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ABSTRACT 

The oxidational and tribological behaviour of austenitic stainless 

steels under CO2-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,0, 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 upon electronic transport and elemental diffusion are proposed. 

It is shown by the electronic 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 proposed to understand the mechan 

isms of shearing and delamination and the major stress components 6,,6,, 

Oe and Y max are determined. Heat flow analysis predict relatively low 

numbers of contacting asperities and low contact temperatures of ~100°C, 

Reaction-rate activation energies are predicted to be lower than obt— 

ained by static oxidation experiments. 

AL. Re Wallace. BSc.,MSe. 

Doctor of Philosophy 

1980 
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CHAPTER ONE 

INTRODUCTION



1. INTRODUCTIGN 

1.1 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 iupor= 

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 contact 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 commm engineering materials under unlub- 

ricated conditions cover a vast range of approximately five orders



of magnitude whereas the corresponding coefficient of friction 

fall well within a factor of 10. (1) 

In spite of all the published technical data on the 

wear of engineering materials, a universal lew of wear, such as for 

example Ohm'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. 

1.1.1 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 varims 

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 proposed 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 modes 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, (lh) Fretting corrosion, 

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

(4) 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 either 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. 

(44) 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 sliding, the protective film is removed, either in part 

or wholly, hence allowing corrosive attack to contime- 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". 

(444) Surface Fatigue Wear 

Wear by means of surface fatigue is defined to occur 

through the application of a high frequency of cyclic loading 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 geometries of the components and in addition to behave 

as a third-body cutting agent. In this way, the initation of fretting 

wear is thought to occur. It is considered by numerous workers, 

primarily Quinn, Sullivan and Rdyson ( 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. 

(v) Abrasive Wear 
The sliding action of a rough hard surface, under 

load, upon 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 contact 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 

af 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 hr = = 
pm 

[etsy 

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 deformation metas 

wi
re
 

ies 2.9 Lr + >) [1.2] 
2 

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

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

members and r is the radius of apparent contact. 

(4) Friction 
Friction is canmonly 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 oppose 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 

force, L, that is, 

Fo = MAL 

where M4 is the constant of proportionality and known as the static 

coefficient of friction. (2) The friction force is independent of 

the apparent area of contact and (3) the friction force is indepen- 

dent of the sliding velocity v. (13) 

It is well known that the friction force required to 

start sliding is usually greater than the force required to maintain



sliding. This suggests that there are two coefficients of friction, 

namely, static (for surfaces at rest) and kinetic (for surfaces 

in motion). Wark by Dokes ( 14), 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 a function of velocity. 

(ii) 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: 

vVo= KAS [4-34 

V in the relation is the sum of all worn particles of volume §V as 

produced from individual asperity-aspa@ity 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 K is very small and less than 1, thus sug- 

gesting that an aspa@ity encounter producing a wear fragment is a 

relatively rare event. 

On rewriting Ar of equation [1.3 ] in the form Ar 

= 1/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 by: 

Se ne eal 
¥ S 3Pn 1. 

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 the volume of wear per centimetre of sliding 

producing the fragment is, 

3 §v | kN une? | 
gx 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 

har LL n=— = 

Rae emis 

w of equation [1.4] is mown 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. 

(444) 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 ) in 1973. 

For mild wear, the Oxidational wear theory leads to 

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

oo tee 
where Qo is the density of the oxide, f is the fraction of the 

aide which is oxygen, U is the linear sliding velocity, d is the 

distance of sliding contact during which oxidation cecurs 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, 

da (-Qp/kT), L See) 86) 
where the portion inside the brackets is the expression for the k- 

Wo eae 

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 delamimtion of the wear surface into 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: 

: x = we Nh, aT, i Noho AT, bea yet tee etaqe? [457] 

where hy , AT, and hy AT, are the removed layer thickness and the
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annular wear track areas of the sliding component and the station- 

ary counter component respectively; N, and N, are the respective 

number of layers 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, 

1 1 

Poo aee tot at 
(g ap) Fm [1.8]   

cl 

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

factar of equation [1.3 ]. 

Vee 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.
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In order that the smooth operation poutte reactor 

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 sensible solution since synonymous failure would 

inevitably reoccur. Thus, it is important that the cause and errant 

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-cccurence or minimisation of canponent failure. In 

the diagnosing and analysing of compo rent failure the principles 

of Engineering Tribology amd associated tribological techniques 

are found to be most useful. 

Component failures and canponent malfunctions that 

develop in the AGR's as a result of the fluid flow arise within 

many areas where close association with the coolant has occurred, 

Chivers, Gordelier et al (19 ) report of an example of component 

damage to the gas-coolant circulators cf 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. Since 

fretting is commonly the result of vibration of very low slip 

amplitudes it is concluded that the components have experiemed 

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 coulomb 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 damage sustained by 

AGR components, evidence of corrosion damage due to the coolant 

gas is also widely observed. The codant gas generally used in the 

AGR's is an accurate and carefully controlled mixture of several 

gases. The precise composition of the coclant is frequently varied 

to suit operating conditions but in general ‘the mixture is com 

posed of Co,- Tvol % Co - 300 to 700 VPPmCH) - 100 to 200 VPFnH., 

- 250 WPPmH 0. To all intents and purposes the coolant is predom- 

in@ntly carbon dioxide but the doping of the coolant by small 

concentrations of carbon monoxide (Co), methane (CH) and water, 

however, serve an important purpose, as described in the following.(21) 

In the Advanced gas cooled reactors, a carbon 

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

cuit and composed of keyed graphite bricks provides structural 

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

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. Essentially, the oxidation of the moderator
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is thought to be caused by the complex positive ion, (Coy.Coy)”, which 

arises as a result of the coolant-gas ionisation. The oxidation can 

be broadly represented as: 

+ e! 
(Co, .Co,) + C——~ 2co + 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 vapour. 

The addition of such gases, in particular carbon monaxide 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 504m can significantly restrict heat transfer to the gas-coolant 

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 camponents such as boiler tubes, where a corr- 

osion process known as 'breakaway oxidation' affects the strength 

of the tubes. 

Breakaway Oxidation 

At the normal operating temperature in high pressure 

water, steam or carbon dioxide environments, 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 + LH,O—~ M,0), + LH, 3M + 4Co,—e M0, + Leo 

Here, M represents the metal atoms and 9, 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 (Fe,0,). 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 becomes 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 environments. On 

the basis of this, high temperature AGR camponents were fabricated 

from austenitic steels and subsequently commissioned for reactor 

operation. Recently, however, initial long-term oxidation tests 

carried cut on actual inoperation stainless steel camponents have 

showed evidence of a tendency towards adverse oxidational behaviour. 

The specimens investigated for such adverse axida- 

tional behaviour were supplied from the Dungeness and Hinckley AGR 

power plants and were of the AISI 316 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 )90-52.5 x 10°KN/ne 

and an oxidising coolant-gas mixture of composition Cop=1 vol% CO- 

250 wppm 0-300 to 700 Vppm Ci and 100 to 200 Vppm Hfor long 

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 cserved to account for the increased oxida- 

tion. In the areas where the grey oxice 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 oxidation 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, esamtially iron enriched, distinctly 

coarse in character and very different in structure compared to the 

protective axides. 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 ami 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.



16 

The morphology of duplex oxides has been reported 

by several workers (27 ) tO 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 ani 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 10-0 M™in size. 

In general, the properties of anomalous oxidational 

behaviour are such that both forms of duplex oxides are found to 

occur in canbination 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 nodular 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 polished 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 nodules 

are buried wuthin the uniform duplex oxide, and the exposed hin- 

terland areas between the oxide nodules are i..-filled. tn. 

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 oxide 

formation and to excessive surface roughening by nodular oxide. 

Under circumstances where excessive metal loss is obtained a general 

structural weakening of the component may result. Where, however, 

gross surface roughening 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 

eventual component failure. 

The damaging ¢ffect of duplex oxidation upon reactor 

components was originally experienced during component leakage tests 

on AGR re-entrent seals (i.e. seals’ associated within the fuelling 

chamelsof the reactor core), Stevens (30 ). Seals tested on an 

AGR 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 seal in reactor service. 

Visual inspection of the seals and the seal 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 of 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 co,
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gas at 570°C and 9.0 x 10° KN/n?. The re-entrant seals commonly 

used in the AGK's are graphite seal mechanisms operating within 

the fuel channels of the reactor core. Such seals, used to prevent 

the deviaticn of the coolant gas from the gas circuit, within the 

fuel channels, are essential for the efficient operation of the 

coolant gas circuit and therefore in an indirect manner for the 

optimum conveyance of heat to the steam generating boilers. The 

failure of the seals, consequently, due to reasons of excessive 

wear, for example, would be far—reachirg 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 component failure,by means of excessive wear and/or excessive 

metal loss, it is evident that the phenomena of duplex oxidation 

must be fully understood sine it is with its understanding that 

acure can be effected and component failure minimised. In add- 

ition, since the extent to which stainless steel components are 

damaged, by the roughened duplex-oxidised counterpart surfaces > 

depend to a large extent upon their intrinsic tribological preper- 

ties, the fundamental tribological behaviour of austenitic stain- 

less steels must therefore also be well umerstood, under condi- 

tions where their oxidation may 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 coolant gas environ- 

ments and (2) the friction and wear behaviour of austenitic stain- 

less steels under conditions of continuous sliding, room and high 

ambient temperatures Qvd a predominantly carbon diaxide based 

gas environment. 

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. Sime 

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 oxidation-roughened stainless steel components 

e.g., 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 

work 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 graphite material under gas 

flow situations is made since it is the components operating under 

such conditims that have been found to be the most adversley affec- 

ted by the oxide roughening phenomena.



CHAPTER 2 

OXIDATION STUDIES OF AUSTENITIC STAINLESS STEELS.
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2.1 OXIDATION EXPERIMENTS 

2.1.1 Introduction 

The oxidation studies carried out in the present research 

can be broadly divided into two major areas: 

)) Investigations into the affect of simulated Advanced Gas- 

cooled Reactor (AGR) environments 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 environments 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 oxidation kinetics, sub-surface 

campositional 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 environments, it was required firstly to develop 

an oxidation apparatus which could simulate the correct conditions. 

2.1.2 Design of the Oxidation Apparatus 

The conditions that were required in the simulation of the 

AGR environments were principally those of high ambient temperatures 

at 650°C, a continually circulating AGR-type coolant gas and the long- 

term stability and duration of these conditions.
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Other conditions inherent in the Advanced Gas-cooled Reactors, 

such as the high coolant-gas pressures, nominally set at 1137 KN/m= 

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 simulating AGR environments 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 possibility 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). 

