a few microns. Consequently, to find agreement with the experimen-
tally derived Qp, an alternative parameter must be considered. The
alternative parameter considered is Ap, the Arrhenius reaction-rate
constant. It has been shown by numerous workers (primarily Quinn,
Sullivan et al) that Ap is a greatly varying parameter and strongly
dependent upon experimental conditions.

Table 5.4 illustrates the affect of using an alter-
native Ap. The data relates to the wear of the AISI 316 steels under
conditions of 0.5 m.s'1 sliding speed and an air environment.

It is evident .t‘rag the table 5.) that changing Ap also

substantially changes Qp. By changing Ap to a value of 2.0 x 10712

kgz.m—h.s-1 from the original 1 x 1077 kgz.m'h.s'1 a large increase
in Qp is found. It is interesting that using the alternative value
for Ap significant changes in N and To are not found but remain

consistent with the corresponding values for the ariginal Ap.

(iv) In Conclusion

It appears to the author that while there are certain
inconsistencies between predictions of the oxidational wear theory
and the experimental results these are mainly due to the use of
inappropriate oxidation constants. Firstly, it would appear that
the Ap derived by Gulbransen and Andrew [ 38 ], from static oxi-

dation experiments, is not directly applicable to the wear theory.
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It is suggested that under 'dynamic'. oxidation conditions, such as
are produced during continuous-sliding oxidational wear, an Ap
greatly different to the static-oxidation Ap describes the para-
bolic oxidation occurring at the interface.

Secondly, it is evidenced by X-ray diffraction that
the surface oxide formed during sliding is not purely 01-203 but
consists of numerous other phases of axide e.g. Wustite and Spinels.
Hence, to be strictly representative,oxidation parameters ko, f and
€0 must reflect in their values the contribution of these oxides
to the oxide film. In the present work, of course, the values for
pure Cr203 only have been used.

Finally, it is seen by examination of the wear top-
ography and the wear debris that the mild ;fear process being dis=-
cussed here is not purely oaxidational but also consisting of delam-
ination-wear mechanisms. Consequently, since the oxidational wear
theory has been derived for strictly oxidational wear there must
certainly be discrepancies due to the inhomogeneity of the wear
process.

5.2.4 Application of the Oxidation Theory of Mild Wear to
Wear at High Temperatures

It is difficult to foresee the effects of high am-
b ient bulk temperatures upon the true theoretical division of heat,
d-theor, the temperature at the real areas of contact and more
importantly the heat flow parameters. Such uncertainties must of
course arise as a result of the fact that the oxidation theory of
mild wear is proposed in essence for conditions of wear occurring

at ambient room temperature.
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The careful examination of the heat flow theory ([ L3])
shows that certain assumptions implicit in the derivation of the
theory may not be directly applicable to the wearing situation at
high temperatures. It is assumed in the theory that the surface
temperature, at the apparent area of contact, of the pin and disc
is uniform and that, in addition, there is no temperature gradient
across the pin. However, since the temperature of the environment
around the pin and the disc cannot be considered to be comparable to
the bulk temperature of the sliding members, a thermal gradient
must exist and that also temperature uniformity cannot be fully
achieved.

In addition, the cooling effect of the gas environ-
ment upon the sliding members in terms of heat loss per unit area
at high temperatures must enevitably be much greater compared to
the cooling offects at room temperatures. Consequently, the heat
transfer coefficient (h) normally used in the heat flow calcula-
tions may therefore be inapplicable to the high temperature case.
In general, it is considered, that heat flow parameters such as H,
H2, H3, I, Qa and Qi may well be inaccurate in describing the heat
flow conditions at high bulk temperatures.

In determining the theoretical division of heat at
the interface at high bulk temperatures Tp and Td must become even
greater abstract quantities since it is clear that at bulk temp-
eratures of SOOOC the ability of the pin and the disc to act as
heat sinks for excess temperatures must be considerably reduced.
In consequence, to achieve equality between the experimental divi-

sion of heat <5expt. and dtheor unrealistic solutions in terms of
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N, the number of contacting asperities, To, the temperature at the
asprity contacts and Ec, the critical oxide film thickness, may be
obtained.

The offect of the high bulk temperatures upon mechan-
ical phenomena such as the load bearing capacity at high temperatures,
the ability .of ast arity-asperity adhesion, thermal conductivity and
the flow pressures of the steels cannot be deduced straight for-
wardly by experiment and must therefore remain, to certain extents,
as uncertain parameters. As a result, such uncertainties must
inevitably introduce additional in-accuracies into the heat flow -
derivations.

In conclusion, it would seem that in order to be able
to apply the oxidational theory of mild wear to a wearing situation,
at high ambient temperatures, modifications may need to be made
firstly, to the heat flow theory, in order to faithfully process
the heat flow data, and secondly, as a result, to the oxidational
theory. At a future date, it is thought, that with suitable modi-
fications to the heat flow and oxidational wear theories, the heat
flow data desctibed in Chapter L will prove useful in describing

more realistically the wear occumring at high ambient temperatures.
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6. " ZogcLuE3Ion

The experiments carried out in the present work investi-
gate the oxidational and tribological behaviour of austenitic stainless
steels under conditions of high temperatures and an_- based enviromments.
Since the austenitic siainless steels are widely used by
the CEGB as the major structural material for the fabrication of many
mechanical components for use in the Advanced Gas cooled reactors, the
importance of understanding the behaviour of such steels under AGR-type
conditions is self evident. In respect to this, the present studles
show that:

Oxidational Behaviour

3 An oxidation apparatus to simulate AGR enviromments (i.e. AGR
temperatures and coolant-gas) is developed. The apparatus is subse=-
quently used to oxidise austenitic stainless steel specimers. An
accurate mixture of a COz-based AGR-type coolant gas is used. Flow -
control is achieved by means of mass-flow controllers and flow rota-
meters. A very low flow-rate is used., The high temperatures are pro-
duced by baffle furnaces and temperature-monitoring and control is
achieved by means of temperature regulatcrs.

