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The Application of Physical Methods of Analysis to the Study 

of Surface Formed during Wear by Organo-Sulphur Compounds 

A Thesis Submitted for the Degree of Doctor of Philosophy 

By Abderrahman AZOUZ (December 1982) 

SUMMARY 

A variety of physical analytical techniques, among them Electron 
Probe Microanalysis, Scanning Electron Microscopy, X-ray Diffraction 
and Optical Microscopy, have already been used in the past to 
investigate the formation and role of surface films developed during 
wear tests using a four-ball machine to test extreme-pressure additives. 
Although the existence of such films has been confirmed by these 
techniques, and theories have been put forward in order to explain 

the reaction mechanisms of these additives, the actual surface 

composition is still not known precisely. This inability to define 
the chemical nature of these surface species is due mainly to the 
fact that the layers formed are extremely thin. 

To this effect, an investigation of the possibility of applying 
nuclear microprobes such as Rutherford Backscattering using 2 MeV 
alpha-particles and Deuteron-proton stripping reactions [(d,p) 
reactions], alongside the more conventional techniques, has been 

undertaken so that a total picture of the thickness and chemical 
composition of the films generated by the action of the sulphur 
additives could be drawn. The combination of the results from these 
different techniques has led to the evaluation of the thickness and 
to a better understanding of the formation of such films. 
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CHAPTER ONE 

INTRODUCTION 

1.1. Lubricants and Additives 

1.1.1 Principle of Lubrication 

When two solid surfaces are in sliding or rubbing contact both 

friction and wear usually occur (1, 2, 3, 4). The friction is the 

resistance to the motion, whilst the wear results from the loss or the 

destruction of the surface mterial. To reduce the coefficient of 

friction and the wear, it is necessary to prevent the asperity contact 

between the two solid surfaces. This can be achieved by interposing a 

substance (solid, liquid or gaseous) between them to facilitate their 

relative movements. This substance my be termed a lubricant. Therefore 

the process involved is termed lubrication and could be generally 

defined as the art of minimising both friction and wear at the inter- 

face between surfaces in relative motion. 

1.1.2 Lubricants: Functions and Requirements 

The effect of the lubricant on friction and wear occurring 

between two surfaces is an inherent part of the lubrication process. 

Therefore this is referred to as a primary function of a lubricant. 

Nevertheless there are some other functions expected to be achieved. 

These are assigned as the secondary functions of a lubricant and they 

are its removal of frictional heat taking place during the event, its 

prevention from any external contamination and its protection against 

corrosion. To perform efficiently the lubricant must possess some 

properties which are (2):



a) Low shear strength 

During sliding operation, the shear strength of the lubricant 

must be lower than that of the mterial of the surfaces it 

separates. Thus the lubricant will be able to undergo lateral 

(shearing) displacement. 

b) Good Thermal Conductivity 

Any frictional heat generated, at the contact area during 

the rubbing or sliding process, must be quickly and effectively 

dissipated from the bearing region without causing damage to 

the sliding surface. 

c) Good Cleansing and Prevention of Contamination 

The deposition of external agents as wear debris, air- 

borne dust, combustion products etc..., could reduce the 

efficiency of the process. The lubricant must keep the system 

clean and also ensure a good protection of the bearings against 

the contaminants. 

d) Good Protection 

The rubbing wear depends on the distance separating the 

sliding surfaces and on the temperature of the asperity 

contact and, also, it is strongly dependant on the bearing 

load. Corrosive wear results from the environment surrounding 

the system, whether the bearing is in operation or is idle.



Consequently the lubricant should not initiate any active 

corrosion; on the contrary it should protect the surfaces of 

interest against any chemical corrosive attack. 

Gases (air, helium, etc...,) solids (dry bearing or solid 

lubricants), semi-solids (greases) or liquids (oils, aqueous or 

synthetic products) have been used for lubricating surfaces. Among 

them oily lubricants form the largest category and are classified 

according to their source of origin as mineral, animal, vegetable or 

fish oils (5). With the expansion of the oil industry, mineral or 

petroleum oils are widely used. In addition to the essential requirements 

for a lubricant (primary and secondary functions) they possess some 

other important advantages: 

Inexpensive and abundant, 

- Extensive period of life, 

Physical and chemical properties are closely controlled in 

manufacture, 

- Operational temperature range is wide enough to cover the 

majority of industrial applications, 

- Non-toxic, 

Miscible with a wide selection of chemical additives. 

Finally, it is worth noting that the viscosity, which is an 

important property of an oil for determining its ability to lubricate, 

is defined qualitatively as the resistance of the fluid to flow under 

an applied pressure (6). Practically, the coefficient of viscosity 

(sometimes called dynamic viscosity) is evaluated by taking the ratio 

of the applied shear stress to the rate of shear.



1.1.3 Additives 

The load-bearing capacity of straight mineral oils is often 

insufficient for many industrial applications. It is therefore 

necessary to incorporate suitable additives into the lubricant to 

impart additional properties not originally present in the oil, or to 

enhance an existing property. Only after this addition has been made 

can the expected results be achieved (1, 4). 

Additives are classified according to their functions and each 

type is employed depending on the special lubrication needed (1, 4, 7). 

Some examples are given below: 

Circumstances whereby Correct type of 

lubricant is utilised additives required 

- High temperature - Anti-oxidant (or oxidation inhibitor) 

- Corrosive attack - Corrosive inhibitor 

- Soot contamination -Detergent and dispersant 

- All applications (low and 

high temperature) -Viscosity index improvers 

- Low temperature -Pour point depressant 

- Presence of air -Anti-foam 

- Water contamination -Emulsifier 

- High load bearing 

(high pressure and high 

temperature) -Anti wear and extreme pressure



1.2 Type of Lubrication 

The distance between the surfaces in contact, the bearing 

loads and the speed of the motion are the essential factors of the 

thickness of the lubricating film which, in turn, defines the type 

of lubrication that might occur. Figure 1.1 (8) shows the order of 

magnitude of the separation between sliding surfaces under each 

condition. As a result of the interest given to investigate the 

surface layers in the anti-wear and extreme-pressure regions, only 

the situations related to these areas will be considered (a.w. and e.p.). 