(a) 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/Chromiun 

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 Oxidation 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 insvla- 

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. (3k) 

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 considered to be essential. This was achieved by the use 

of Eurotherm relay-output temperature controllers capable of operation 

within the temperature range -1 00° to +1600°C and suitable for use 

with Iron/Constantan, Nickel Chrome/Nickel Aluminium and Platinum v 

Platinium/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 used employed sensitive output relays which could operate 

with a differential input signal of less than 50mV, equivalent to 

approximately 1°6 change in temperature on base metal thermocouples, 

hence providing sensitive temperature controlling. 

Initially, temperature controlling by means of ‘inexpensive 

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 subsequné tly found to be ineffectual. 

(44) Coolant-gas Simulation 

To provide the oxidising environment 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 ami of the cost of the gas, a 

very low flow rate of 15x 10% m/min was selected. Such a flow rate 

pond economise 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 Co, gas was being metered, 

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

necessary instead 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 control
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Figure 2.3 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 control. 

4 pressure P,-P, (figure 2.3 ) produced at the flow selector 

operates the pressure-responsive diaghragm. 

Any fluctuation in pressure acting to increase the 

pressure difference P, -P, moves the valve towards the closed posi- 
3 

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

(444) Flow Rate Correction 

Density Changes. For realistic flow control, consideration to 

correction factors for the rate of flow must be given. In general, 

standard flow-meter scales are calibrated in gas volumes at N.T.P. 

(20°C, 76Otorr). 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 oxidation 

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 oxidising environment, the new density 

e, of the gas is then determined by: 

e = 0 (S578) (afte) 
where Q, = gas density at N.T.P., PE = effective pressure in bars 

and TE = effective temperature in coe 

Hence for PE = 1 bar and TE = 100°C and assuming 100% Co, gas of 0, 

= 1.98 kg.m? 

Qo = 3.09
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Correction to Volumetric Flow. Using Q,, the correction factor t(v) 

for the volumetric flow scale is therefaret 

tie) = (%hn) = 0.64 
The actual flow rate OF, is therefore smaller than the observed 

flow rate QF, by a factor of 0.64 as given by 

= Fx f(v) = QF, x 0.64, 

In controlling the flow rates it was thus required to adjust observed 

flow rates to values equal to OF,» in order 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 periods a stand-by gas supply line was 

incorporated into the system. This ensured uninterrupted gas supply 

in the event of gas exhaustion. 

  

25153 Specimen Preparation ani Specimen History 

(4) 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/msurface 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. 

(44) 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 

were 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 cool 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 monitoring 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 oxidational behaviour of 

the thermally-cycled stainless steels is discussed. This is des- 

cribed 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 

X-ray energy spectrum of figure (2.),). Figures (2,52) and (2.5) 

illustrate the general character of the protective oxides. 

With the AISI 321 steels, in addition to the chromium 

rich protective 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 2716 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 321 steels, however, much of the pro- 

tective oxide had been replaced by a uniform, dark-blue, crystal- 

line oxide of a characteristically iron rich canposition. Figure 

(2.€c) illustrates the nature of this oxide. 

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 (2.92). With the AISI 310 steels, however, 

no such behaviour had yet developed (figure (2.9) ). 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. 

(a) 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 (ecu) versus time of 

exposure is represented in figure (2.10). 

It can be seen that there are two major trends of oxide dev- 

elopment. Trend [1] is characterised by an initially rapid ami 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 AISI 316 and AISI 310 steels and as a result relates to the devel- 

opment of protective oxidation whereas trend [2] is exhibited only by 

the AISI 321 steels and hence corresponds to the development 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 Fe,0, 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 2.5) x 10° “cms = 75 mg/em was 

calculated.
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Calibrating figure (2.10 by this factor, it is found 

that an average weight gain of Smg/on” gives rise to an overall 

metal loss of 15.2) x roe ems in within a period of 3000 hours. 

From this, extrapolations can be made to predict metal 

losses arising after 30 years of reactor life. 

(44) Parabolic Ocidation Kinetics 

From first appearances trend [1] of figure (2.10) would 

seem to be following a typical Wagnerian parabolic rate — 

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 parabolic 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 

2 
AW 
(a) = Rt ot 

where W = the gain in weight, By = the Arrhenius Reaction-rate 

law of the form: 

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/AY = Ko-t +C
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where sos is the new reaction rate and C an intercept parameter. 

The variations in ei and Ke are shown in table 2.3, 

(444) Logarithmic Oxidation Kinetics 

It is evident that the oxidational behaviour of the 

AISI 321 stainless steels cannot be defined ty straight forward 

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 kinetics. 

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: 

Log, alt) = at 

where, a = logarithmic reaction-rate constant and c = 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 oxidation. 

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 10%,
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Stainless Test Parabolic Reaction Rates 

Steel No key (ec) i p(ig” ms" ) 

AISI 316 1 qedix 107, oon 

AISI 316 12 9.2 x 107'* 2.h2 x 107'? 

AISI 316 1h 5.8 x 107'* cS on 4 

AISI 310 38 3.2 x10°'° 2.6x 1071? 

AISI 310 ho We eel; < 3.8 x 107'2 

AISI 310 la 2a6 ee ior = 65 x1077 

AISI 710 he 2.0 x 107° ies! 

TABLE 2,3 Parabolic Reaction-Rate Constants, Ky and a2 

Stainless Test Logarithmic Reaction 

Steel No Rate Coefficient, a. 

AISI 321 15 342 x roe 

AISI 321 16 2.65 x 107% 

AISI 321 17 2.33 x 107 

AISI 321 18 2.33 x 107 

AISI 321 19 2.92 x 1074 

TABLE 2.4 Logarithmic Reaction-Rate Coefficient, a. 
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(av) Reaction-Rate Activation nergy 

The parabolic reaction-rate constant % and the corres- 

ponding reaction rate activation energy, Q» can be used to define 

the parabolic oxidation process by the expression: 

x = 4, exe (-@ /at) saree eee ed 

where - = Arrhenius's constant, T = the temperature of oxidation 

and R = the Universal Gas constant. (36) (37) 

This expression can be used to define the oxdational 

behaviour of the AISI 316 and 310 stainless steels. By using the 

generally accepted values of 4, ( 39 ) for the oxidation of aus- 

tenitic stainless steels, under the temperatures and environments 

considered here, equation 2.1 can be solved for the reaction rate 

activation energy, Q- An A, value of 1 x 107" kee A, G vas 

given by Gulbransen and Andrew and Goodison, Norton and Wall ( 38,39) 

was used in conjunction with the experimentally derived = values 

from the present work. 

A table of results showing the calculated % values for 

the oxidation of the AISI 316 and AISI 310 stainless steels is 

given in table 2.5 a1 corresponds to the activation energy associated 

with the initial rapid growth stage and Qe to the final equilibrium 

stage.
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2.5 (a) 2.5 (b) 
(Mag.x 20) (Mag .x 10) 

  

2.7 (a) 237 (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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Figure 

2.8 

2.8 

2.8 

2.9 
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a) 

bd) 

c) 

a) 

b) 

c) 

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

Protective oxide on 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 
oxide 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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2.9 (c) rs



CHAPTER 3 

ANALYSIS OF OXIDISED SPECIMENS



3.1 INTRODUCTIGN 

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, oxide distribution 

and oxide abundance are also investigated. 

The physical techniques of aalyses 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, Optical 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 Electron 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



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 oxide 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 oxide character. Whilst the AISI 310 steels 

‘still 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) crystalline 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 oxides 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). 

3.3 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. Move ver, 

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 vistaligec’) 

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 continued 

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 ho*r, 2.5%Fe, 2Ni 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, 34% Cr 

and <1% Mn and Ni. 

Such characteristic oxide transitions are even more 

vividly illustrated by the X-ray distribution images of figures 

(3.4a)(3.4b) and (3.4c) 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 Ae) 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.lc)). Figure (3.l4d) 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 (3.50). 

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-blue 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 310 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 oxidation 

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. 

3h.) Morphology of. the Protective Oxides 

Figures G.7a) and (G.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 (3.74) 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 (3.72). It would seem 

that protective oxidation has the effect of enlarging and deep= 

ening the grain-pores of the base-alloy and thus creating a 

densley void-filled substrate. Voids as large as 3-him in dia- 

meter appear to be formed. Clearly, a porous substrate of this 

type would be very susceptible to further oxidational 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 oxidising gases. 

Boke 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 oxidation 

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 G.9b). The very 

angular and irregularly oriented character of the duplex oxib cry- 

stals is very distinctive and to a large degree must be responsible 

‘for the abrasive nature of the oxide. It can be seen from figure 

@.9a) that, in general, the crystals are large and vary between 

5 - 10Mmin size. 

Bed) 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 eee used in the 

preparation of the cross-sectioned 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 solutions tended to dissolve the iron 

rich oxides 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. 

3.541 Protective Chromium III Oxide 

Figure (3.19 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 oxide, would tend to render it protective 

rather than corrosive. 

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. 

3.52 Duplex Oxide 

In contrast, the surface structure of the duplex 

oxides is clearly rough, nodular and abrasive, as illustrated 

by figures G.119 and G.11). Such nodular character is demon- 

strated by both forms of the oxide, namely, the ‘uniform' variety 

of figures (3.119 and (3.119 and also by the 'singular-nodules' 

variety of which examples are shown in figures (3.129 and 6.12).
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The distinctive double layered character of this oxide 

is exemplified in figures (3,12) and (3.11) 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 (3.120, 

(3.132 and (3.13). The grain structure it appears has the effect 

of inhibiting oxide development by blocking inwardly growing oxide. 

This is well illustrated by figure (3.13). 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 G.12) and (3.139. 

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 observe, as illustrated by figure ( 3.10), that 

in the case of protective cxidation such intergranular penetration 

via the grain boundaries is characteristically absent.



59 

  
  

      

  

             

| “he A 
52 ee Gay LE \ 

| 64- ! x 

1 * 
| a il ue Bice! 

BoE | ! 
| 60F 1 Ne 

1 

cane 1 
sék 

1 

(OF “ I 
| y ot 

I 
36 LF : | sat | 

| 

! 

pe eate 44 1 

| I 
28 ! 

| ord 
| i 

26 b | ; 
| 

ae Cr 

20 + | 

| 

is F | 
| 
! 

12 F- vi Ni 

at \ 
\ 
! 

. | 
1 1 Gri bt 1 1 1 1 1 i: 1 1 ! L 
  

0.204 06 08 1.0 12 14 16 18 20 22 2426 28 3.0 3.2 3.4 
| 

° | Penetration depth —___ 
Oxide Alloy —=— (pm ) 

FIG.314° AISI 321 Stainless Steel Subsurface 

Elemental Concentrations Following 500 Hrs. 

of Oxidation.



60 

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 EPMA, subsequent degreasing and 

ultrasonic cleaning prior to analysis was essential. 

Figures (3.11), (3.19 and G.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 feabures of the profiles are the peaks, in- 

dicating elemental abundance, and the complementary troughs indi- 

cating elemental depletion. 

3.661 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 (3.15 and @,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 

inhomogenous in elemental composition. 