2. Characteristic differences between the general oxidational
behaviour of the AISI 316 and AISI 310 steels and the AISI 321 steels
are observed. While the former exhibit protective oxidation the latter
steels are found to rapidly lose the protective oxide and subsequently
develop a coarse and nodular replacement oxide. The occurrence of such
behaviour is identified to be evoked by thermal cycling. ch;ver, after
prolonged periods of oxidation the AISI 316 and AISI 310 steels are also

observed to nucleate nodular oxide.



201

3. Oxidation kinetic determinations show the protective oxidation
exhibited by the AISI 316 and AISI 310 steels to be in accordance with
typical Wagnerian parabolic oxidation, while the oxidatiocn of the AISI
321 steels is shown to be distinctly abnormal in nature, non-parabolic
and in accordance with logarithmic cxidation kinetics. Determination
of parabolic kinetics for the AISI 316 and 310 steels show the exis-
tence of a two staged parabolic oxidation process characterised by

k

el
responding reaction-rate activation energies, Qp1 and Qp2 are calcu-

and kpz, the rePpective Arrhenius reaction-rate constants. Cor-

lated and found to lie in the range -7L4.5 to 100.96 f(J.Mble-1.
In general the parabolic laws:
AWy2
o k

pT.t and (AAl*i)2 = k..t + ¢

define the AISI 316 and AISI 310 steel btehaviour. The logarithmic
law:

ﬁ -'I)

log (IE s  a.,t

defines the behaviour of the AISI 321 steels.

L. A very distinctive double layered character of the nodtlar

oxide nucleating on AISI 321 steels is observed by metallographic exam-
ination. The outer layer is shown to be above surface, nodular and
porous in morphology, while the inner layer is found to be totally
below surface and deeply penetrating the subsurface alloy via the grain
boundaries.

5. Elemental analysis of the protective oxide and the nodular
double-layered oxide (duplex oxide) are shown to be chromium and iron
rich respectively. While the protective oxide is found to be predom-
inantly of the structural form, Cr203, the nodular duplex oxides are
shown to be much more complicated in composition, consisting of a

F3203 - type upper layer and a complex spinel-oxide lower layer. Elec=-

tron-robe micro analysis of typical cross sections of duplex axide
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nodules are shown to exbibit a characteristic Fe-rich Upper layer and
a prominently Cr-rich lower layer.

5 Variation in the elemental composition of the inner and outer
layers of the duplex oxides with increasing oxidation is observed. It
is shown that the outer layer is Fe and Mn abundant and Cr and Ni
defl.cient (< 2%) bu_t with increasing time of oxidation becomes pro-
gressively diluted in Fe. The inner oxide is shown to be Cr and Ni
sbundant with a fairly high content of Fe (~ 20%) but that the latter
rapidly diminishes to < 2% with increasing oxidat.ion;

T Elemental concentration profiles taken with the Electron Probe
micro-analyser show the development of Cr depletion zones immediately
below the alloy-oXide interface. Such depletion zones are not so dis-
tinctly observed for any other major oxidising element. The depletion
zone is shown to increase in depth with increasing time of cXidation
upto 23 pm after 3500 Hrs. Cr depletion levels to 5% within the deple-
ted zone are observed as a consequence of such behaviour.

8. Two oxidation medels are developed to further understand the
oxidational behaviocur. The first, an electronic model, is developed

on the basis of electronic, cationic and anionic transpart mechanisms.
It is shown by such a model that the chemical structure of the Cr-

rich inner spinel-oxide layer is of the form:
3+ 3+ 24+ 7,
(Fe2-x Cr.  Fe ) )

but that due to inter-solution of oxides, the structure is more likely
to be a mixture of the oxide phases

34

(Fe 2=x

3+ 2+ 2= 3+ 3+ D
Cry, Fe )Gh and (Fe1_x Cr )203

The outer oxide is predicted to be of a P-type Fe203 oxide.
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The secord model, developed on the basis of Fick's laws
of diffusion, shows that the concentrations Cs and CB (at the interface
and within the bulk alloy respectively) are given by the relation:

C. = =-JIM + C
S A ——————
D,

From this, Mt, the amount of oxidising element diffusing at any instant

B

from the alloy-oxide interface, is shown to be less than CS’ i.e.

Mt <Cs

Iribological Behaviour

j 5 Differences in the sliding wear behaviour of the AISI 316 steels
and the AISI 310 steels are shown. The AISI 316 steels are shown to
exhibit transitional load-dependent wear behaviowr, where above a crit-
ical load severe wear is found to predominate and mild wear fér loads
below the critical load. The AISI 710 steels are observed to exhibit
non-transitional lcad-dependent wear, for all conditions, where only
the severe wear mode is encountered.