1.2.1 Boundary Lubrication (Anti-Wear Regime) 

The regime of boundary lubrication (or anti-wear regime) occurs 

when, due to high loads or low velocities, an oil film between 

moving metal surfaces is no longer maintained and this results in a 

metal-to-metal (ie asperity) contact over a significant portion of 

the lubricated area (Figure 1.2). 

1.2.2 Extreme-Pressure Lubrication 

In the situation of highly loaded contact surfaces giving rise 

to the temperature above the limit of the effectiveness of the boundary 

lubrication, the bulk oil film breaks down resulting in catastrophic 

wear, usually followed by scoring or scuffing, or even welding of the 

surfaces. This regime is called extreme-pressure lubrication.
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Fig 1:2 Boundary lubrication between two 

solid surfaces.



1.3 Anti-Wear and Extreme-Pressure Additives 

As stated above when high loads or temperatures are involved 

during the lubrication process, normal lubricants cannot produce or 

maintain a continuous oil film between the interacting surfaces moving 

relatively to each other. It is therefore necessary to incorporate 

additives into the oil to prevent destructive metal-to-metal contact 

resulting in severe wear or welding. Anti-wear additives are used in 

the case of boundary lubrication whilst extreme-pressure additives 

(sometimes called anti-weld additives) are employed under the second 

condition. 

1.3.1 Anti-Wear Additives 

The most common anti-wear (a.w.) additives used are fatty 

acids and esters and they react chemically with the metallic surfaces 

to forma strongly adsorbed polar film between them. Consequently the 

metallic friction is reduced by the presence of this solid lubricant 

film formed which is effective at temperatures up to its melting 

point (Fig 1.3) (1, 4, 7). 

1.3.2 Extreme-Pressure Additives 

of 
The use of extreme-pressure (e.p.) or anti-weld ofiitives is 

necessary under the working conditions of high temperatures in which 

the oil film between the contacting surfaces has broken-down. Organic 

compounds containing one or more of the element sulphur, chlorine, 

phosphorus or lead are found to be the most suitable commercial e.p. 

additives. Only when the pressure becomes very high between the surface
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Fig 1:3 Surface Polar film formation,



asperities, do the additives undergo chemical reaction with the 

metallic surfaces, to form solid inorganic films of relatively low 

shear strength and high-melting temperatures. These films prevent 

seizure and welding of the bearing surfaces. Figure 1.4 shows a 

schematic representation of the sulphur film formation when the 

sulphur element is a part of the additive used. It is understood that 

during the process there will be some chemical wear appearing with 

the formation of e.p. films. 

1.4 Previous Investigations 

Since the introduction of the 4-ball machine as a device for 

testing the e.p. lubricants in 1933 by Boerlage (9), a variety of 

analytical methods have been applied either directly or indirectly 

for studying the mechanism and the e.p. efficiency of the organo- 

sulphur compounds. The most commonly accepted theory is that the 

organo-sulphur additives react with the metal surface to form mixed 

surface layers of organic and inorganic sulphides and/or iron oxide 

which prevent metal-to-metal contact and seizure. 

By studying the coefficient of friction developed between two 

identical metallic surfaces under e.p. lubrication using sulphur- 

containing compounds as the additives, Greenhill (14), in 1948, 

suggested that a chemical reaction takes place between the moving 

surfaces and the additives. Assuming that sulphide films were formed 

during the process, he showed their existence by employing taper- 

section techniques. 

From their 4-ball test results, Davey and Edwards (15) tried 

to explain the influence of chemical structure on the load-carrying 
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properties of organo-sulphur compounds. They proposed that the reaction 

mechanism taking place on the steel surface of the balls, consisted 

of two or three steps, provided that the types of additives used were 

monosulphide or disulphide respectively. 

i) Reacton of Monosulphide 

The first step implies the formation of an adsorbed layer 

under mild loading and it is represented as follows: 

R 
R-S-R + Fe ——— > Fe: a 

R 

The second involves the formation of a mixed layer of 

ferrous sulphide and organic compound, vis: 

R 
Fe: 3 —-> FeS + RR 

Ne 

The effectiveness of this layer formed is reduced with 

the increase of load, and under severe conditions (ie extreme 

pressure) the film breaks down. 

ii) Reaction of Disulphides 

Similar to the action of the monosulphides, the first 

step involves the formation of an adsorbed layer under mild 

loading and the schematic representation is shown below: 

R 
R-S-S-R + Fe ——>Fe: S~ 

Ns-r 
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The second step indicates the formation of an iron 

mercaptide, namely: 

The iron mercaptide layer behaves as a soap film formed 

from a fatty acid under boundary lubricant conditions. 

The third step occurs under very severe conditions and it 

involves the break down of the iron mercaptide film resulting 

in the formation of iron sulphide and organic sulphide layers, 

as shown below: 

S-R 
Fe: - 

—s-R 
———» FeS + R-S-R 

Loeser et al (16) used radioactive tracer technique and X-ray 

spectroscopy to analyse lubricant films on metal surfaces. Radioactive 

sulphur-35 (S$-35) was employed to study the content and distribution 

of sulphur in e.p. films. The combination of the results from both 

techniques showed a positive identification of the sulphur element in 

or on the e.p. surface. Also they revealed that the additive or 

additive decomposition products react chemically with the surfaces to 

form a solid lubricant film. 

From S.A.E. extreme pressure tests with sulphurised mineral 

oils, Godfrey (17) indicated that the e.p. mechanism consisted of the 

formation of a layer of 0.5 to 1.0 ym deep in the steel and the mjor 

constituent was Fe30,, whilst iron sulphide was a minor constituent. 

LS:



He speculated that the presence of sulphur in the mineral oil favourised 

the oxidation of steel under e.p. conditions. He also pointed out 

that although iron sulphides are a minor constituent in the final 

product, they are necessary for high load carrying capacities. 