(4) 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 

illustrated 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 (G.15) and G.16), where the 

outer oxide conforms exactly to such a composition. 

The variations in the Fe and Mmcontent 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 

135.5% for Fe and2%-8.8% for mn, at oxidation times of 1500 and 

3500 hours respectively. 

(44) 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 and! , 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. 

(444) Single Layer Oxide 

Figure (3,1) 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 regions. 

The oxide composition is Cr and );-abundant at its upper surface 

but becaming 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 i and Fe enriched. 

3.6.2 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 depletio widths rise fran 1.5m at the 500 hours 

stage to 11.0,m and 23.0 at the 1500 hours and 3500 hours stages 

respectively. 

Bees In General 

Figure (3.18) illustrates an Fe X-ray distribution 

image of an oxidised AISI 321 steel showing duplex oxidation. 

Corresponding sample concentration profiles 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), (3.19), 

(3.19c) and (3.19d) respectively. Exemplified by the sample traces 

are the characteristic properties of duplex oxides, as described 

above. The duplex structure is displayed by figures (3.19a), (3.19b) 

and (3.19¢), Additionally, the variations in the cmcentration pro- 

files since they are at equal sensitivity and magnificatim, illus- 

trate clearly the elemental enrichments and deficiencies of the oxide. 

The nodular character of duplex oxides, which was illus- 

trated in a previous section by optical micrography to be, in parti- 

cular, characteristic of the 'singular-nodule' variety of the oxide, 

is also well demonstrated by the electrm 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 deficient Fe 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 3.) 
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Figure 3.2 Surface oxide characteristics with respect to 
increasing time of oxidation. (Magnification x tie)
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Figure 3. 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 

Figure 

1 

  
3.5 a) Electron-probe X-ray distribution image of Fe showing 

nodular character of oxide. 

b) Secondary electron image of (a). (Magnification x 190.) 

3.6 Electron-probé 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 

Figure 

Figure 

3.10 

3-11 

3.11 

(e 

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

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

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

3.10 

Figure 
3.11. (a) 

- Figure 
3.11 (b)  
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(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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fa) 

4b)   
13 Etched cross section morphology of nodular duplex Figure 

oxide. (Magnification x 150.) 

we
 

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 distributi 
oxide nodule in cross section. (M 

on mage of a duplex 
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3.19 a) and b) Electron 

of Fe and Cr respectively. 
Probe 

  
    

a) 

b)



$1 

e) 

4)   
Figure 3.19 c) and da) Elect 

of Ni and Mr 

 



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 

TRIBOLOGICAL STUDIES OF AUSTENITIC 
ST. ESS STEELS
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4.1 EXPERIMENTAL DETAILS 

ays 154: 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 conditions. 

The operating conditions involved are those of arti- 

ficial gaseous environments, externally induced high temperatures 

and various sliding velocities and loads. The influence 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:- 

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

operating at room temperature and under a CO, environment. 
2 

(4i) The friction and wear behaviour of austenitic stainless 

steels operating at room temperature and under an air environment. 

(iii) The friction and wear behaviour of austenictic stainless 

steels operating at elevated temperatures and under a co, envir- 

onment. 

4.1.2 Wear Testing Machine 

The wear experiments carried out in the present work 

were conducted on a continuous sliding pin on disc wear machine. (h2) 

The pin on disc facility of the machine provided a flat on flat 

geometry test situation, as apposed, for example, to the very dif- 

ferent geometries of a crossed-cylinders or disc on disc (Aynsler- 

type) wear testing machines.
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Figure ).1 

General view of the pin on disc contimous sliding Wear Test Rig.
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An illustration of the pin on disc wear testing machine 

is shown in figure (1.1). 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 700°. Facilities to continuously mon-, 

itor wear rates, sliding friction, pin and disc temperatures and 

sliding speeds are also incorporated. 

(4) General Features 

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

driving motor, a variable speed pulley and a reduction gear-box 

provides the main driving mechanism for the machine. By this, 

rotational speeds in the range 60 to 1L40R.P.M. corresponding to 

linear sliding velocities in the range 0.31 to 7.5 mea could be 

achieved.To 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 is shown 

in figure ( .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 h9.0N could be applied. Due to the friction and 

@ebris contamination of the loading--haft bearings and seals very 

light loads could not be applied.
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Figure .2 

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

10. 

12. 

13. 

1,15 & 
16, 

Power supply transformer. 

Dise resistance heater. 

Pin. 

Pin thermocouples. 

Cold junction - Ice bath. 

Slip ring comutator. 

Disc. 

Slip ring shaft commutator. 

Linear voltage differential transformer. 

Friction strain guage. 

Magnetic Pick-offs. 

Impulse tachometer. 

Strainstall transducer amplifiers. 

X-t potentiometric recorders.
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Figure }.3 
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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°C could be obtained. 

The heating assembly was mounted on a secondary shaft screwed into 

the main shaft and consisted of an insulating annulus, a securing 

plate and a set of copper slip rings to provide electrical contact. 

A 270 volt autotransformer 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- 

ciched 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 Environment Assembly. 4 suitably sealed metal 

container, incasing the specimen area, was used in providing a 

gaseous carbon dioxide environment. By appropriate modification to 

the main shaft and loading-shaft hodeince , 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 environment. 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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Calorimetric Pin-Holder Assembly 

Ae Pin. 

2 Pin thermocouples; Ty, T3 and Ty: 

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 is shown 

in figure (4.6). Carefully regulated CO, gas was supplied on a 

continuous basis via a gas cylinder filled to 'S wOlW/m>. 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 co, and non-stagnant environment. 

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, Vi,; 100-200cm?/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 Co, environment 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 

pressurisation.



 
 

“
A
y
j
q
u
e
s
s
y
 

j
U
a
W
U
O
N
A
U
G
 

-
S
D
5
 

20D 
924} 

jO 
W
o
I
b
D
I
Q
 

D
}
y
D
W
a
Y
d
S
 

Jy 
O
F
 

 
 

96 

  

 
 

 
 

  
 
 

  
  

 
 

 
 

4Jau;DJUOD 
J
U
B
W
U
O
I
I
A
U
 

“§ 
d
a
p
u
l
j
A
2
 

svg 
°g 

B
A
}
D
A
R
P
I
I
N
 

8 
s
a
B
n
v
b
 

a
i
n
s
s
a
i
g
 

YREe 

4
0
}
9
1
1
}
S
9
4
 

MO)}4 
ZL 

4ajypay 
s
v
g
 

‘7% 
Pee 

:) 

4
2
}
2
9
W
D
}
0
1
 

M
O
}
4
 

9 
40}D}nNBai 

a
i
n
s
s
a
i
q
 

|} 
I | 

6 
8 

L 
o
e
s
 

| 

| 
: : 

| 
 
 

 
 

  
  

 
 

  
  
 



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 environment area at just 

above room temperature. 

(44) Temperature Measurement 

Disc Temperature: To measure the bulk disc temperatures Chromel- 

Alumel thermocouples, spot-welded close to the disc wear-track, were 

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 thermocouple connections 

is shown in figure (4.3 ). 

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 (4.4). 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. (143 )
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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 5 and ref. (3). 

Reliability of the Temperature-Monitoring. 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 simultaneously at two auto-transformer 

settings. 

Figure (),,72) illustrates 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 212°, at 

all stages of the heating, is clearly apparent. Figure (4.70) 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°c is also evident, at all stages of heating. 

(444) 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 its re’ation to the pin 

and the loading shaft is shown in figure ( },,2) and in schematic 

form in figure (1,5). 

Continuous monitoring of the transducer output was
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achieved by amplification and subsequent recording 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 for. By examination of the linearity of the LVDT 

traces such equilibrium wear stages could be drientified. The traces 

could also be used to identify other wear characteristics such as 

the initial severe wear conditions and major wear transitions. 

An alternative method of wear measurement, namely the 

weight-loss technique, was also used. This technique could be used 

+o 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: 

c= Ys cm .cn” 

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 erroneous 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 recorling systems- 

and the low amplitude mechanical vibration at the loading shaft, a 

wide and spiked wear trace, leading to uncertainties, can be obtained.
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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 distinction 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 g&oedynamometer. This could de- 

tect the torque exerted on the loading shaft by the frictional 

force. Figure (1.5 ) shows the positioning of the dynamometer with 

respect to the loading shaft and the pin and disc area. 

As with wear measurement, the dynamometer 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, distortions 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. 

Rei lias) 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 

ease The discs were of dimensions 120mm dia., x 6mm. The pins, 

also in the softened and descaled state, were machined to dimensions 

of 0.06lmm dia., x 31.8m. 

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 1/™CLA level, but found to vary with 

individual specimens within the range 0.75-2.0 ~mCLA. 

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. 

ut Wear Tests at Room Temperature 

(4) In Air: 

Loads in the range 3N to 130N and sliding speeds of 

0.5ms~" and 2.087" were used for the tests conducted umer air at 

roan temperature. The effect of high temperatures under air was 

not investigated. 

In the setting-up procedure, pin adjustment, to ensure 

correct alignment against the disc prior to loading, was essential. 

Sample wear debris, for analyses, was collected during all tests. 

(44) In Co, 4 
  

For the Co, experiments, similar setting-up procedures 

and operating conditions were observed. However, in addition, purging 

of the air fram the specimen area to develop the Co, environment was 

necessary. Repeated filling of the environment container with the 

denser Co, gas, to the required pressure, satisfactorily achieved
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purging. The subsequent upkeep of this pressure ensured a pre- 

dominantly Co, environment. 

4.1.5 Wear Tests at Elevated Temperatures 

Loads in the range 3N to 130N, a sliding speed of 0.5ms~! 

and temperatures of 300°c and 500°c were used for the tests conduc- 

ted under Co, at high temperatures. f 

Due to the cooling effect of the Con, the gas environ- 

ment was firstly developed and the specimens heated subsequently. 

In heating the specimens, the pin was loaded against the dise 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. 

4.2 WEAR RESULTS 

be2.1 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 (4.8) illustrates the general wear behaviour of 

the austenitic AISI 316 stainless steels when sliding at speeds of 

O-Sacsa! and 2,0n.eals under an air and Co, environment.
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(3) Wear Under Aix 
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, froma 

much less energetic and milder wear process. 

The effect of sliding velocity upon the wear behaviour 

is illustrated by figure (.8). Lowering the sliding speed to 0.5 

87 appears to lower the wear rates by one half of an order of 

magnitude, to a range between 5 x On mam oma to 2 x 107 mm mm” 

meni es i ce i 

4 

cm cox 0G mm .mm'et 2.0ms~'. and at corres- 

ponding loads. The critical lead, however, is unaffected by a change 

in sliding speed and is retained constant at the 1.0 - 1.Skgm load. 

The effect of environment and sliding velocity upon the 

wear rate and the load transition is illustrated in tabular form by 

Tables .1a) and b). 