29 In general, the mild wear rates of the AISI 316 steels are

7 -6

found to lie within the narrow range 3.5 x 10 mmm™] to 4.0 x 10
mmB.mm—T, whereas, however, the severe wear rates, for all steels, are
observed to occur over a very much wider range covering five orders

of magnitude i.e. 5 x 10-? to1 x T*CJ_Bmm:').rrml-‘I for the AIST 310 steels
and 3.5 x 1077 to 1 x 10’ .om™ | for the AISI 316 steels. In all
cases,for the severe wear regions, sharply rising wear patterns are
observed.

3. Under 002 environments lower wear rates are observed for all
steels, in camparison to the relatively higher wear rates found under
air enviromnments. The effect of enviromment is found to produce changes

in wear rates of approximately 1/2 an order of magnitude. Changes in

the overall transitional wear pattern of the AISI 316 steels is, however,
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not observed. Similarly, a transitional wear behavicur for the AISI
310 steels is not obtained.

L. The effect of a change in sliding speed is cbserved to be in-
effective in changing the overall general wear pattern of the steels.
However, by reducing the sliding speed it is shown that lower wear
rates, in general, are found and that the critical load is displaced

! to 2.0kgm at O.Sms--I "

to higher loads, i.e. from 0.9 kgm at 2.0 ms™
under C02. Under air, however, the position of the critical load is
unchanged. A reduction of over one order of magnitude in wear rates
is observed for severe wear as a consequence of reducing the sliding

velocity.

S. The wear behaviour of the AISI 31 steels at high ambient tem-

peratures i.e. BOOOc and SOOoc is observed to exhibit the typical

. transitional ard lcad-dependent wear pattern. Mild wear and severe

wear modes are again observed. The wear rates encountered are found

to be similar in magnitude to those cbserved at room temperature, i.e.

~ 11077 to 3.5 x 10 m>.mm™' for mild wear and ~ 3.5 x 107" to
L

Ix 16" nunj.rrun-‘I for severe wear.
6. The friction tehaviour for the AISI 316 steels is shown to be
transitional in character about a critical locad. For loads above the
critical load, wILZ ¥ ps 2 load independent friction region is observed,
Dé’ ."'rT

region is encountered. The critical load regiom, i.e. Wrp 2> Wré Wirs

is observed to form a third friction region i.e. the transition region.

and for loads below the crtical load, WL s, & wholly load dependent

The critical load is shown to vary within the range 2.2 kgm to L.Okgm.
Te In general, the friction behavicur at the load independent region
is observed to be independent of sliding speed. For light loads in the
load dependent region, however, a reduction in sliding speed is shown

to produce higher friction coefficients.
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O For the region, WtLEB'WT, typical friction coefficiernts in the
range 0.55 to 0.70 are found. For the region, HiD:s WT

range of friction coefficients are observed between the values 0.7 (for

s, however, a wide

Wop = wT) to 1.9 (for W p < 0.23kgm).
S In the region abeve the criticael locad, i.e. the load independent
region, it is observed that Amconton's law is not obeyed; the behaviour
in this region is described by the relation:

M (for ".u’E > WT) = k(ccnst)
Within the load dependent region, however, it is shown that the fric-
tion behaviour is well defined by Amornton's law i.e.:

M (for @ & Wy) = F/d o+ C
10. Two forms of wear debris are identified: (1) Oxidised wear debris
and (2) Unoxidised metallic debris. The former type is observed to be
associated exclusively with mild wear and in cmsequence is found only
for the wear of the AISI 316 steels. The latter type is associated with
severe wear although it is also found within mild wear debris.
M. By X-ray diffraction analysis of the wear debris the major con-
stituent of the metallic debris is found to be austenite. Mild wear
debris, however, is found to consist of a mixture of L major oxide
groups: (1) Rhombohedral (2) Cubic (3) Spinel and (L) Wustite. The

specific oxide species found are Cr203, x-Fe and (Cr,Fe)Z,C}.4 [Rhom-

203’
bohedral], T—Fe203 [ Cubic], Fe30 and CrBOh [Spinel] and FeO [Wustite].
12 Examination of wear-surface topographies from the mild wear
region, by Scanning electron microscopy,show the prevalance of four
major wear mechanisms: (1) Hollowing (2) Shearing (3) Parallel-plate
dislocation ard (L) Oxide formation.

Topograrhies formed under severe wear conditioms, however,

show exclusively the occurrence of gross plastic flow, plastic deform-
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ation and severe adhesive wear.

13 It is shown by comparison of Archard's k-factors, that the wear
cccurring above the wear transition load is similar in nature to that
cccurring under all conditions for the AISI 310 steels. Similarly, by
determination of the k-factor it is shown that the wear occurring under
mild wear conditions is not typical adhesive wear. The k-factor values
for wear above the transition load are shown to lie within the range
0.0110 to 0.182, while for wear under mild wear conditions a greatly
diverse range of values are found, i.e. 0.001 to 0,571,

1k. A ccntact mechanical model is proposed,developed on the basis of
Contact Mechanics, to understand the observed shearing and plate-dislo-
cation wear mechanisms, by virtue of sub-surface crack propagation. The

contact load stress components &, » 8y , Og and T pay 2T deter-

mined for loads of 0.75kgm, 10.0kgm, and 15.0kgm.