Electron Probe Microanalyser (E.P.M.A.) was introduced to the 

study of e.p. additives first by Allum and Forbes (10) when investigating 

the wear scars obtained during 4-ball tests on a series of oils 

containing organic disulphides. The authors showed the benefit of 

employing this technique for detecting the sulphur element and 

measuring its concentration together with its distribution over the 

worn surfaces. They found that in the mixed lubrication (ie a.w. 

region) very little sulphur was present, whilst in the e.p. region, 

large quantities of sulphur were detected. They postulated that this 

small detection of sulphur in the a.w. area was mainly due to the 

formation of an iron mercaptide. The results, also, showed that the 

sulphur distribution was uneven and the maximum film thickness was 

estimated between 0.3 to 0.54m. This investigation strongly supported 

to their earlier suggestion (18, 19) on the action of organo-sulphur 

compounds as load-carrying additives where they theorised that under 

e.p. conditions the activity of the additive is directly related to 

the ease of cleavage of the carbon-sulphur bond to form an inorganic 

sulphur containing layer. 

Allum and Ford (18) observed from their e.p. results on 

monosulphides, disulphides and sulphoxides that the order of increasing 

e.p. activity was: 

diphenyl <di - n -butyl<di-sec -butyl<di-tert -butyl <dibenzyl 

< diallyl 
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They concluded that the e.p. activity depended on the strength 

of the C-S bond which, consequently, made the e.p. performance of 

disulphides higher than that of the monosulphides. 

The same kind of test was applied by Allum and Forbes (19) to 

determine the a.w. properties of these organo-sulphur additives and 

the results obtained were quite different from the e.p. results cited 

above. The following increasing order of activity was found: 

di-tert-butyl < di-n-butyl <diallyl < dibenzyl < diphenyl 

Also the a.w. performance of monosulphides was found to be 

less that that of the disulphides. The authors suggested that the 

a.WwW. activity was governed by the ease of scission of the S-S bond, 

so that an iron mercaptide could be formed. 

In order to vindicate the two last conclusions drawn for the 

a.w. and e.p. activities, Forbes and Reid (11) investigated the 

adsorption/reaction of some disulphide compounds with metallic 

surfaces. They carried out liquid phase adsorption experiments on 

ground iron powder over a range of temperatures (25-170°C) and the 

results obtained for the reactivity of these organic disulphides was 

in the following order: 

diphenyl < di-n-octyl < di-n-butyl <di-tert-butyl < dibenzyl 

Furthermore, the test showed that the monosulphides and the 

mercaptans were less reactive than the corresponding disulphides. 

Consequently this investigation provided supporting experimental 
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evidence of the previous suggestions (18, 19) on the mechanism of the 

action of the organo-sulphur compounds in general, and as a result of 

this study an hypothesis was proposed to summarize the results 

obtained. The hypothesis can be simply represented in the following 

diagram: 

Ss      + 2R alkane, olefin, etc... 

Anti-wear region Extreme-pressure 

region 

Instead of trying to evaluate the effectiveness of the additives 

by establishing the influence of their chemical structure and not 

giving any attention to the composition of the surface films formed, 

Coy and Quinn (8, 12, 13) decided to use a variety of physical methods 

of analysis to obtain as much information as possible about the 

composition of the films produced in actual wear tests using a 4-ball 

machine. The worn surfaces were analysed by the following methods: 

i) glancing angle X-ray diffraction, 

ii) electron probe microanalysis, 

iii) scanning electron microscopy, 

iv) optical microscopy combined with sectioning, 

v) microhardness testing. 

The authors demonstrated that a satisfactory analysis of the 

worn surfaces required several techniques. The combination of the 
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results from these analytical methods showed that the e.p. activity of 

the disulphides followed the order of the ease of scission of the 

C-S bond, viz: 

diphenyl <di-tert -butyl < dibenzyl 

also thick layers of iron sulphide (FeS) were the main chemical 

compound detected on the films formed by the good e.p. additives such 

as DBDS and DTBDS. In the a.w. region, FeS was not detected and the 

authors believed that the reason was probably due either to the 

thinness of the films formed on the wear scars or to the adsorption/reaction 

of the additives onto the surfaces as suggested by Forbes et al 

(10, 11, 18, 19). Consequently the investigators recommended further 

highly sensitive surface techniques (capable of analysing the outermost 

atomic layers) to be used as a complementary method for studying the 

reaction mechanisms occurring in the a.w. regime. However, as a general 

conclusion summrising the analyses carried out by Coy and Quinn 

(8, 12, 13), it was demonstrated that the load-carrying capacity was 

determined by the properties and the thickness of the films formed on 

the worn surfaces, and any funther investigation of this interesting 

but difficult field should be based on the study of the real worn 

surfaces rather than films produced by static immersion tests previously 

used in the past. 

The development of sensitive surface techniques such as X-ray 

Photoelectron Spectroscopy (X.P.S. or E.S.C.A.), Auger Electron 

Spectroscopy (A.E.S.), Low Energy Diffraction (L.E.E.D.), Secondary 

Ion Mass Spectroscopy (S.I.M.S.), etc..., led to the possibility of 

employing them in tribological research and in particular to the 

study of the films formed during wear tests using a 4-ball machine. 
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The feasibility of using A.E.S. with depth profiling to detect 

and examine the surface films formed by additives in lubrication 

processes was reported by Phillips, Dewey, Hall, Quinn and Southworth 

(20). X-ray Photoelectron Spectroscopy (X.P.S.) was engaged by Bird 

and Galvin (21) to examine films formed on the surfaces of EN31 steel 

specimens by oil solutions of e.p. additives, such as elemental 

sulphur and DBDS, in immersion and rubbing tests. Their investigation 

showed that X.P.S. was of great advantage by providing information on 

the elements associated with their respective chemical states to a 

depth profile of about 1 to 2 nm. In addition, the results obtained 

from the immersing and rubbing tests were quite different and this 

finding provided the experimental evidence that the previous immersion 

tests were not, in general, good guides in the study of the reaction 

mechanisms of the organo-sulphur additives. 