(id) Wear Under Carton Dioxide. 

As shown by figure (4.8), operation within a Co, - gas 

environment has the effect of reducing the overall sliding wear, 

relative to the wear in air. 

Considering the wear patterns produced under the extreme 

operating conditions, a decrease in the wear rates by one order of 

magnitude at all loads is typical. Wear rates in the range 3 x 1077 

iar = es 
mm «mm i at O.kkgm to 5.6 x 10 5 mm mm 

a7 A 3 
and 6.5 x 10° to 5.0 x 10 hk mm mn, for corresponding loads, at 

at 15.0kgm for s = 0.5 7 

s = 2.0 ms” are found. (Tables h.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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(444) 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 and to displace the critical 

load. 

In the severe wear region, for Co, conditions , a 

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

7 om? som”! at 2.Okgm and 5.6 x 107° 

6 283 
mm .mm 

duced, giving values of 4 x 10” 

me cam at 15.Okem, for a speed of 0.5 ma » from 7.0 x 10 

y 4 

1 

and 5 x 107 man? om » at the 2.0 na” speed, respectively. In the 

mild wear region, however, a change in the sliding velocity has a 

very much smaller effect. The large redwtims as seen in the severe 

wear region are not repeated. Decreases of less than one half of an 

order of magnitude, as a miximum, are found giving typical wear 

rates in the region of 6.0 x 1077 amt sum ; 

Wear Transition. A sliding speed dependent wear transition is 

apparent under Co, conditions. By reducing the sliding speed the 

position of the transition is displaced to higher loads and to a 

new critical loading value. At a speed of 2.0 ns”! the transition 

is found to occur at 0.9kgm but with a change in sliding speed to 

0.5 a » displacement to a higher load of 2.O0kgms occurs. (Figure ,.8) 

4.2.2 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 

and 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 conditions.
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Figure (l.9) illustrates the general wear behaviour 

of the AISI 310 steels when operating at speeds of 0.5m.s7" and 

1 
2.0m.s under air and Co, enviroments. 

(4) Wear Under Carbondioxide 

The wear of the AISI 310 steels under a Co,-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:cu.2 » lower wear 

rates are obtained, but a change to a transitional wear pattern is 

7 1 . ese 
not observed. Typical wear rates in the range 6.0x10 ' mm .mm_ to 

hx 107+ mmm! are found between the loads of 0.) kems and 15.Okems, 

fies Teo x 107mm maT for Ons -(Table 4.2) for 2.0ms~! and 1 x 107 

By considering the similarities in the slopes of the 

wear patterns (figure 1;.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. 

(4a) Wear Under Air 

Wear under an air environment at 2.0m.s~" shows the 

expected higher wear rates and the characteristic non-transitional 

and directly load dependent wear behaviour. (Table ).2) - 

4.2.3 Wear at Elevated Temperatures 

The wear behaviour of the AISI 316 stainless steels 

sliding at Olena! under a Co, environment at high temperatures 

Vay, 300° and 500°c, is illustrated by figure (.10). 

The general wear behaviour is clearly transitional and
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Load We (am? smn" ) W (mm? om" ) 
(kems ) Air co, 

0.0 5.0 x 107" 3.0 x 107° 

0.90 9.0 x 107" 34 x 107! 

1.50 (seni on 3.3 x 107? 

1.60 16h x 107? 3. x10 

2.00 2.5 x 107 hel x 107? 

8.00 3.5x10° 162x107 

15.00 2.0 x 107% 5.6 x 107°           
TABLE h.1a) Room temperature Wear Data for the AISI 316 Steels 

at S= 0.5 ms~!, 

  

  

ane W gap (om? som") W go, (sm?) | 

0.L0 | ior 6.5 x 107" 

0.90 A alers 9.0 x 107? 

1.10 3.2.x 10° 1.9 x 107 

2.00 1.3.x 107° 7.0 x 107° 

8.00 4.0 x 107 1.2 x10 

15.00 1.3 x 107 5.0 x 1074     
  

TABLE 4.1b) Room Temperature Wear Data for the AISI 316 Steels 
at S = 2.0 ms-!.
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5 W co9(300°C) W ¢q9(500°C) 
oad 2 4 3 “1 

(kgms) (mm sam”) (mm «mm ) 

0.40 1.8x10! 1.5 x1077 

0.90 2.3 x 107" 1.9 x 107° 

1.50 2.7x 107! 2.2 x 107" 

rr) 2.8 x 107" 2.8 x 107" 

2.00 bob x 1077 hol x 107" 

8.00 1.2.x 10 1.2 x1077 

15.00 EiGx 1002 5.6 x 10> 

TABLE 1.3 High Temperature Wear Data for the AISI 316 Steels 
at S = 0.5 m.s~!, 300°C and 500°C. 

  

  

  

Ges) W co, eam") Wy p(n? «an ) Wo, (ar am") 

0.L0 1.0 x1077 4.0 x 1077 6.0 x 107" 

0.90 bh x 107" 2.0 x 10° Be 10m 

2.00 2.0 x 107° 1.0.x 107° 1.0.x 107 

8.00 2.6 x 107 1.6 x 107% 1.5 x 107 

15.00 7.5 x10 5.5 x 10% h.o x 107       
  

TABLE 4.2 Wear Data for the AISI 310 Steels. 
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load dependent. A very close resemblance to the wear behaviour of 

the AISI 316 steels at roan 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 ra@p- 

idly reduce the wear rates and as a result inhibit wear. (Table 4.3) 

4.3 HEAT-FLOW DATA 

Tables 1.4, 4.5 and .6 represent the measurements made 

by thermocouple of the frictionally 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 (3)and (hh). 

Tables 4.4 (a) and (b) represent the thermal data for the 

sliding wear of the AISI 316 steels at Cosma in air and Con 

environments, 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 

4.6 represents the heat-flow data for the tests conducted at high 

temperatures.
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| AISI 316 - 2.0ms7! - Air 

= (0) | ets (0) tate (cc) 

11.5 40.0 164.0 32.0 

4.0 220.0 &h.0 3740 (a) 

1.25 63.0 52.0 26.0 

tS tated "= - - 
0.3 - - -           
  

  

AISI 310 - 2.0ms7! - air 
  

Load 7, (°c) 7,(°) | (°c) 
  

(kens) f 
12.5 168.0 58.0 38.0 (b) 

1.25 82.0 46.0 38.0 

8.45 40.0 30.0 29.0           
  

TABLE 4.5 a) Data for AISI 316 steel at 2.0ms7" in Air 

b) Data for AISI 310 steel at 2.0ms~" in Air
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ob 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. 

heb. 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 4.11), 

(4.19, (4.19 and (4.11) illustrate such regimes of frictional 

behaviour and demonstrate the transitional character of the friction. 

(4) Transition Region 

Within a narrow range of loads, typically between 2.2 

kgm-l .Okgm, a sharp transition in the overall friction pattern was 

found to occur. As shown by figures (4.11), (1.19, (4.19 and 

(4.1) 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. 

(44) Load Independent Region 

The load independent region (Wii) of the friction be- 

haviour as illustrated in figure (,12) and defined by the load- 

zone Wrg W,<12.0kgm, where W,, 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 (4.6) and (4.9), it is evident that the load inde- 

pendent friction region corresponds to the severe wear regime. 

Whereas large vriations 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. 

(444) Load Dependent Region. 

The load dependent region (Wp) as defined by the load 

zone Wy? Wp 7 0-25kem, represents an equilibrium phase in the fric- 

tion 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: 

MM (for Wp p<Wy) = F/W + C 

where, F = frictional forces W = applied load; and C = a constant, 

lying between 0. and 0.6 for all sliding conditions. The friction 

coefficient, FéW + C, in this region, although fluctuating slightly, 

was found to fall within a range of 0.7(for W, hp Wy) to 1.9 (for 

2 Wyp<0.3kem) t 

By comparison with the general wear patterns of figures 

(4.8) 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. 

4b.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 (1.15 where at 

Cueaeaa much higher friction coefficients (p)are apparent over 

the lighter loads or load dependent friction region, in compari- 

son to the values (Ma) at 2.0m.s7!. Typical differences in Mi and M2 

for W20.2kgm, of between 0.) 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 (4.15) is the non-variation of the friction coefficient 

at the transition zone. 

4.4.3 Effect of Chromium Content 

Figure (.1),) illustrates the effect 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 ( 2.2% Cr). 

As shown by figure (1,.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 0.35<€1/W<1.0 the variation in the friction with applied 

load is found to be similar between the 17% Cr steels and the higher 

2h.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 comparison with the general wear patterns of figures 

(4.8 ) and (4.9 ) 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 

common wear mode would seem to be indicated for the AISI 310 steels 

over all range of loads. 

The range of values for 316 and 316 under air and Co, environ- 

ments are specified in the table below. 

For Zokg SWE 12.0 kg For Olkg CWC IS ky 
  

7-0 2G 24-32 17% Ce 24:34 & 
  

O62 Maa ZOS| 08% Mag yos | '4DMae Yo-85| rise Mae BOW 
  

      0:35 & Meer %O-7| OF 2% Mena W035 | 1:22 Meor YO-B | uss 7 Meor 7 OS 
  

It is evident that much larger variations in the friction are 

found, for corresponding loads, at the higher Cr-content levels 

then at the 17% Cr level. 

Lbeb Effect_of Temperature 

Figure (4.16) illustrates the effect of temperature upon 

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 O.1kggW1.5kg) and 

0.8 - 0.85 (for 2.0kg <W<12.0kg) and 1.0 - 1.8 (for O.1kg<we 

1.5kg), respectively. In comparison with the friction at room 

temperature under a Co, environment (MCo,) of the values 0.55- 

0.6 (for 2.0kg<W<12.0kg) and 0.9 - 1.6 (for O0.1kg<¢Wd<1 .5kg), 

it is apparent that a significant difference does not exist, al- 

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

  

4S ANALYSIS OF THE WEAR DEBRIS AND THE WORN SURFACES 

4.5.1 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-Scherer X-ray diffraction technique was used. (us) 

Debye-Scherer X-Ray Diffraction 

In the Debye-Scherer technique, incident monochromatic 

radiation striking a cylindrical polycrystalline specimen is dif- 

fracted into two Bera 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. 