3
v
Cz= ql-1 + 3]
(32+22)§
g - -3
S = g_ﬁ {(1 -29) {1—2 - 22 (r+2%) 2] -Eri (r2+2%) 2 }
r r
P o g imie Sh 2.2, %
Ce = S (1=2V) - S, (r°+2°%) 2+ 2r L") 2
r r

e Toag -‘-2‘-[1'2" * %(nv) J2014v) ]

The stresses, in general, within the range ‘IOS - 106, for the loads
considered, are found.
15, The oxidational theory of mild wear is used to predict surface
contact parameters, Vi3, N, the number of contacting asparities, E,
thickness of surface oxides and To, the temperature at the real areas
of contact.

For E = 1pwm and 5',.{»\ , values of N in the order of 200 -

500 are found and surface temperatures, To, in the range 60°C - 100°C.
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However, the theory is found to predict much lower values for Qp, i.e.
P = 30&J.mole_1, than is observed by experiments. By the use of an

alternative value for Ap, the Arrhenius reaction rate constant, i.e.

=12 i

4p = 2,0 x 10 kgg.m- .5-1 much higher values of Qp are predicted.
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s INTRCDUCTICN

Most of the components of the AGR internals are fab-
ricated from austenitic stainless steel, employed because of its
high temperature strength, oxidation resistance arnd relatively low
cost. A large number of these components are subject to functional,
thermal or vibratory movement, and unfortunately the tribology of
austenitic stainless steel is not always satisfactory in the carbon-
dioxide based enviromnment of an AGR coolant. Much attention has
therefore been given to finding suitable bearing materials to employ
at moving interfaces (e.g. [ 1] and [ 2]). In these bearing mater-
ials studies, graphite was consistently found to be tribologically
benevolent, and as such it has been widely employed as a bearing
partner for stainless steel.

The behaviour of graphite was not unexpected, the
tribology of graphite having been the subject of much work (e.g.
(3 1,[L ]J,[5 ] and [ 6]). However, full scale tests of com-
ponents and oxidation studies of stainless steels showed that a
problem could arise that resulted in high grarhite wear. Some aus-
tenitic materials were found to grow a different oxide from that
conventionally expected ([ 7 ], [ & ] and [900)]) and this could
- appear in a variety of morphologies, some of which were extremely
nodular on a microscopic scale, as shown in the scanning electron
micrographs of figure (A1 ). Oxides ofthis nodular form were found
to wear graphite mating surfaces abrasively, with resultant wear
rates orders of magnitude larger than expected in normal sliding
wear. A series of studies on the abrasive wear of graphite was

therefore initiated.
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2. BACKGROUND

21 The Effect of Gas Flow on Debris Clearance

A series of experiments carried out by Gordelier and
Skinner on the abrasive wear of graphite showed the excessively high
wear of graphite obtainable by rough courerbearing surfaces. The
following describes in brief some of their experiments and results.

The production of oxidised stainless steel specimens
with the correct nodular morphology was difficult and time consuming,
because neither the nature nor morphology of the resultant oxide
could be guaranteed in advance. Much of the work on abrasive wear
was therefore conducted with the 'artificial' abrasive surfaces
of aluminium oxide paper (A1 203), silicon carbide paper (SiC) and
grit and bead blasted stainless steels.

In the initial experiments flat ended graphite pins
of 10mm diameter were repeatedly traversed with a stroke length of
270mm across an aluminium oxide abrasive paper. It was found that

i .3
mm~/Nmm) but rapidly reduced

the initial wear rate was high (10~
with the number of traversals as graphite debris clogged the abra-
sive surface. Figure (42 ) shows some of these results, which have
been discussed more fully elsewhere by Gordelier and Skinner [ 9 ].
In the component tests the wear rate did not appear
to decrease in this fashion, remaining at around 1O'hrrm3/Nmm, and
neither was there any evidence of graphite transfer and abrasive
surface clogging. The components examined in these prototype tests
were mainly seals across which there was a pressure difference of

21;01{N/m2 and it was postulated that an interface gas flow driven

by this pressure difference could prevent saturation of the abra-
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sive; subsequent experiments confirmed this postulate. In these exper-
iments a flow of gas, either nitrogen or carbon-dicxide, was intro-
duced down a central hole in a graphite pin of 12mm diameter. The

flat end of this pin was reciprocated with a stroke length of 10mm
against a variety of abrasive surfaces, and the results of these
experiments are shown in figure ( A2 ). It can be seen that a
relatively small pressure difference across the wearing interface

was sufficient to prevent graphite transfer and maintain the wear

rate at the high levels associated with 'fresh' abrasive. Again

these results have been discussed more fully elsewhere [ & ].