Auger Electron Spectroscopy (A.E.S.) incorporated with argon- 

ion sputtering technique were utilised by McCarrol, Mould, Silver and 

Sims (22) to build up an approximate composition profile of the layers 

formed on the wear scars, which were produced during tests using a 

4-ball mchine with two sulphur-containing compounds, dibenzyl 

disulphide (DBDS) and di-tert-nonyl polysulphide, as the lubricant 

additives. The analyses showed that the sulphur level decreased 

gradually with increasing depth then stayed constant below a depth of 

around 100 A°. This result indicated that the additive-metal reaction 

was taking place over the first few Angstroms. The investigators 

also examined the influence of load on film formation and they found 

that the increment of the load increased the sulphur content in the 

surface layer. 
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In a two publications, Tomaru, Hironaka and Sakurai (23, 24) 

studied the effect of oxygen on the load-carrying action of some 

sulphur additives by combining several methods, namely: 

i) 4-ball machine, 

ii) hot wire technique (in air and in argon), 

iii) E.P.M.A. and, 

iv) Ion Microanalysis (1.M.A.). 

They proposed that the effectiveness of the e.p. additives 

containing sulphur compounds could also be attributed to the presence 

of the oxygen occurring in the bearing zone, and not only to the 

sulphur element alone, as previously predicted. 

The reaction kinetics of the film-forming reaction were observed 

by Okabe, Nisho and Masuko (25). Radioactive tracer technique, using 

radioactive dibenzyl disulphide labelled with sulphur-35, enabled 

them to measure the friction coefficient simultaneously with the 

amount of the surface reaction product on the friction surface. The 

interpretation of the results demonstrated that the chemical reactivity 

of the sulphur-type additives and their lubricating performance 

depended upon the adsorptive-action of the sulphide in the friction 

zone. 

The phenomenon taking place during the interaction between 

organic sulphides and metallic powder of Fe, Cu and some oxides, was 

interpreted by Mayer, Berndt and Essiger (26) with the assistance of 

the Differential Thermal Analysis technique (D.T.A.) By this method 

the internal factors influencing the interaction of rubbing surfaces 
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under dynamic conditions were deduced. The D.T.A. measurements revealed 

that the starting temperature of the sulphidizing reaction was a 

relative criterion for the reactivity, independent of the reaction 

type. This observation purported that the e.p. efficiency of the 

organo-sulphur compounds was mainly governed by the temperature 

parameter. 

Even though the idea of the great significance of the temperature 

effect in lubrication processes is not new, there is still much to be 

learned about the magnitude and distribution of the temperature 

originated at the contact point between the top ball and the three 

stationary balls during the running operation of the 4-ball wear 

tester. Thereby the knowledge of the surface temperature is of great 

importance and my add new elements of information in the comprehension 

of the mechanism by which lubricants and additives affect wear via 

chemical processes. Unfortunately, many practical obstacles arise in 

recording the contact temperature, however few (but different) 

approaches to overcome this difficulty have been reported up until 

noW. 

First, Blok (27) tackled the problem theoretically and proposed 

mathematical equations for calculating the contact temperature or 

“flash temperature" occurring at sliding surfaces under extreme 

pressure conditions. He later applied these equations to the case of 

the 4-ball machine (28). Following the same step, Jaeger (29) carried 

out the calculations into considerable numerical detail. Taking into 

account these two previous findings and starting from Blok's concept 

(28), which stated that the load carrying capacity of lubricant was 

characterised by a critical temperature for failure, Lane (30) used a 
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simple mathematical treatment to demonstrate that the maximum value 

of this critical temperature could be simply reduced to the following 

expression w/dl-4, where W was the applied load in kg and "d" the 

wear scar diameter in mm. He designated this expression as "Flash 

Temperature Parameter (F.T.P.) representing the flash temperature 

occurring in the contact area between the balls, furthermore it was 

regarded as a measure of e.p. performance of lubricants. This assessment 

was accepted as one of the test procedures of the 4-ball machine and 

recommended by the Institute of Petroleum, I.P. 239/77 (31). 

Fein (32) investigated the seizure phenomenon in the 4-ball 

wear machine by observing the effect of non-reactive lubricants on 

steel and by using Blok's equations (28) to estimate the surface 

temperatures corresponding to the bulk lubricant transition temperatures. 

He concluded that the relationship between bulk lubricant temperature, 

load and speed at the transition, depended entirely on load and speed, 

and this was due to the frictional heat generation. 

By modifying the conventional ball holder and incorporating an 

iron-constantan thermocouple inside the pot, Manteuffel and Wolfram (33) 

were able to record automatically the temperature changes of the 

lubricant after it left the contact area. Thus a "temperature-load" 

chart was obtained. The interpretation of the wear scars at the 

transition points on the "temperature-load" curve suggested that very 

rapid wear occurred together with a rapid drop unit in pressure during 

these periods of severe boundary lubrication. They completed the 

investigation by using the radioactive tracer technique which revealed 

that at the transition points there was an increase in chemical 

activity between the metal surface and the active e.p. elements in 

the lubricant. 

21



Sethuramiah, Okabe and Sakurai (34) regarded the temperature 

factor as the main contribution to the e.p. lubrication failure. 

Firstly they observed the friction coefficient (f) just before and at 

welding points during standard tests on five sulphur compounds at 

various concentrations, and the results displayed two distinct types 

of behaviour according to the concentration and the additives employed. 

In the first case welding occurred with a sudden transition (Tr 1) 

from a relatively low friction within two or three seconds, whilst in 

the second type the friction rose from a relatively low value (Tr 1) 

and remained constant for a period of time (Tr 2) before welding 

occurred. Figures 1.5 and 1.6 gave a schematic representation of these 

two types of behaviour (34). After completing the standard tests, the 

bulk temperatures at the transition times (Tr 1 and Tr 2) were recorded 

by means of a thermocouple probe inserted into the ball pot. The 

average values found for Tr 1 and Tr 2 were respectively 60°C and 125°C. 