4.5.2 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 rhombohed’ ral, spinel and 

wustite phases. (46) 

The rhombohedral oxide phase can exist as a solid sol- 

ution of Cr,0, and X-Fe,0, with lattice constants varying from 23 23 

Q = 5.43 (for 100% %-Fe,0,) to 4, = 5.33 (for 100% Cr,0,). 
0 

The Wustite phase can be present in two forms, one associated with 

pure iron oxidation (with a = 4.31 ) and the other associated 

with chrome-steel oxidation (with 9 = 4-29 ). The spinel oxide 

phase, the most difficult of the oxide phases’ to identify, has a 

camplex structural configuration, of the general form Fe Fes) 

Cr 0, where 0O<x<2. 
x h 

The analyses of the wear debris in the present work is 

described in relation to the severe and the mild regimes of wear.
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(i) Wear Debris - Mild Wear Region 

Figures (11.172) (6175) ,(lie17¢) and (4.174) illustrate 

typical examples of X-ray powder diffraction patterns. obtained from 

the wear debris of the AISI 316, 36 and 310 steels respectively, 

operating within the mild-wear region. Table .7 illustrates the 

composition 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. Cr,0, 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 .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 Cri035 

& -Fe,0, and (Cr,Fe),0,. 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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4.17) 

4.17¢) 

4.174) 
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Debye-Scherrer diffraction pattern of AISI 316 wear 
debris (S = 2.0ms~'; in nD: 

Debye-Scherrer diffraction pattern of AISI 316 high 
temperature wear debris (S = 0. Sms~!; sin Coy). 

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

Debye-Scherrer diffraction ttern of AISI 310 wear 
debris (S = 0.5ms~!; in Co, -
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Diffraction 
Line 2 (Cms) 

1 39.550 

wet 2 51.00 

* 3 52.15 

we OU 59.55 

5 64.80 

6 [7.15 

7 81.80 

st 8 89.55, 

9 100.30 

10 112.30 

al 120.00 

132 

Identity 

% ~Fe50,3Cr,0, 

Austenite 

Austenite 

Austenite 

Cr,9 3(Cr,Fe) 0, 

aK -Fe,03;Cr,0, 

(Cr, Fe) .0,5 x -Fe,0, 

or0), 

(Cr,Fe),0,3%-Fe,0, 

Austenite 

Austenite 

Austenite 

Figure:.17(a) Powder diffraction pattern for AISI 316 wear debris produced 
under mild wear. (Sliding speed = 2.0ms-!; Environment=Air.) 

wee 

* 1 

Very strong intensity line. 

Strong intensity line. 

Fairly strong intensity line.
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Diffraction 
Line 26 (Cms) 

1 38.90 

* e 41.20 

3 48.80 

see 50.90 

5 56.60 

we 6 59.50 

ie 64.70 

8 66.90 

9 73.10 

eo 89.30 

Identity 

Cr 0 

Austenite 
Cr,0,3Fe,0, 

Cr,05 

Austenite 

AX -Fe,0, 

Austenite 

x | Fe,0, 

es 
%-Fen035 7503 

(Cr, Fe),0,50r,0, 

Austenite 

Figure: 4.17(b) Powder diffraction pattern for AISI 316 wear debris produced 
under mild wear at 500 C. (Sliding speed = 0.5ms™'; 

wee = 

* = 

Environment = Con ~ 

Very strong intensity line. 

Fairly strong intensity line.



a 22 (cns) 
wee 1 51.00 

He 2 59.50 

vfs 67.15 

u 89.40 

* 5 101.05 

* 6 112.95 
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Identity 

Austenite 

Austenite 

Fe,0),3 8 -Fe,0, 
x -Fe,0,3Cr30, 

Austenite 

Austenite 

Austenite 

Figure: 4.17(c) Powder diffraction pattern for AISI 316 wear debris produced 
under severe wear. (Sliding speed = 2.0ms~!; Environment=Air.) 

Hose 26 (ons) 
wits 9 45.57 

ee 2 52.20 

we 3 60.60 

Vets lk 77.47 

5 90.57 

* 6 100.85 

* 7 112.45 

Identity 

Austenite 

Austenite 

Austenite 

Austenite 

Austenite 

Austenite 

Figure: ).17(d) Powder diffraction pattern for AISI 310 wear debris produced 
under severe wear. (Sliding speed = 0.5ms~!; Environment=Co,.) 

Saad 

% " 

vef. 

Very strong intensity line. 

Strong intensity line. 

Fairly strong line. 

Very faint intensity line.
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The rhombohedral oxides are found to exist at all oper- 

ating sliding speeds, environments and loads. 

Cubic Oxides. The cubic oxide identified in the debris was J - Fe,0,- 

The latter, although synonymous to the Spinels and in particular to 

magnetite, Fe,0) is indicative of different oxidation properties 

due to its very cammon occurence as an oxidation product, but 

separation between the two oxide phases by X-ray diffraction is 

difficult. 

As with the rhombohedral oxides, ¥ -Fe,0, 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 Fe,0), (cubic-form) and Cr,0), (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 cr,0) is found to be a cammon oxidation product 

in the debris, Fe,0), is found to occur only under an air environ- 

ment. However, the difficulties in separating ¥ -Fe,0,, which is 

commonly occurring, fran Fe,0 may suggest a wider occurence of 

the latter. 

Wustite Oxides. The FeO constituent of the debris, wherever iden- 

tified, was found to be of small proportions and not cammonly occur- 

ring as an oxidation product. Fran Table .7, FeO is seen to be rer- 

tricted to occuring at sliding speeds of 0.5m.s7) only with a sig- 

nificant absence at 2.0m.s~! .
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(c) AISI_316 Steel Debris (at 300° and 500°C Disc 
Temperature ) 

At operating temperatures of 300°C and 500°C 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 ae 1s 

face temperatures during wear. Investigations by several wee 

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 and ¥ -Fe,0, 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 500°C - 600°C, 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. in y Identity Index Experimental 
| devalue i | |___d-value conditions 

3.03 | cr,0, | 3405 4,9 

2.6, | 20 ¥ -Fe,0, | 2.64 9 

| | | Cr, 0, 2.66 

2.686 j (cr,Fe),0, | 2.69 1h 
| | | 
| | % -Fe,0, | 2.69 

Cr,0, 2.66 

| ! | 2.5b | FeO), | pew 

| | ¥~ Fe,0 e5 3 

{ Cr30), | 

2.37 | 20 Cr,0), 2.39 11, 13 

2.08 t.. 160 i Austenite 2.08 Vee sass 250s ls0> 
| | 9,10,11,12,1h, 

| 

1.08 80 Austenite AB Nees sUsO OT sOs 
9,10,11 12,18, 

1.67 ho cr,0, 1.672 9, 14 

| Cr 30), 1.655 

o -Fe,0, 1.69 

(Cr ,Fe) 2°3 1.68 

Austenite 

  

  
TABLE .7(a) Wear-debris Identification. 
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TABLE ,.7(b) Wear-debris Identification. 

Exptl. Exptl. Identity Index Experimental 
d-value vu d-value conditions 

F 1 1.61 10 Cr 0), 1.59 0 

| (Cr Fe) 0, Ui) 

4 Fe,0), 1.616 

| x -Fe,0, 1.61 

| ace V Fe,0, 596 

1.43 30 i cr,0, 1.43 12505559511 

| Cr 0), 1.432 

| (Cr, Fe) 0, 1.L4 

% -Fe,0, 1.43 

| 1.366 e (Cr, Fe) 0, 13h 9 
} 

Xm ~Fe,0, 1.39 

Cr 0), 1.348 

Fe,0), 

1.27 70 Austenite 127 | 1,2,354,5,657,8, 
| | 9,10,11,12,1h 

1.16 30 (cr Fe) 0, 1.18 | 1,2,,5,6,7,9 

X-Fe,0, 1.162 

1.08 60 Austenite 1.083 3 9253,1,5,6,758, 
FeO 9,10,11,12,1h, 

1.03 ho Austenite 1.037 1,2,3,,5,6,7,8, 
9,10,11,12,1h 

1.01 10 X-Fe,0, 0.989 ey 5 

x -Fe,0, 1.03 

FeO 0.998           
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1 
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Standard Austenite Sample. 

Steel 
(AISI) 

316 

316 

316 

316 

316 

316 

316 

316 

316 

310 

310 

310 

316 

Experimental Conditions 

Sliding 
Speed 
(ms7 

On 

0.5 

0.5 

0.5 

0.5 

2.0) 

2.0 

2.0 

2.0 

0.5 

0.5 

0.5 

0.5 

Room Temperature. 

Mild Wear Region below transition. 

Severe Wear Region above transition. 
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Temperature 
c 

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 

TI 

Te 

m1 

1 

Te 

Tt 

T2 

nm 

T2 

2 

Environ- 
ment 

Co, 

Co, 

Air 

Air 

Air 

Co 

Co. 

Air 

Co, 

Co, 

Co, 

Co,
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(44) 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 Cr,0, oxide and wustite were found 

in the debris, particularly at high temperatures, no oxide phase of 

significant proportions were identified. (Table 1.7) 

In general, the variation in composition of the wear- 

debris with operating conditions can be summarised schematically 

by the diagram shown in figure 1.18). 

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. 

(a) Wear Topography - Mild Wear Region 

Figures 1.19), ( a), ( ’), ( ¢ ), and (da) 

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 (4.19)( 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 directim 

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, byonlarge, 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 (4.19),(c) illustrates such a process. 

Oxide-Formation 

Figure (4.19,(d) illustrates the wear suwface created 

by continuous sliding at 500°C, 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), 

(da) 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 (49,50) where 

greatly compacted oxide, forming glazed layers, are noticed. 

(44) Wear Topography - Transition Region 

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

transition regim between the load range 2.2kg < W < h.Okg. The



143 

smooth and even surface character evident in the mild wear region is 

clearly 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 apparent but largely obscured by surface deformation. 

(444) Wear Topography - Severe Wear Region 

Figure (.20),(c,d) illustrates the wear surface formed 

in the severe wear region. The very grately 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 material 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 mechaism is also achieved.



Tbh 

  
Figure h.19 Typical mild wear topographies showing 

a) hollowing (x 200) and b) shearing (x 1500),
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Typical mild wear topographies showing 
a parallel plate dislocation (x 1k) and 

ad) oxide layer fracturing (x 1.5k). 

c) 

d)
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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.)
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5.1 DISCUSSION OF STATIC OXIDATIONAL BEHAVIOUR 

5.1.1 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 environments. 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 becomes 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- 

haviour 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 elemental constitution 

and diffusion mechanics. 

5.1.2 General Oxidation Characteristics 

Evidence provided by oxidation kinetic 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 oxidation 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 

Wagnerian-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 environments, 

is clearly apparent. if a direct comparison is made with the oxida- 

tional work of Rowlands, Whitlow and Oe 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. 

(4) 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 @ssestially chromium III oxide. It is such an 

oxide layer that gives stainless steels good resistance against oxi- 

dising environments since the protective oxide layer precludes the 

possibility of any further oxidation, and as such is the normally 
(52253) 

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 oxidation 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 oxidation of this 

nature can be described by a typically parabolic relation of the 

form: 

(aw/a)? = kt +6 

where AW = the gain in weight; Ss = 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 Wagnerien oxidation kinetics it 

cannot, however, be described by a single parabolic rate. An appar- 

ently two stage parabolic mechanism is found to occur, namely, an 

initial high oxidation rate described by kp, and a final lower oxi- 

dation rate described by kpo- 

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 

999s 
that is an order of magnitude slower. 