2l Large Amplitude Abrasive Wear

Within the reactor system a number of components either
function as seals with a deliberately imposed pressure difference
across them, or operate in regions of high dynamic head where a.
pressure difference could result from the gas flcw in which they
are immersed. The effect of a gas flow, ar illustrated in figure
(A3 ), was therefore of real practical significance as it could
result in maintaining a fully abrasive wear regime. The rate of
material removal resulting fI'C!I-l contimued abrasive wear was obvi-
ously of practical concern, and a theoretical analysis was developed
for the large amplitude wear. This was based an on idealised abra-
sive surface of uniformly sized hemispherical oxide ncdules, ran-
domly dispersed on a surface with an initially Gaussian height
distribution. The details of this analysis are available in earlier
published work [ 10 ] and the results for a typical practical sit-
uation are shown in figure (4L ). Here the logarithm of the

specific wear rate is plotted against the radius of the growing



215

oxide nodules for a range of contact and surface feature parameters;
'n' is the number density of the nodules, § the standard deviation
of the initial surface roughness, P/H the ratio of the interface
pressure to the hardness of graphite, and \/ a factor representing
the ratio of the volume of material completely removed by an
abrading nodule to the total volume of material displaced by the
nodule. From the results in figure ( AL ) it can be seen that the
wear clinbs very rapidly amd typically has already risen by three
orders of magnitude from the normally expected level of around
10-8m3/1im when the excrescences have grown to a size of only a
few microns. The peak abrasive wear rate is same five orders of

magnitude larger than this value.

kP WEAR AT LON SLIP AMPLITUDES
3.1 General

The analysis discussed above was adequate to deal
with the large amplitude movements seen by camponents as part of
their design function or due to large thermal displacements induced
by readpr start up and shut down. However, the coolant flow rates in
gas cooled reactors are necessarily very large, a typical value for
a full core flow being 3,700 kg/s. In the reactor, flows of this
magnitude can induce vibrations of the components either directly
from flow excitation, or from the transmitted noise generated by
the large gas circulators. A number of componew‘s were therefore
likely to be subjected to a continuous small amplitude movement fram
vibration in addition to the occasional large amplitude movements.
While the amplitude of such movements is small their frequencey of

occurence is high, typically same tens of Hertz. The integrated
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sliding distance can therefore be very large and can be cons;derably
in excess of that expected from the total large amplitude sliding.
Many components could tolerate wear rates-as large
as those shown in figure ( Al ) for the occasional large amplitude
movement, but their lives would be exceedingly short if the high wear
rates persisted during the small amplitude vibratory movement. This
could happen when an interface gas flow was effective in removing the
debris during the wear process. If a simplified model such as shown
in figuwe (45 ) is considered, then it seems possible that this
need not be the case as the wear may be a strong funcion of ampli-
tude. When the amplitude of movement is less than the typical inter-
nodule linear spacing, the wear groove from each necdule will not
interact with that of its neighbour. After a very brief initial
period of high wear, the nodules cut themselves cavities and the
load is taken by the surroundng flatter surface areas. If the
remaining area of surface abraded is sufficient to support the
load then the wear process should rapidly change from abrasive wear
on the nodules to a much slower adhesive wear on the base surface
between the nodules. However, if the amplitude of movement is in-
creased the cavities produced by the nodules will begin to interact

and the wear process should revert to the higher abrasive mode.

3.2 Experiment
A series of experiments were begun to check this

hypothesis that the wear at low slip would be strongly amplitude-
dependent. Due to the length of time and difficulty involved in
their production, there was a shortage of specimens showing the
nodular oxide. The first experiments were therefore conducted using

plasma sprayed corumdum (A1203) as the abrasive surface.
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In these experiments flat ended graphite pins of 5.8mm
diameter were reciprocated at small amplitudes, and at 50 Hz against
flat ended plasma sprayed pins of 7.6mm diameter, with central-holes
of 1mm diameter. The flat faces were dead weight loaded together by
a lever arm and the drive was provided by a large vibrator. Specimen
were run two pairs at a time to balance the loading on the vibrator,
as shown in the schematic diagram of figure ( 46 ), giving two data
points for each experiment. Within the limits of the drive the ampli-
tude was infinitely variable and was measured with a capacitive
transducer mounted very close to the specimen position, to minimise
possible errors fram lost movement in the apparatus.

In a second series of experiments the same apparatus
was used with the smaller specimens being pre-cxidised AIST 321
stainless steel showing nodular oxide morphology, and the larger
specimens being graphite again with a central hole. In both series the
graphite used was a nuclear grade, Gilsccarbon moderator B, manu-
factured by Morganite Ltd. As in the previous experiments [9,10 ]
with larger amplitude sliding a gas flow was injected down the cen=-
tral hole of one of the specimens in each matching pair to provide
an interface gas flow and scour the debris from the wear process.

The gases employed were again nitrogen and carbon dioxide.

The results of the first series of experiments, using
plasma sprayed corundum as the abrasive surface, are shown in figwre
(A7 ). The load empgoyed for all specimens was 2 kg, giving an inter-
face pressure of 0.75 N/mmg, and the total slidiﬁg distance varied
from 25m to 686m, as shown on the figure. The interface gas flow was
maintained at all times to ensure that the abrasive surface would not

become clogged with debris which would reduce its abrasiveness.
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From the results shown in figure (A7 ) it is apparent
that a fairly sharp transition of same two orders of magnitude in
specific wear rate occurs at an amplitude (half peak to peak displ-
acement) of some 500 Mm. While the specimens in the high and low
wear groups had experienced widely different total sl jding distances,
both groups contained long and short endurance data points. The
transition was not therefore associated with a 'running in' phen-
omena, the specific wear rate being approximately independent of
total sliding ditance within either group.