With very simple assumptions made on Archard's theory (35) the contact 

temperatures at these points were calculated. These were then added 

to the corresponding recorded bulk temperature values. The quantities 

obtained were designated as the failure temperatures and their values 

were between 290°C to 390°C for Tr 1 and around 700°C for Tr 2. The 

investigators concluded that two types of failure governed by critical 

temperatures were taking place during the e.p. lubrication, namely 

these 1) lubricant failure and 2) e.p. film failure. The first type 

was attributed to the inefficacy of the carrier lubricant or its 

decomposition products beyond the critical temperature corresponding 

to the transition Tr l. In the event of Tr 2, when the applied loads 

were being supported by the e.p. films formed, the second type was 

due to the break down of these protective films as a result of the 

chemical reactions occurring between them and the metal surface, and 

usually ending up by welding when the temperature approached 700°C. 
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Fig 1:6 Type 2 behaviour at weld load (schematic representation) 
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1.5 Aim of this research 

The aim of this research was to investigate the formation and 

the role of surface layers developed during wear tests when organo- 

sulphur compounds were used as the additives. The emphasis was placed 

on the introduction of new techniques, for instance, nuclear analysis 

to study the structure of such surface films in order to gain further 

insight into the accepted theory of the reaction mechanism and the 

load-carrying properties of these additives. The additives studied 

were elemental sulphur and three aromatic sulphides namely dibenzyl 

disulphide (DBDS), dibenzyl monosulphide (DBMS) and diphenyl disulphide 

(DPDS) each at their various concentrations according to the test 

selected. The base lubricant used was a white mineral oil (Risella 32). 

Wear tests were performed on the well known Shell four-ball machine 

using either the conventional geometry of rotating ball on three 

stationary balls or the altered design of "ball-on-three-flats" in 

which the contact geometry was identical to the conventional mode. 

The balls or rollers, which were referred to as test specimens during 

the analytical methods employed throughout this work, were EN31 steel 

hardened to 850 + 10 V.P.N. The operational time was either one minute 

for each load in the case of determining the additive performances, 

or for a time range of one minute to several hours in the case of 

investigating the dependence of a.w. and e.p. film formation on time, 

and on the temperature; and also to enable the colletion of a 

sufficiently large quantity of wear debris for the eventual X-ray 

diffraction analysis. 

As stated earlier, the previous investigators applied a 

variety of physical analytical techniques to explain the 4-ball wear, 
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in terms of possible wear mechanisms. Although the findings were 

consistent with the formation of surface layers of iron sulphide, 

very little is known about the distribution and the thickness of 

these films. By introducing high energy charged particles, it was 

hoped that the present investigation would provide a means for studying 

the a.w. and e.p. surface films formed on EN31 steel during sliding 

wear tests. Two types of charged particles were used, namely 

1) Rutherford Backscattering (R.B.S.) using 2 MeV alpha-particles and 

2) Charged Particle Stripping Reactions using Deuterons [(d, p) reactions]. 

In addition, analyses using the more conventional techniques such as 

X-ray diffraction technique, S.E.M. coupled with an energy dispersive 

analyser, E.P.M.A. and X.P.S. were accomplished. Bulk temperatures 

were also recorded using thermocouples. 

The combination of the results obtained from these different 

methods led to the evaluation of the thickness of the films formed 

during 4-ball tests and also to a better understanding of the mechanism 

of the action of the organo-sulphur additives used throughout this 

project. 

Also as a part of this research, a survey and theoretical 

calculations were conducted to show that Neutron Activation Analysis 

was not suitable for detecting the sulphur element in the wear debris 

collected. 
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CHAPTER TWO 

EXPERIMENTAL METHODS AND DETAILS 

2.1 The 4-ball Machine 

2.1.1 The Original Design 

The 4-ball machine is a standard tribology test rig for testing 

the e.p. and a.w. properties of oils and greases (36). The one used 

throughout the project was a Shell 4-ball mchine (Figure 2.1) given 

to the University of Aston by Shell Research Limited. The basic 

principle of the machine is that one load-bearing ball is rotated in 

contact with three fixed load-bearing balls immersed in the oils plus 

additives (Figure 2.2). The centres of the four balls form an 

equilateral tetrahedron. 

The conditions of the experiments were chosen to satisfy the 

requirements made by the Institute of Petroleum (designation IP 239/77) 

concerning the use of the 4-ball machine as a lubricant testing 

device. Therefore during tests covering the determination of load- 

carrying activity for the a.w. and e.p. regions, the running time 

for each applied load was the standard time of one minute over a 

range of loads from 40 kg to 900 kg depending on the additive used. 

The rotation of the upper loaded-ball was fixed to 1500 r.p.m. The 

balls were made from EN31 steel and the size of each one was } inch 

in diameter (Figure 2.3). 

2.1.2 The "3-Flats" Modification 

Due to the difficulty of analysis the + inch diameter ball on 

the electron probe microanalyser available at the University, one- 
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ball-on-three flats geometry as used by Coy (8) was utilised to 

produce suitable samples for the analysis. In this arrangement three 

t inch diameter and z inch long steel rollers are locked in a holder 

so that a top-rotating + inch diameter ball rests at the centre of 

the flats. An alteration of the original design (8) of the holder for 

the rollers was made to ensure a better performance during the 

preparation of the specimens. The contact geometry between the top 

loaded ball and the rollers was identical to the ball-on-ball mode. 

Figure 2.4 shows the basic arrangement for the roller bearings. 

In addition the latter are also more suitable for analysing by means 

of the nuclear techniques to be described later. 

2.1.3 Initial Cleaning Procedure 

The balls were first washed thoroughly with a detergent and 

rinsed with ordinary water. After being dried they were cleaned with 

a commercial degreasing solution supplied by Shell and called SPB2. 

Then they were put in a water cooled vapour bath containing petroleum 

ether for at least two hours. At the end of the cleaning operation 

they were stored with great care, isolated from any kind of external 

contamination before being used in the 4-ball machine. 

The procedure for cleansing the rollers was to commence by 

polishing the one end using different abrasive papers (grade 100, 

180, 240, 400, 600 and 1200) and diamond papers (1 and 6 »m) and then 

to clean in an ultra-sonic bath using acetone. Afterwards the same 

procedure as described above for the cleaning of the balls was 

used on the rollers and also on the removable parts of the 4-ball 

machine. 