(ii) Anomalous Oxidation 

The anomalous non-parabolic oxidational behaviour indi- 

cated in figure (2.10) is found to 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 3-6, the scales consist of an upper Fe, 0k 

layer and a lower, commonly below surface, mixed spinel oxide layer. 

The very different nature of duplex oxidation in cam- 

parison to protective oxidation is clearly app.arent in terms of 

their respective oxidation kinetics. There is no simple rate law 

that can be used to define anomalous oxidation mt 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 oxides. 

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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(i) 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 oxidation re- 

sistance. Many such steels contaiting 9%, 12% or 17% Cr and 2%Ni 

when exposed to AGR conditions have been observed to also behave 

anqalously showing the classic symptoms of protective oxide fail- 

are and subsequent incidence of spinel growth (Rose 1973 (57 )). 

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 occurrenceof this 

could be due to the accumulation 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. 
(58,59) 

However, this is not generally significantly large. 

(a) Cold Worki 

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 195) 

( 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 6.1a) 

where the ferrite b.c.c. phase peak is clearly atsent in contrast 

to figure (5.10, 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 thermal contraction. This, a physical rather than a 

metallographic 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 

AISI 321 steels, although anonmalous 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 

transformation, the occurence of anomalous behaviour would be much 

delayed and diminished. 

(44) Normal Oxidation and Nickel Content 

There is evidence to believe that austenite instability
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and therefore the promotion of anomalous oxidation may also be dir- 

ectly related to nickel content. 

It is suggested by Cina, 195i, ( 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 metastable 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 stransform- 

ation is directly related to anomalous oxidational activity, a 

strong resistance to such formation would therefore also offer a 

strong resistance to anomalous oxidation. 

In accordance with the above, the high levels of 

nickel content in the AISI 316 and AISI 310 austenitic steels, namely, 

12. # 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 anomalous 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 

greatly reduced vulnerability to anomalous oxidation. Finally, the 

AISI 321 steels are profoundly affected by the phase transforming 

mechanisms and consequently exbibit severe anomalous oxidation. 

(iii) Spinel Nucleation and Chromium Depletion. 

The selective removal of chromium from a narrow 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 

chromium combines readily with the oxidising environment to form 

a thermodynamically favoured chromium III oxide phase. Selective 

oxidation of this nature precludes the formation, under steady 

state conditions, 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 anomalous 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- 

pility 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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5.1.4 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, within 

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. 

(4) Multiple Stage Oxidation; Duplex-Oxide Formation 

The important oxidational 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 Chromium 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 

compact 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)).



160 
wn
 

~ a o E
 

n
 ao oO 

a ‘ 
  

  

  

  

  

  

  

3 (EZ L 
Cr2 03 Cr2 03 

Stage 2 
Mixed spinel oxide 

a) 

Cr203 

5) ————-Mixed spinel 

ZXLL LNG Lf 

ey 

Stage 3 _ Fe, 03 or Fe; 0, 

Duplex 

loxide { 

Mixed spinel 

FIG 5.2 

 



  

161 

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- 

haviour eventually arises, a double layered oxide consisting of 

mixed spinel (lower layer) and Fe,0,/Fe 0, (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 ( 6h ) 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 X- 

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) 
  

  
Tathode 

FIG.5.3
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through a cell, 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- 

etions. 

(44) 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 c 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 still achieved 

but to a limited extent. In this way, further oxidation of chro- 

mium is achieved. 

Chranium 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 compact scale of or5- 

o3 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 environment is predominartly 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 Con at the high temp- 

eratures leads to the formation of free oxygen. 

1n= 
co, = 35 + €O 

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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5 chemisord * 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 Cr,0, 

areas proceeds predominantly by the oxidation of the iron 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 Cr2* cations whithin the chromium III oxide, to establish the 

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

ward diffusion of bivalent fee and trivalent Feo" ions, via tetra- 

  

hedral and octahedral cation sites, at the ruptured Cr,0, regions. 
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Since the mixed spinel and Cr,0, structures are not 

as defective as the wustite lattice structure, the process of new 

oxide formation is by combination with chemisorbed oxygen anions at 

the oxide-gas surface, rather then by the combination with inwardly 

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: 

Fe"* or3* ay?” Feo* 
x 

and of the form (Fe, Cr)0,. Such an oxide would have a general 
y 

structure of the form: 

(rex, cr Fae’) oan 

Owing to the high volume ratio of the spinel ee cal 

subsequent oxidation causes further rupturing of the Cr,0, by 

expansion of the spinel against the resistance of the existing pro- 

tective oxide. In this way, larger areas of unprotected alloy 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)Oh. 

(c) Stage 3 

At the final stage, the upper parts of the mixed 

spinel oxide is gradually replaced by the nucleation of an Fe, 37 

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 

3 insufficient supply of Fe-* and Fe” ions to the oxide-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 Fe,0,-type oxide 

is enhancedby the greater mobility of the cations in diffusing 

through the oxide. 

Since the newly formed Fe,0 oxide is chiefly a p- 
3 

type conductor and the spinel axide an n-type conductor, the form- 

ation of oxide can be expected to take place mainly at the spinel 

oxide - Fe,0, 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-Fe,0, 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 dmble layered oxide being 

formed a multi-layered oxide is produced. That is, oxide phases 

3+ Denon. 3+ 3+) A2- 
Fe°")oy", (Fey, Grz” "905 

+ Fe,03 tok -Fe,0, are formed. However, due to the inter-solution 

between some oxides a double layered structure is apparent. 

ranging in composition from (Fe3" Cry ie 
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The phase boundary reactions, I, IIA, IIB and III at the oxide 

junctions can be expressed by the equations: 

Is 2Fe + Cr + [ure-* +O Fe" +O cr" + 8@] = zero 

or 2Fe + [o Fe-* + O Fe?" +5@)] + Cr+ to cr?* +3@)] = zero 

+ 
IIa. (Fe,0,)¢r, = alre** cr?* Fe** Jo?" + (p Fee” + OFe"* +Ocr* + 80] 

+ [0% + 26] 

+ + oe 2- 2- IIB. 2[ Feg”, Cro" Fe°*Jo;” = 2Fe,0,.cr, + (2G0°- + 4@] for all x 

4 2= 
TII. 0, + (oo + lire ,0, = 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 the oxidising elements reach the inter- 

face) they do not control the rate of growth of an oxide. That is, 

ig’ M < (cs), where M is the amount of oxidising element diffusing 

at any instant from the alloy-oxide interface and Cy the concentration 

at the interface, then the oxidation growth-rate is not controlled 

by the diffusion of the oxidising element within the alloy but by 

the diffusion of the latter within the oxide. 

    

X=Ll C=0. 

~o, 8&2 
Oxide ox 

X=0 oC ECS 

Alloy =04 = fas 

X=? C=Cg 

Consider the diagram shown above 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 

are maintained at oy and cy respectively. The diffusion process 

is represented by the diffusion coefficients D, and D, and the 
2 

concentration gradients (d C./ $5) and ( $0,/ 8.) 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 transér of diffusing substances is proportional to the parabolic 

oxidation reaction-rate. 

Using Fick's laws of diffusion (Ref. 36,65) to define the 

rate of transfer of diffusing cations through the alloy and oxide 

layers, i.e., -D, (6¢,/6,) and -D, (6¢,/ $,) respectively, we 

can see that if: 

=D, (6¢,/6,) = -¥D, ($0,/6,) (5.1] 

where J is a constant of proportionality and 

-D, (6¢,/68,) = Dy jy (Cy ~ c,) 

then substituting into [5.1] 

Dd, (cg -C,) = -¥ D, (S¢,/5,) 
aL: 

It can be shown that -D, (d¢,/5,) = kpt/2B where 1/B is a constant 

of dimensions ie ecmie 

: D (Cy - 0) = -¥ kpt/2B 

aL 

Cy- 0, = -¥ kpt.1/D, 2B 

Hence Cy = -Qkpt.l + oy 
D, 25 

Since m= kpt (defining parabolic oxidation) 

2 C. = =Jm 2 + ¢ (5.2] 
P D, 2B . 

1 

Assuming that uM is equal to the rate of transfer of diffusing 

material to the oxide-gas surface, -D, (dc/ 5,) then: 

2 
A= e My o> ia [ssi
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Substituting [5.3] into [5.2] we see that: 

c. = Sti + cS 

1 

Hence ML < Coe
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Bee 

5.241 Analysis of the Wear Behaviour 

The results reported in the present work show that 

under conditions of low-speed unlubricated continuous sliding the 

wear behaviour of the AISI 316 and AISI 310steels 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 behaviour 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 as 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 frictional 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 behaviour, is 

observed to dominate the friction behaviour. 

(i) 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 occurrene 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 occurrng 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 ee Cacatve 

wear model is postulated the idea of the removal of groups of atoms 

fran the substrate by virtue of their adhesive junction strength 

becoming greater than the cohesive 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: 

wos Bs 
Pm
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where Z = number of atomic layers removed; S = sliding distance; 

P = applied load and Pm = flow pressure. Archard [ 66], 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 

cohesive 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: 

wo =  KPS/3Pm 

The value of K 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 een 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 ebove the tran- 

sition zone. A clearly constant relation for K is evident and sup- 

ports the view of the occurence of adhesive wear. 

(44) Oxidational Wear 

Table5.1 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 shows the debris to consist largely of oxide in the form 

of very fine granular material with small quantities of coarser 

metallic fragments. The oxides, in general, are shown to belong to 

four oxide systems: (1) Rhombohedral, (2) Wustite, (3) Cubic and (hi) 

Spinel. The most commonest of the oxides, namely, Cri0,30% -Fe,0, 

and (Cr, Fe) 035 belonging to the rhombohedral system, represent 

the contimous series of solid solution oxides obtainable between 

Fe and Cr. Other less common oxides present in the debris, namely, 

x -Fe,0,, Spinels (Fe,0), and Cr30,) 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 virtually 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 (4.19). 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 is 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. 

(444) 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 (l19b) and (l9c), As initially 

propounded by Suh, delamination Meee 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 4 we. as ¢ B, h 

s de, de, 

where de 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 (1,19) 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). 

fae! 
\ ]   

      

  Figure S.2 z 3 

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, Sz, in 

and Ge. It is shown by Timoshenko { 70 ] that the stress camponent
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Oz due to a normal force P acting on the plane boundary of a semi- 

infinite solid is given by : 

o,--# Pe: 2) 3 [5-L] 

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%rdr. There- 

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

  

6. =—_@A— 6 

¥ 
z 

tuting for P in equation [5.),] gives the stress ao, produced at a 

Figure §.10   
point on the Z-axis (figure 6.10)) by a load distributed over a 

ring-area of radius, r, and width dr: 

=e 
do, = =Siqinidin 22 (n° «92-) 2 

The stress © Z produced by the load uniformly distributed over the 

entire circular area of radius, a, is therefore: 

a Bates Opeane ep acide (25rs 2) 2 

mq 27 (ewez:) Je
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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 Or and 

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

ite solid are given by: “1 2 
Or = Rya-en (hs “3 (r? + 2) ? ]- aro (r® + 27) ‘l6.4 

al 2 
and Og = 1-29) eae (x? + 22) 2 + 2(r* + 2°) a 6.7] 

where -) = Poisson's Ratio. 