The graphite surfaces were examined after the exper-
iments and they showed a very grooved appearance in the direction of
motion, as would be expected from wear against a rough surface.
Typical examples from a large and a small amplitude experiment are
shown in figure ( 48 ). It is interesting that the grooves far the
larger amplitude specimen appear to be continuous over considerable
distances in the photograph, the ridge features look sharp and the
larger graphite porosity can be clearly seen as dark patches. In
contrast a distinet length of groove feature can be identified in
the specimen for the smaller amplitude experiment, and this cor-
responds to the 300 mm peak to peak slip distance. The surface is
also generally more 'smudged' in appearance and evidence of any
porosity present has been obliterwted, indicating a wear process

which is much less abrasive.

In this first series of experiments therefc&e, the
features of the worn graphite surface and the resdts for wear rate -
as a function of displacement both confirm that in the present of a
gas flow an amplitude effect does exist in abrasive wear at low slide

magnitudes.
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In the second group of experiments, using preoxidised
stainless steel against graphite, the specimens were loaded with 2kg
or Skg, giving interface pressures of 0.?5N/mm2'and 1.89N/ﬁm2 res-
pectively, and the total sliding distance varied between 795m and
10,000m. The results are shown in figure ( A9 ) and extend up to
amplitudes approaching 1000pm. The results strongly suggest that
a transition is occuring at about this amplitude, but the experimen-
tal facility was not capable of producing larger amplitudes and the
trend could not be followed further. Both series of experiments there-

fore indicate that an effect of amplitude on wear is occuring.

3.3 Theory

The experimental evidence shows that gas flow can
lead to high graphite wear rates, but that below a eritical ampli-
tude more conventional material removal rates are observed. The
transition is dependent on morphology, which is very variable, and
hence to assess the implications and the boundaries of the wear
regimes in service a theoretical model is necessary.

To develop this model, consider the schematic dia-l
gram in figure ( A10), which shows an array of uniformly sized hem-
ispherical nodules randomly dispersed on a flat surface. Depending
on the amplitude of the movement the wear track from nodule 1 will
interact with those from nodule 2, 3, etc. It can be seen that if
the removed surface area, which is associated directly with a
given nodule, can be found, then the lcad bearing capacity of the
remaining surface can be evaluated. If this bearing capacity is
sufficient to support the imposed load the nodules will merely cut
themselves grooves until they no longer abrade the graphite surface.

The wear rate will then revert to a much lower rate of removal as
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the graphite slides against the smooth hinterlands. When the hinter-
lands can no longer support the lcad they will collapse and wear
will proceed abrasively. In figure ( 410) the area removed asso-
ciated directly with nodule 1 is shown shaded. If the average of
all such areas has a value A, then the amount removed per unit
area is nA, where n is the number of excrescences per unit area.
The area left to support the load is then (1-nA) per unit area.

The philosophy of this calculation is simple, but
in practice the exercise becames rapidly complicated unless further
simplifying assumptions are introduced. The approximation whereby
all excrescences whose centres fall within + R of the locus of the
centre of the nodule of interest (bb for nodule 1 in fig.( 410)) are
considered to have centres on the line, and all excrescences whose
centres fall within 12RI > 1y > IRI are ignored enables the calcu-
lation to proceed relatively simply. This assumption means that, of
the population of nearest neighbours, the half that have the most
influence are given an artificially increased status and the half that
have the least influence are completely ignored. By this device the
problem becomes much more tractable, and a quantitative feel for the
emplitude below which severe abrasive wear occurs can still be ob»

tained.

(1) Surface Area Removed Per Nodule

Consider now the rows of in line hemiepherical nod-
ules shown in figure ( A11). In figure (A11a), a single excrescence
forms a wear groove in the opposing surface which is being slid
through a peak to peak distance of 'a'. The area removed from the
abraded surface is obviously 2Ra + TTR2. In b) of this figure, two

neighbouring nodules are shown separated by dT’ where d.| is less
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than 'a'. The surface arearemoved is 2R(a + d1) +9 R2 in this case.

Similarly in c¢) of the diagram a row of nodules is shown and it can
be seen that in general, for a number of excrescences in a row, the
surface area removed is given by:

total area removed =
2

2R(a + d, +d2+d3 . +dt) + KR

for t excrescences in a row with d £ a.
The area removed by each excrescence is thus:

Individual area removed = 2Rd when d £ a

(1]
Individual area removed = 2Ra + TR2 when d > a
With this result it is possible to calculate the average area, A
removed per ncdule, if the distribution of nearest neighbour dis-
tances can be found.
(11) Nearest Neighbour Distance Probability Density Functinmn

If we consider the position of nodules to be defined
by their centres, and these centres are randomly distributed over a
surface, then it is reasonable to assume that the numbers of centres
that occur per unit area are distributed with a probability defined
by the Poisson distribution. That is, the terms of the series

3 L 5
e'n(1+n+-27+-3”—!+%+§_7+....) (2]

represent in turn p(0), p(1), p(2), p(3), etc., where p.(0), p(1)
etc., are the probability of 1;0 nodules in a unit area, one noduk

in a unit area, and so on, and n is the average number per unit area.
The result still holds as n increases provided we allow nodules to
overlap. If we now consider a specific nodule, as in figure ( 412),
then if p(0) is the probability of no nodules occurring in unit area,

the probability of no nodules occuring up to the point x in a band
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of width 2R, is given by:

P (0) = (p(0)?®
In the next element of length & x the average number that would be
expected to occur is 2Rn &§ x. Thus the average number of first

neighbours that would be expected at a distance between x and x +

§x is given by the product of these two terms, namely,

6N (x, x + 6x) = (p(0))*™ 2Rn §x
Hence, the probability density function for the distance to the

nearest neighbour in this bandwidth of 2R is given by:

dN (x, x+ §x) = 2Rn (p(O))ZFE = s(x)

dx
where s (x) is defined as this probability density function. The
value of p(0) is given by the first term of the series defining the

Poisson distribution, equation [2], and hence:

p(0) = e
Thus

s(x) = 2Rpe"PEX [3]
The probability density function for the nearest neighbour distance

in a band of width 2R thus decays away exponentially.

@ =<1 o
Note that [s(x)ax = [2Rne"™ ax = 1
o o
as would be expected; i.e. the probability of a nearest neighbour

lying at a distance between zero and infinity is 1.

(1ii) Load Bearing Area Removed.

Given the probability density function, equation [3],
derived in the previous section, it is then possible to calculate
the total surface area removed per unit area, when the peak to peak

amplitude of reciprocation is 'a', Recalling the result for the area
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removed by an individual nodule, given at [1], then the total area
removed per unit area is given by:
a o ®
nd = LR°n° {jxe-anx ax +s [ o 7 E dx} + nnR2j2Rne'2Rnxdx
) a

(=8
The last term accounts for the area which is removed by the bases

of nodules where d > a. It is only when 'a' is finite that this term
should be included, because when 'a' is zero the graphite surface is
in intimate contact with the hemispherical surfaces of the nodules,
and the projected area of this contact (i.e. their base areas) is
obviously available to support lcad.

Hence, by integrating the above equation:

e BB (1 xpfR). (a>0)

nd = 1 -
Now nA is the fractional area removed, and thus that fractional area
remaining to support locad is given by:

s iy =g =2BOa (11w R°n), (a>0) [k]
When 'a' = O the term in * R2n does not appear, for the reasons
discussed above. Hence, the function shown in equation [L] behaves
as expected, being unity at an 'a' value of zero, and decaying to

zero as 'a' approaches infinity.

(iv) Amplitude Criterion for Low Wear

The result at [L] above defines that area that is left
to support the load, and it remains to be decided how much load this
area can support. The regions that remain unabraded have a geometry
such that some constraint on their deformation is provided by the
increasing area of material beneath them, much as in the case for
normal surface asperities under compression. However, to employ the
hardness of the material as a measure of its strength seems unduly
optimistic in this case, because the geometry is not as favoursgble

as that of surface asperities. In practice the strength of the
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material remaining should be closer to its campressive yield strength,
although this should be a lower bound. The compressive yield strength
is therefore used to derive the condition that the area remainirg
cannot support the load, and this should thus provide a slight under-
estimate of the amplitude at which this condition occurs. Hence, from
the result at [L]:

Load supporting capacity/unit area = Yce'ZRna(T - 7:R2n) (5]

where Yc is the compressive yield strength.

The surface will be capable of supporting the load pro-

vided that the averaged interface pressure, P, is not greater than

this load supporting capacity, i.e.

YT (1 oxku) ik (6]
When this inequality does not held the 'support' area left begins
to collapse and the abrasive wear regime.begins to remove material
at a much higher rate. Hence, by taking logarithms of [6], the con-

dition that the wear remdns low is given by:
n(-£) - Ing (7]
: 35 2 2Rna

where f is the value of n X R2; when the number of excrescences is
small (i.e. there are few overlaps) f is approximately the fraction
of the surface covered with oxide.

Hence: -% < % Gallo= £ = “1%) [ 8]

The results of this analysis are shown in figures ( A13) and (AL )

and are discussed in the following section.

L. DISCUSSION
From earlier work [ 9, 10 ] it was apparent that the
abrasive wear of graphitic material could continue at a high level if

an interface gas flow across the wearing specimens was effective in
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removing the wear debris. The mechanism by which this flow was
effective was to prevent the physical burying of the abrasive fea-
tures of the opposing surface by a transferred layer of grarphite.
This previous work had been conducted at moderately large sliding
anplitudes (10mm); the present work shows that the effect of gas
flow still continues at much smaller amplitudes. The results show
that the effect was clearly present at amplitudes of only a few
hundred microns, because the higher wear rates, reaching approx-
imately 10'L‘m3/um, were far in excess of the levels that would be
expectéd for'graphite wearing in a non-abrasive regime, with typical
wear values of 10-8mm3fN . Also, in these high wear experiments,
clouds of black graphite debris were blown from the interface, the
wear rate was sensibly constant with sliding distance, and the worn
graphite surfaces showed clean, sharp grooving, all indicative of
continuing abrasive wear.