30



EN 31 Steel ball 

| 
  

    a 

7 
| 

if 
EN 31 Steel roller | EN24 Steel holder 

Silver steel cone 

  

        
Fig 2:4 3-Flats holder 

31



2.1.4 Procedure of the Test 

At the beginning of each experimental procedure, the 4-ball 

machine was switched on for a period of fifteen minutes to warm up 

the motor ensuring constant speed and torque. Meanwhile balls or 

rollers were mounted in their respective holders. For each load, in 

the case of the conventional mode, three balls were placed into the 

bowl of the container (Figure 2.3) and then fixed together by a 

clamping ring. A clamping nut served to tighten them up. A fourth 

ball was put into a chuck (Figure 2.5) and the whole was thrust at 

the end of the drive shaft when the machine was ready for an experiment 

to begin. About 20 ml of the solution under test was poured into the 

cut containing the three clamped balls and the holder was put in the 

appropriate position, ie beneath the rotating ball in the chuck. 

In the case of the one-ball-on three flats, the experiment was 

set up in a similar manner, except that there was no need to use the 

clamping ring with the altered holder (cf. figure 2.4). 

Afterwards, the top ball was rotated under a specified load 

against the three lower balls (or rollers) for either one minute in 

the case of the standard test or for a time range of 1 minute to 

several hours in the case of investigating the dependence of a.w. and 

e.p. film formation on time and on the temperature of the lubricant. 

At the end of the experiment, the lower test samples were 

degreased by SPB2. Then the diameter of the scars formed on their 

surfaces was measured by using a travelling microscope, parallel and 

at right angles to the direction of sliding. Therefore for each applied 

load, six readings were taken and a mean value was found. 
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The "wear-load" curve was obtained by plotting the mean wear 

scar diameter against the load on a log-log scale. A typical log-log 

plot of the mean scar diameter versus the applied load, as shown in 

Figure 2.6, usually reveals three distinctive regions namely AB, 

BC and CD corresponding respectively to different operating modes of 

the lubricant: 

8} Region AB: This region is called anti-wear (a.w.) in 

which due to the condition of low load and low friction, the 

wear causes only small smooth circular scars and their diameters 

are slightly larger than those of indentation caused by the 

static load and represented by the Hertz line. 

41) Region BC: This region is called the initial seizure 

(i.s.) and it is indicated by a sudden increase of the measured 

scar diameter due to the rapid increase of friction and wear. 

The phenomenon is recognised practically by a squeaky sound of 

the machine and it could be caused by a momentary failure of 

the oil film which separates the two surfaces involved. 

iii) Region CD: This region is called extreme pressure (e.p.) 

and it is distinguished by the high load and the high friction 

involved in the process. This results in the visible evidence 

of rough and large scars on the three stationary balls. With 

the increase of the load (ie towards the point D), the bulk 

oil tends to break down due to the very high pressure imposed 

upon the contact areas, and this leads to the fusion of the 

metal between the rubbing surfaces. Hence the four balls weld 

together in the pyramid form. 
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2.1.5 Temperature Work 

To study the temperature of the oil plus additives during wear 

test under a.w. and e.p. regimes, a thermocouple wire was immersed 

into the bowl holding the balls so that the temperature variations of 

the lubricant with time could be recorded. Thus, for each additive, a 

"temperature-time" chart was obtained for each region. Also the 

dependence between the temperature and the load, during the standard 

wear test, was investigated using the same procedure. 

2.2 Description of the Material 

2.2.1 Balls and Rollers 

The balls and the rollers were made from EN31 steel hardened 

to 850 + 10 V.P.N. with the following composition: 

ee 0.90 up to 1.00% 

Si: 0.10 up to 0.35% 

Mn: 0.30 up to 0.75% 

S: 0.050 maximum 

Ps 0.050 maximum 

Cr: 1.00 up to 1.60% 

Ni: 0.10% 

Fe: balance ie 95.90% up to 97.50% 

2.2.2 Lubricants 

A white mineral oil called Risella 32 (Shell momenclature) was 

used throughout the project. It is a highly refined mineral oil 
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containing mainly saturated cyclic hydrocarbons with side chains and 

contains less than 100 p.p.m. sulphur. It is also a good lubricant 

for use in high temperature experiments. Some of its physical 

properties, measured at 30°C and 100°C, are presented in Table 2.1. 

2.2.3 Additives 

As the aim of this investigation was to study the surfaces 

formed during wear by organo-sulphur compounds only additives containing 

sulphur were employed. The additives studied were elemental sulphur 

and three aromtic sulphides namely, dibenzyl disulphide (DBDS), 

dibenzyl mono-sulphide (DBMS) and diphenyl disulphide (DPDS) each at 

various concentrations depending on the nature of the test. These 

additives were kindly provided by Thornton Research Centre (Shell 

Research Limited) in a crystalline form. 

The structure of the aromatic sulphides are for: 

i) Dibenzyl Disulphide (DBDS) 

H H H H 

eet lcaal 
c=C i c¢=—C 

ae ae CcC—H 

coh H H Naf 

\ H \ H 

Chemical formula: C4 Hy4 S2 

Molecular weight: 246.395 
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Temperature 

Property 

30°C 100°C 

Dynamic viscosity 62.37 5.09 

(x 107-3 Nsm-2) 

Pressure Coefficient 28.50 18.50 

(x 1079 m2n-1) 

Viscosity Index 89       
  

Table 2.1: Physical Properties of Risella 32 with Temperature. 
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ii) Dibenzyl Mono-sulphide (DBMS) 

  

H H H H 

eae ie 2 
tS ? ; re 

i oe fe ak ee 

| 
eee H H Nay Saag 

[eel Lae 
H H H H 

Chemical formula: Cy 4 Hy4 S 

Molecular weight: 214.331 

iii) Diphenyl Disulphide (DPDS) 

H H H H 

haze bot 
H a << », Ss s om 2 ys H 

NGS ee XN OG 
Cae G c—c 

aes! ier! 
H H H H 

Chemical formula: Cj, Hyg S2 

Molecular weight: 218.341 

2.3 X-ray Diffraction Technique 

2.3.1 Production of Wear Debris 

For some selected loads depending on the region (a.w. or e.p.) 

the time of the 4-ball test was extended to enable the formtion of a 
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large quantity of debris in the oil blend under test. The wear debris 

collected from the test was washed by SPB2 then separated in the 

centrifuge. The precipitate was dried very gently on a hot plate to 

evaporate the remainder of the degreasing solution, leaving behind 

only the powder of the debris. 