Considering four elements of the loaded area (figure (5.10)) each of 

which carries a load qr. dg. dr, and using equations 6,6] and §.7] 

the stresses produced by their respective loads can be determined. 

These are shown by Timoshenko to be of the form: 

dor = ddg = gredg.cr (-2(1 +) Z Ce? + 2°) 2 4 32°(r? + 2°) 7] 
x 

Integrating with respect to $(0 —™7ya) and with respect to r, from 

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

  Or = Ge ¥[-G +29) +e. Ey) 6.9 
vais ge ga 2? 

At the centre of the circular loaded area, for the point 0, where Z = 0 

Gr = Ge = =ils2y) 

The maximum shearing stress J max at any point on the Z-axis is given 

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

Tmax - 9 [2 « 2a +9) VG =) | [5.9] 2 9
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Under conditions of continuous sliding the stresses, S Z, Or, 

and J max are applied and unlike the stationary case are instantan- 

eously relieved. This occurs at all points of cmtact 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 pias )(72) 

Using equations 6.5], 5.8] and 5.9] the principal stress 

components oz, 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 kems and 15 kems. Figure (5.11), ( a ), ( d ) 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 6 2 

Or and Oe the maximum magnitudes are found at the surface,at 2 = 0, 

e.g.5 Or and Oo = and 67 = 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. Hence, it is at a depth corre- 

sponding to J max within the contact 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 

subsequent 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 Ss >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 cmsequence, it can be concluded that 

in order for material failure of the kind evidencedto occur there 

must be additional stress inducing processes acting to suffi- ~- 

ciently increase T 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) 

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 eaee {18)(75) 

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, OT. 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 and 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 

preduced 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. 

5.262 ” 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



  

189 

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 

and 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 (119d. Clearly, it mst 

be the gradual failure of such an over-lying oxide by a micro- 

fatigue process and the subsequent shearing into minute fragments 

which must preduce 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. 

(i) A Brief Description of nn'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= Wed. Ap.exp(-Qp/RT) 5.10] 
U.Pm.f-. Rom, Ec 

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, 

Co is the oxide density ani €c is the critical thickness at which 

the oxide becomes unstable; d is the distance between wearing as- 

parity contacts and given by d= ~/ WA .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 ( Ec), the temperature of oxidation at the interface (To) 

and the number of cmtacting 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 
Sext. HTotal 

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

addition a theoretically derived expression for the division of 

heat at the interface, S theory, in terms of a surface model con- 

sisting of N asperities of approximately the same area of contact 

wupon which an oxide film of thickness, €, is situated, is also 

determined and given by: 

Otheor = Td/(Tp + 74) [5.11] 
where Tp and Td are temperature excesses at the interface assuming 

all heat flows into the pin and the disc respectively. 

By its definition, Otheor is N and S dependent since 

ta = SB rota . 1 
Laks N
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and tp = Protar . 1 + Brot . 1 .¢ 
ak N 2. N 

3 Rak, 

where a = the radius of the real area of contact; k, and ky) = thermal 
0 

conductivities of the steel and oxide respectively. 

Letting B= Hy a/bak 

Equation [5.11] can be expressed as: 

H 
dtheor = 7° OP /tp + atota® , B [8.12] 

Ra kN 

2 

By inserting appropriate values of N into equation (5.14, for a range 

of values of €, a set of values of N can be féund which satisfy the 

relation: 

iO chear = 6 expt. 

By substituting values of N and into equation [5.1] 

To = (Stheor . Tp) + Ts {5.19 

corresponding values of To, temperature at the area of contact, can 

be determined which are consistent with g theor and g expt. 

Using the values of To the corresponding values of N, 

and assuming that 

Wtheor = Wexpt. 

Qp can be determined by substitution into equation (5.1, 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 

theory. 

5.263 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 107? eae 

ak m Sa . Secondly, the dominant constituent of the surface oxides at 

the sliding interface is Cr and thirdly, that the correct Acti- 
2°3 

vation nergy 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 5,2and 5.3 illustrate the ana- 

lysis results for air and CO, environments, respectively, for oxide 
2 

thicknesses of 1m and 5 bm 

It must be pointed out that in order to satisfy the 

initial assumptions the parameters Qp, Ko» f and 20 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 and 

chranium oxides. 

(4) Loy p 

Examination of Tables 5.2nd5.3 show that in general, 

for all test loads and environments, very low Qp values are found 

compared to the experimentally derived values of Qp =90kJ as found 

by static oxidation experiments. It is evident thd assuming thicker 

oxide formation viz., E= 5 Mm 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 environments.
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(a4) 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 that 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- 

nesses of 1 }»™ but markedly higher for €=5 pm The variation of 

To with load is evidently consistent ance for all experiments, in 

general, a decrease in To is found with decreasing applied load. 

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-asparity 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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(434) 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. 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.s7! sliding speed and an air environment. 

It is evident from the table 5.) that changing Ap also 

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

goon ae from the original 1 x 107? eo nttiee 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 original 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 occurryng at the interface. 

Secondly, it is evidenced by X-ray diffraction that 

the surface oxide formed during sliding is not purely Cr0, but 

consists of numerous other phases of oxide e.g. Wustite and Spinels. 

Hence, to be strictly representative, oxidation parameters ko, f and 

Go must reflect in their values the contribution of these oxides 

to the oxide film. In the present work, of course, the values for 

pure Cr,0, only have been used. 

Finally, it is seen by examination of the wear top- 

ography and the wear debris that the mild Weer process being dis- 

cussed here is not purely oxidatinnal but also consisting of delam- 

ination-wear mechanisms. Consequently, since the oxidational wear 

theory has been derived for strictly oxidational wear there mst 

certainly be discrepancies due to the inhomogeneity of the wear 

process. 

5.2.h Application of the Oxidation Theory of Mild Wear to 
Wear at High Temperatures 

It is difficult to foresee the effects of high am- 

bient bulk temperatures upon the true theoretical division of heat, 

6 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 ([ 43]) 

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, 

Ho» Hy, h, a and Q 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 500°C 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 Sexpt. and theor unrealistic solutions in terms of
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N, the number of contacting asperities, To, the temperature at the 

asperity contacts and Ec, the critical oxide film thickness, may be 

obtained. 

The effect of the high bulk temperatures upon mechan- 

ical phenomena such as the load bearing capacity at high temperatures, 

the ability of asp q@ity-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 paramters. 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 descttbed in Chapter will prove useful in describing 

more realistically the wear occurring at high ambient temperatures.



  

CHAPTER Six 

CONCLUSION
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6. CONCLUSION 

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 CO, - based environments. 

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 

ls An oxidation apparatus to simulate AGR environments (i.e. AGR 

temperatures and coolant-gas) is developed. The apparatus is subse- 

quently used to oxidise austenitic stainless steel specimens. An 

accurate mixture of a CO,-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 regulators. 

Co Characteristic differences between the general oxidational 

behaviour of the AISI 316 and AISI 310 steels amd 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. However, after 

prolonged periods of oxidation the AISI 316 and AISI 310 steels are also 

observed to nucleate nodular oxide.
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35 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 oxidation of the AISI 

321 steels is shown to be distinctly abnormal in nature, non-parabolic 

and in accordance with logarithmic oxidation 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 

ee and Ko the répective Arrhenius reaction-rate constants. Cor- 

responding reaction-rate activation energies, Q and Qe are calcu- 

lated and found to lie in the range -74.5 to 100.96 KJ.Mole”’, 

In general the parabolic laws: 

eh? =k pret and (ay? eect 406 

define the AISI 316 and AISI 310 steel behaviour. The logarithmic 

law: 

log 4) = a. 

defines the behaviour of the AISI 321 steels. 

4. A very distinctive double layered character of the nodular 

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 predon- 

inantly of the structural form, Cr,03, the nodular duplex oxides are 

shown to be much more complicated in composition, consisting of a 

Fe,0, - type upper layer and a complex spinel-oxide lower layer. Elec- 

tron-robe micro analysis of typical cross sections of duplex oxide
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nodules are shown to exbibit a characteristic Fe-rich Upper layer and 

a prominently Cr-rich lower layer. 

Bs 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 

defirxcient (< 2%) but with increasing time of oxidation becomes pro- 

gressively diluted in Fe. The inner oxide is shown to be Cr and Ni 

abundant with a fairly high content of Fe (~ 20%) but that the latter 

rapidly diminishes to < 2% with increasing oxidation. 

7. Elemental concentration profiles taken with the Electron Probe 

micro-analyser show the development of Cr depletion zones immediately 

below the alloy-axide interface. Such depletion zones are not so dis- 

tinctly observed for any other major oxidising element. The depletion 

zme is shown to increase in depth with increasing time of cxidation 

upto 234m after 3500 Hrs. Cr depletion levels to 5% within the deple- 

ted zone are observed as a consequence of such behaviour. 

8. Two oxidation models are developed to further understand the 

oxidational behaviour. 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+ Orr De 
(Fe5_y Cr. Fe ) Oy 

but that due to inter-solution of oxides, the structure is more likely 

to be a mixture of the oxide phases 

3+ BF get = 3+ Ste (Fe5_y Cry Fe ) Oy and (Fez _ cry )503 

The outer oxide is predicted to be of a P-type Fe,0, oxide.
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The secom model, developed on the basis of Fick's laws 

of diffusion, shows that the concentrations Cc. and cy (at the interface 

and within the bulk alloy respectively) are given by the relation: 

Cc. = -Jim + 6. 
s —— 

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

B 

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

Mt < oy 

Tribological Behaviour 

Te 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 behaviour, where above a crit- 

ical load severe wear is found to predominate and mild wear for loads 

below the critical load. The AISI 310 steels are observed to exhibit 

non-transitional load-dependent wear, for all conditions, where only 

the severe wear mode is encountered. 

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

found to lie within the narrow range 3.5 x 105 ne mm to y.0 x 1078 

mmm , 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. $x 107" to1x10--m’.mm for the AISI 310 steels 

and 3.5 x 10°? to1 x 107°mm’.mn™! for the AISI 316 steels. In all 

cases, for the severe wear regions, sharply rising wear patterns are 

observed. 

3. Under Con environments lower wear rates are observed for all 

steels, in camparison to the relatively higher wear rates found under 

air environments. The effect of environment 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 behaviour for the AISI 

310 steels is not obtained. 

u. The effect of a change in sliding speed is observed 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 
4 

to higher loads, ie. from 0.9 kgm at 2.0 ms to 2.Okgm at Orsnsn | 

under Con. 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. 