From the technological view point it was important to
establish if the high wear rates that had been previously reparted
at the large sliding amplitudes would also cccur when the amplitude
of sliding was very much smaller, at the levels that could occur from
camponent vibration. As the gas flow effect was still present at
these small amplitudes it was a possibility that the wear at small
slips could be high, leading to the phenomena of 'abrasive fretting'.
Normally of course, without the complication of the debris scouring
effect of interface flow, such a wear process would not be possible
because the majority of the debris would be retained between the
mating surfaces, rapidly reducing the degree of abrasion that could
occur. As discussed in the earlier sections, it was postulated that
wear in the presence of gas flow would be amplitude dependent,

because if the magnitude of slip were small enocugh the wear grooves
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from the abrasive features of the surface would not interact,and the
bearing load would quickly be bormeby their non-abrasive hinterlands.
Below a certain amplitude therefore, the wear could be expected to
be much reduced. The results of the present wark suppart this pos-
tulate for both the plasma sprayed rough surface and the technol-
ogically more important nodular oxide surface. In both cases a
threshold amplitude is found above which the wear increases rapidly.

A theoretical model for this amplitude effect has
also been developed far an ide&lised surface morphology and the
results from this model are shown in figures ( A13) and (4A1L ).
Figare ( 413) shows the variation of the ratio of the theoretical
amplitude threshold limit for low wear, non-dimensionalised by the
nodule radius, as a function of nodule radius. Theée results are
for one specific loading condition (P/Yc = 10'2) and a family of
curves is shown for a range of numerical nodular surface densities.
An individual curve therefore represents the reduction of threshold
amplitude as the oxide grows, provided that the number of nucleation
sites for nodular growth remains constant. Figure (Al!4) is a car-
pet plot of the full thecretical sclution for a wide range of the
non-dimensional variables of loading condition and nodular oxide
surface coverage.

For the experiments against nodular oxide it should
be possible to relate the threshold amplitude at which wear begins
to increase, to the theoretical prediction for that surface. The
specimens employed showed considerable nodular growth, but also
showed a number of areas which had nucleated raised plateaus of
oxide, and a variation in the extent of oxidation, both acrcss an
individual specimen and from specimen to specimen. In addition the

specimens had a surface ground finish, and the oxide nodules tended
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to nucleate preferentially in the direction of the grinding marks.
The theoretical assumptions of randomly dispersed and uniformly
sized hemispheres were therefore a little strained for these con-
ditions.

However, an attempt was made to ascribe a typical
numerical surface density and radius of nocdule to the surface emp-
loyed and these were found to be roughly 13 nodules per mm2 with
a radius of approximately 60Mm. Adopting these values the frac-
tional surface coverage of nodules was 0.15. The compressive yield
strength for graphite is of the order of SON/mm2 and the value of
P/Ic at Skg load was calculated to be 0.0L4. Interpolating on the
carpet plot of figure (AL ) it can be seen that the ratio of
a/R for these parameters would be predicted to be 28. In practice
the amplitude threshold was found to be about $900/m, giving an
a/R of 15 for 60Mnm radius nodules. The theoretical prediction and
the expermimental value are therefore in agreement to within a
facor of 2, which was considered to be tderably good, allowing for
the necessity for numerous assumptions and the large possible range
of the variables employed.

The significance of this work for the practical prob-
lems that initiated these studies is considerable, because for most
situations the predicted threshold amplitude-for higher wear rates
is large compared to the likely amplitudes of adventitious vibra-
tion movement. In the experiments presented here the threshold am-
plitude of 900M m is large in comparison with typical structural
response movement levels of less than 100Mm, Also, considering the
carpet plot of figure ( A15), typical practical applications would

generally have theoretical a/R values of some 30 to 100. For nodules
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of up to 100 m radius tolerable amplitudes of the arder of milli-
metres are predicted, well in excess of the normal levels of vibra-
tion encountered. Generally, therefore, the large sliding distances
accumulated by small amplitude high frequency movement will only
cause material removal at a low rate, while the larger but much
less frequent mOVemer.lts anticipated for components will have a

much higher rate of wear predicted by the earlier studies [10 ].

5. CONCLUSIONS
It has previously been shown that an interface gas
flow can maintain materials such as graphite in a high abrasive
wear regime in large amplitude (10mm) reciprocating sliding, by
continuously removing the debris of the wear process from the
interface. It was therefore possible that high wear rates could
be encountered when such materials were worn against rough surfaces
in a small amplitude c=illatory motion. This possibility was of
practical significance to the life estimates for graphite bearings
in some camponents of gas cooled nuclear reactors. The present
studies have shown that:
1. The effect of gas flow is maintained at much smaller ampli-
tudes.
2. A threshold amplitude occurs under such conditions, below
which the wear is not of an abrasive nature and is much slower.
3. This threshold amplitude is related to the way in which wear
grooves fram neighbouring abrasive surface features interact.
A theoretical model for the wear of graphite against an idealised
rough surface has been developed to examine the practical case of
the reactor graprhite bearings wearing against a rough nodular axide.

From the results of this analysis it can be concluded that:
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L. When the ncdular morphology of the oxide is known a theoretical
prediction of the threshold amplitude can be made.

5 The theorstical predictions are in tolerable agreement witk the
limited experimental evidence available to date.

6. For a wide range of practical situations the threshold amplitude
for abrasive wear is sufficiently large that typical vibratory

movements will not produce a high abrasive wear rate.

The experiments and results described in the present section
have been published as an external paper and were presented at the Lth.
Internaticnal Tribology Conference. The paper was written in co-author-
ship with Mr.S.C.Gordelier of the C.E.G.B. South Western Scientific

Services Department.
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Fig. A1
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