2.3.2 Powder Method 

The powder method of X-ray diffraction was utilised to analyse 

the wear debris in order to identify the mechanism of a.w. and e.p. 

protection. More precisely the Debye-Scherrer method (37) was engaged 

to identify the elements which could form the surface layers of the 

scars. 

The powder specimen was placed in a thin-walled glass container 

which was mounted on the axis of a powder camera (Figure 2.7) anda 

narrow strip of film was wrapped around the inside, as shown in 

Figure 2.8. A cobalt X-ray tube with an iron filter and a 0.5 mm 

collimator was employed to produce a fine monochromatic beam of COK y 

X-rays to irradiate the sample. The exposure time was set from 1 to 3 

hours depending on the amount of the debris collected. The diffraction 

pattern was recorded on the film in the form of a series of lines in 

which their distance from the origin represented twice the value of 

the Bragg angle (@). Using the Bragg relation (37) the interplanar 

spacing "d" for each line was calculated and then related to the 

possible compounds by referring to the American Society for Testing 

and Materials (A.S.T.M.) data file. 

The Bragg relation is: 

24 Sing = x esses (21) 
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FIG. 2.7 DEBYE-SCHERRER CAMERA, WITH COVER PLATE 

REMOVED 
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where fd = interplanar spacing 

@ = Bragg angle 

Wavelength of the X-ray beam > 
Mean )(K.) for cobalt with an iron filter = 1.7909A° 

a 

2.3.3 X-ray Glancing Angle Method 

In this analysis the scars were exposed to the X-ray beam 

using the same camera and technique described above. First the samples 

were half sectioned by means of a diamond belt then they were mounted 

in the camera by making sure that the incident X-ray beam hit the 

exposed edge without passing through the rest of the sample (Figure 2.9). 

2.4 Analysis of the Worn Surfaces by using Scanning Electron 

Microscopy Coupled with Energy Dispersive X-ray Analyser 

One of the min advantages of using the Scanning Electron 

Microscope (S.E.M.) is the ability of having micrograph images of 

surfaces of specimens with a good depth of focus. Also during the 

scan of the electron beam over the surface there is a production of 

X-rays. The emitted X-rays are characteristic of the chemical elements 

present on the area studied. The measure of their energies or their 

wavelengths provides a complete analysis and this is achieved by 

coupling the S.E.M. with an X-ray detector. The detector used in 

these experiments is commercially known as the KEVEX attachment. 

2.4.1 Characteristic of the System used 

A Cambridge Stereoscan $150 coupled with an energy dispersive 
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X-ray analyser (KEVEX) was used to identify the elements present on 

the worn surfaces and also to study the topography of these areas. 

The diameter of the electron beam utilised was 70 A°. A lithium- 

drifted silicon detector collected the X-rays which were produced 

simultaneously over the scanned area, and then a chart of the complete 

results was displayed on a video screen. 

2.4.2 Analysis 

During the analysis of samples from different tests, micrographs 

of the scars were taken at low and high mgnification. X-ray charts 

covering these areas at low scale were plotted and also simultaneously 

photographs showing the X-rays distribution of sulphur and iron were 

recorded. 

2.5 Analysis of the Worn Surfaces by using Electron-Probe 
  

Microanalysis (E.P.M.A.) 

2.5.1 General Function of E.P.M.A. 

The principle of Electron Probe Microanalysis (E.P.M.A.) is 

quite simple and is a logical extension of the pioneering experiments 

of Moseley (38, 39) on the wavelength of characteristic X-ray radiation 

excited by electron bombardment. The microvolume of a particular 

point at the surface of a metallographically polished sample is 

excited by a focused electron beam. The beam about lym in diameter is 

accelerated by a voltage of 3 to 50 kV. The excited volume emits a 

complex X-ray spectrum which is selectively analysed by one or more 

X-ray spectrometers. Comparisions between the intensities of 

characteristic X-rays, emitted under identical experimental conditions 
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by the sample "I," and by a calibration standard "I[q]" (usually the 

pure element), permits the determination of the respective elementary 

mass concentration "Ca", to a first approximation. 

2.5.2 Characteristics of the System used 

A Cambridge Microscan 5 was used to analyse wear scars formed 

on the surfaces of the rollers. Due to the thinness of these films 

formed, the accelerating voltage for the electron beam was always set 

to 15 kV because this value was found to be suitable for analysing 

the depth of these layers. The maximum resolution achieved was 0.3 A°. 

The X-rays generated by the sample were collected by two ordinary 

fully spectrometers mounted on each side of the specimen stage at a 

take-off angle of 75°. Throughout the analysis the two crystals used 

were Pentaerythontal (P.E.T.) for the lst spectrometer and Lithium 

Fluoride (LiF) for the second. Table 2.2 gives some properties of the 

crystals available in the system used. 

2.5.3 Operating Mode 

Roller samples and the plate bearing the standards were mounted 

in a holder then the latter was placed inside the specimen chamber of 

the probe. 

At completion of the procedure involved in the preparation of 

the apparatus for use, the area of interest was observed in the 

optical microscope which is coaxial with the electron beam. Once 

ready for the analysis, the crystals inside the spectrometers were 

rotated to the relevant Bragg angle of a particular element of 
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d-spacing Amin (A°) | Amax (A°) Elements (Z) 
CRYSTAL (a°) 

(@) (s) 

LiF 2.015 1.04 3.79 Ra(88)-K(19) 

P.E.T. 4.37 2.26 8.21 Cr(23)-A1(13) 

Table 2.2: Some properties of crystals available on the Cambridge 

    Diet 

2) (#*): Calculated from ) mx = 2d sin@mx 

Microscan 5. 