5. The wear behaviour of the AISI 316 steels at high ambient tem- 

peratures teen 300° and 500°. is observed to exhibit the typical 

. transitional and load-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 observed at room temperature, i.e. 

10a soles elOnmne mm) “fortmild wear andes 3.5 = 10; 
4 -! -1 

2x10 an? «mm for severe wear. 

to 

6. The friction behaviour for the AISI 316 steels is shown to be 

transitional in character about a critical load. For loads above the 

critical load, Woy > Wp» a load independent friction region is observed, 

and for loads below the ertical load, Wy < Wp» a wholly load dependent DS 

region is encountered. The critical load region, i.e. Wy 2 WS Ny» 

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

The critical load is shown to vary within the range 2.2 kgm to ).Okgm. 

7 In general, the friction behaviour 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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8. For the region, Wy 2 Ups typical friction coefficients in the 

range 0.55 to 0.70 are found. For the region, ys Wp 

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

» however, a wide 

ip = Wy) to 1.9 (for Wp < 0.3kem). 

9. In the region above the critical load, i.e. the load independent 

region, it is observed that Amonton's law is not obeyed; the behaviour 

in this region is described by the relation: 

# (for Wy > Wp) = k(const) 

Within the load dependent region, however, it is shown that the fric- 

tion behaviour is well defined by Amonton's law i.e.: 

B (for hyps Wy) = F/W + ¢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. 

1t,. 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 major oxide 

groups: (1) Rhombohedral (2) Cubic (3) Spinel and (4) Wustite. The 

specific oxide species found are Cr,0 x-Fe,0,, and (Cr Fe) 0, [Rhom- 

bohedral], Y-Fe,0, [Cubic], Fe 0), and Cr0), [Spinel] and FeO [Wustite]. 

ee 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 and (4) Oxide formation. 

Topographies formed under severe wear conditims, 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 

eceurring above the wear transition load is similar in nature to that 

eceurring under all conditions for the AISI 310 steels. Similarly, by 

determination of the k-factor it is shown that the wear eccurring 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 renge 

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. 

1h. A contact mechanical model is proposed,developed on the basis of 

Contact Mechanics, to understand the observed shearing and plate-disto- 

cation wear mechanisms, by virtue of sub-surface crack propagation. The 

contact load stress components 62, .Sy >» Ge and ae are deter- 

mined for loads of 0.75kgm, 10.0kgm, and 15.Okgm. 

  

3 
Zz 

6z= d-1 + 3] 
(a°42)2 

too 2 

Or =F {¢ -2v) (4, - 4, (n?42?) 2] 302 (742%) 2 | 
Py r 

P 1 Z cee eae 
Ge= ox (1-2) {42 ane (r“+Z°) 2+ 2(r°+Z") 2 

  and Tmax = g( + +) A2i+v) J 

The stresses, in general, within the range 10° - 10°, 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 = 1m and 5 am » 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. 

Qp = 30KI smole™! » than is observed by experiments. By the use of an 

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

hp = 2.0 x ‘a eee much higher values of Qp are predicted.
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ais INTRODUCTION 

Most of the components of the AGR internals are fab- 

ricated from austenitic stainless steel, employed because of its 

high temperature strength, oxidation resistance ami 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 environment 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- 

jials 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 ],C4 J], 15 ] ami [ 6])). However, full scale tests of com- 

ponents and oxidation studies of stainless steels showed that a 

problem could arise that resulted in high graphite wear. Some aus- 

tenitic materials were found to grow a different oxide from that 

conventionally expected ([ 7 ], [ 8 ] and [9(0)]) 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 (Al ). 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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25 BACKGROUND 

2.1 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 courterbearing 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 

the initial wear rate was high (1074 nm? /timm) but rapidly reduced 

with the number of traversals as graphite debris clogged the abra- 

sive surface. Figure (a2 ) 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 107m? /Nimm, 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 

2hOKN/m° 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-dioxide, was intro- 

duced down a central hole ina 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 ( A? ). 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 [ 9 J]. 

2.2 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 flow in which they 

are immersed. The effect of a gas flow, as illustrated in figure 

(43. ), was therefore of real practical significance as it could 

result in maintaining a fully abrasive wear regime. The rate of 

material removal resulting fran continued 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 nodules, 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 (Al ). Here the logarithm of the 

specific wear rate is plotted against the radius of the growing
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oxide nodules for a range of contact and surface feature parameters; 

'n' is the number density of the nodules, 6 the standard deviation 

of the initial surface roughness, P/H the ratio of the interface 

pressure to the hardness of graphite, and Wa 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 ami typically has already risen by three 

orders of magnitude from the normally expected level of around 

107 nm? /Nom 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. 

3. WEAR AT LOW SLIP AMPLITUDES 

34 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 componewits were therefore 

likely to be subjected to a continuous small amplitude movement fran 

vibration in addition to the occasional large amplitude movements. 

While the amplitude of such movements is small their frequencey of 

occureme is high, typically sane tens of Hertz. The integrated
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sliding distance can therefore be very large and can be considerably 

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 figure (A5 ) is considered, then it seems possible that this 

need not be the case as the wear may be a strong function of ampli- 

tude. When the amplitude of movement is less than the typical inter- 

nodule linear spacing, the wear groove from each nodule 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 (A1 203) 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 fran lost movement in the apparatus. 

In a second series of experiments the same apparatus 

was used with the smaller specimens being pre-oxidised AISI 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, Gilsocarbon moderator B, manu- 

fachured 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 figure 

(a7 ). The load empoyed for all specimens was 2 kg, giving an inter- 

face pressure of 0.75 N/m and the total sliding 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 sane 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 sliding 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 ( A8 ). It is interesting that the grooves for 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 distinct length of groove feature can be identified in 

the specimen for the smaller amplitude experiment, and this cor- 

responds to the 300mm peak to peak slip distance. The surface is 

also generally more 'smudged' in appearance and evidence of any 

porosity present has been obliterwated, imiicating a wear process 

which is much less abrasive. 

In this first series of experiments therefore, the 

features of the worn graphite surface and the reswts 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 5kg, giving interface pressures of 0.75N/am- and 1.89N mm? 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 1000um. 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 critical 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- 

gram in figure ( 410), 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 load 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 load they will collapse and wear 

will proceed abrasively. In figure ( A10) 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 becanes 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 2 ly > 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 

amplitude below which severe abrasive wear occurs can still be ob» 

tained. 

(i) Surface Area Removed Per Nodule 

Consider now the rows of in line hemispherical nod- 

ules shown in figure ( All). In figure (Alla), 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 + TR. In b) of this figure, two 

neighbouring nodules are shown separated by ay» where a, is less
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than 'a'. The surface armremoved is aR(a + 4, ) th R° in this case. 

Similarly inc) 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 arf@removed is given by: 

total area removed = 

2 
g tds t see td) + KR aR(a + ay +7: 

for t excrescences in a row with d< a. 

The area removed by each excrescence is thus: 

Individual area removed = 2Rd whend <a 

Individual area removed = 2Ra + xR when d >a i 

With this result it is possible to calculate the average area, A 

removed per ncedule, if the distribution of nearest neighbour dis- 

tances can be found. 

(44) Nearest Neighbour Distance Probability Density Function 

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 

oP + wet eee Ee oe) (2] 

represent in turn p(0), p(1), p(2), p(3), etc., where p.(0), p(1) 

etc., are the probability of a 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(o))?™ 

In the next element of length 6x the average number that would be 

expected to occur is 2Rn 6x. Thus the average number of first 

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

6x is given by the product of these two terms, namely, 

EN (x, x+ 6x) = (p(0))"™ omn gx 
Hence, the probability density function for the distance to the 

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

aN (x, x+ Sx) = 2n (p(0))™* = 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(o) = e” 

Thus 

s(x) = 2RneWoPAX (3] 

The probability density function for the nearest neighbour distance 

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

cS ee 
Note that Se(xax = Senne dx = 1 

° ° 

as would be expected; i.e. the probability of a nearest neighbour 

lying at a distance between zero and infinity is 1. 

(ida) 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: 

nA = mene pes ee fo Pa ax} + nna? { 2Rne" ax 

The last term hts Pots the area a is renoved by the bake 

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 load. 

Hence, by integrating the above equation: 

Cree Sakeale (ese) nA = 1 

Now nA is the fractional area removed, and thus that fractional area 

remaining to support load is given by: 

eo cay ag tte n= Brn), (a> 0) [hi] 

When 'a' = O the term in * Ron does not appear, for the reasons 

discussed above. Hence, the function shown in equation [4] 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 mich 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 favourable 

as that of surface asperities. In practice the strength of the



  

224 

material remaining should be closer to its canpressive yield strength, 

although this should be a lower bound. The compressive yield strength 

is therefore used to derive the condition that the area remaining 

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 []: 

Load supporting capacity/unit area = TrecgeaG - x Rn) [5] 

where xy 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. 

to (1 - Rn) > P [6] 

When this inequality does not hold 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 remins low is given by: 

in(-f) - In é [7] ' ie 2 2Rna 

where f is the value of n x Res 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: = & = (in(@l- £) - ae) [8] 

The results of this analysis are shown in figures ( 413) and (Ail ) 

and are discussed in the following section. 

he 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 graphite. 

This previous work had been conducted at moderately large sliding 

amplitudes (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- 

“1 
imately 10 nm? /Nom, were far in excess of the levels that would be 

exiected for’graphite wearing in a non-abrasive regime, with typical 

wear values of 107mm Hy . 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 occur 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 enough the wear grooves
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from the abrasive features of the surface would not interact,and the 

bearing load would quickly be borneby their non-abrasive hinterlands. 

Below a certain amplitude therefore, the wear Could be expected to 

be much reduced. The results of the present work support 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 for an idealised surface morphology and the 

results from this model are shown in figures ( Al3) and (all ). 

Figure ( 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. These results are 

for one specific loading condition CG, = 4052) 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 (A|4) is a car- 

pet plot of the full theoretical solution 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 across 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 nodule to the surface emp- 

loyed and these were found to be roughly 13 nodules per ome with 

a radius of approximately 60hm, 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/mmm= and the value of 

PY at Skg load was calculated to be 0.0. Interpolating on the 

carpet plot of figure (All ) 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 900Mm, giving an 

a/R of 15 for 60m 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 900Mm is large in comparison with typical structural 

response movement levels of less than 100m. Also, considering the 

carpet plot of figure ( 415), 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 order 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 movements anticipated for components will have a 

much higher rate of wear predicted by the earlier studies [10 ]. 

oe 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 components 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 fran 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 graphite bearings wearing against a rough nodular oxide. 

From the results of this analysis it can be concluded that:
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k. When the nodular morphology of the oxide is known a theoretical 

prediction of the threshold amplitude can be made. 

Se The theoretical predictions are in tolerable agreement with 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. 

International 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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