Calculated from Amin = 2d sin Onin 

@ min is taken as equal to 15° 

@ max is taken as equal to 70° 
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interest. Hence the P.E.T. crystal was rotated to the angle 75°49" 

whilst the LiF was set to the angle 57°29' which correspond to the 

theoretical Bragg angles of the sulphur and the iron elements 

respectively. 

2.5.4 Analysis 

For each scar the investigation was carried out over several 

points and the intensity of the X-rays was recorded, resulting in at 

least three separate counts of 10 seconds being produced. The 

experimental Bragg angle for each element was obtained by rotating 

the crystals by + 2° until the ratemeter indicated maximum counts. 

The background count rate was recorded by switching off the peak. 

After the analysis of the sample under test was completed the same 

conditions were used to observe the count rates for the standard. 

Sulphur from iron disulphide (FeS7) was used as the standard element 

for the sulphur analysis whilst the pure iron was used as the second 

standard. 

The net count per second was obtained by taking into account 

the background count rates and the dead time. Therefore the concentration 

of the element of interest in the sample was found by taking the 

ratio of the net counts per second of this element and its respective 

standard. In other words the concentration of the element A for each 

scan was: 

- Tx (Peak c/s - Background c/s + Dead Time c/8)ejement A 
AZ =   

Tra] (Peak c/s - Background c/s + Dead Time c/s8)gtandard [A] 
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Then the result for each wear scar studied was presented in 

the form of an average value for the concentration. 

At the end the corrected concentration (Ca) was obtained by 

taking into consideration the atomic number (that is the backscattering 

effect and the stopping power), the absorption effect and the 

fluorescence correction factors (40, 41, 42). This is given by: 

    

Ral: Sa} { £00 [a] “ 
Ca = Kyl Steere 

Ra+ Sta] £(X) a lt+y 

where: 

Cy = corrected concentration of element A on the surface of the sample. 

Ky = measured concentration of element A on the surface of the sample. 

R[A] = backscattering effect of the standard A 

Ra = backscattering effect of the element A 

S[a] = stopping power of the standard 

Sa = stopping power of the element 

£(X)[q] = absorption effect of the standard 

a EXO), absorption effect of the element 

y = fluorescence effect 

The calculations for C, have been obtained by using a computer 

programme. 

2.6 Analysis by X-ray Photoelectron Spectroscopy (X.P.S.) 

2.6.1 Principle of the Technique 

If an X-ray photon falls on a free atom, an electron could be 
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possibly ejected from an orbital shell in which, therefore, a "hole" 

(0) is left. the photoemitted electron has a kinetic energy, KE, 

given by the following expression: 

KE = hy - BE sence sees e (2.2) 

where h = Plank's constant, y= frequency of the incident X-ray photon 

and BE = binding energy of the atomic orbital from which the electron 

originates. 

Figure 2.10 shows a simple diagram of the photoemission 

process when the X-ray photon falls on an electron from the level K 

(ie the core state). For this typical example equation 2.2 could 

be written as follows: 

KE = hy - (BE) Sees 5(243) 

Now, if hy is known and KE can be measured, then BE can be 

determined. Consequently the relevant atom could be determined and 

the basis of this technique is known as X-ray Photoelectron Spectroscopy 

(X.P.S.). The method consists of irradiating a sample with monoenergetic 

soft X-rays and measuring the energies of the electrons emitted. In 

the practical case, the spectrometer work function, ¢,, must be taken 

into consideration in the expression of the kinetic energy of the 

electron ejected. Thus equation (2.2) becomes: 

KE = hy= BE - $, oeeeeceeee (204) 
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2.6.2 Characteristics of the System used 

A number of rollers were taken to Thornton Research Centre 

(Shell Research Limited) to be analysed on the AEI ES 200 Electron 

Spectroscopy using an AIK y exciting radiation with an energy of 

1.4 KeV. As the depth of analysis is only a few nanometres therefore 

an extra cleaning was necessary to be sure that the test oil was 

removed completely from the wear scar. the analysis and the interpretation 

of the results were conducted by Mr R. J. Bird. 

Bell Analysis Using High Energy Charged Particles 
  

Interest in surfaces over the past decade has stimulated the 

development of many techniques of surface anslysis. Of these, nuclear 

analyses using high energy charged particles as an analytical probe 

are well developed. Nevertheless, such methods are not widely used in 

tribological research. Hence a study of the suitability of using 

these new techniques for investigating the structure and formation of 

extreme-pressure surface films was carried out. The two main analytical 

techniques retained were Rutherford Backscattering (R.B.S.) using 2 MeV 

alpha particles and charged particle stripping reactions using 

deuterons [(d, p) reactions]. 

The particle beams were produced in the Dynamitron Accelerator 

at the Joint Radiation Facility operated by the University of Aston 

and the University of Birmingham (43). 

A brief introduction to the theoretical point of view is given 

below. 
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2.7.1 Rutherford Backscattering (R.B.S.): General Principle 

When a mono-energetic ion beam is incident upon a solid sample 

some of it will undergo elastic scattering resulting from its interation 

with the nuclei of the surface layers (44, 45). During this process 

the incident ions will transfer some of their energy to the target 

nuclei with respect to the conservation laws of energy and momentum. 

Therefore the final energy of the outgoing particles will be reduced 

from its original value and will be an identification of each individual 

mass of the struck atoms. Hence counting the backscattered ions and 

measuring their energies will provide a good qualitative and quantitative 

chart of the atoms forming the surface layers. This nuclear analysis 

is known as Rutherford Backscattering (R.B.S.). The ion beam employed in 

most practical cases (44, 45, 46) is either H or Hg with energies 

ranging between 1 and 4 MeV and the silicon surface barrier detector 

has been found very suitable for the purpose (precision 1%). 

Furthermore the technique is also suitable for obtaining 

concentrations versus depth profiles of the elements of the analysed 

sample (44, 45, 46). This results from the energy loss due to the 

inelastic ionisation and excitation effects occurring as the incident 

beam enters deeper into the lower layers. This loss in energy is very 

small and is correlated to depth in the target at which the collision 

takes place. 

It is essential to mention about the probability of backscattering 

(ie the reaction cross-section) which is proportional to the square 

of the atomic number (Z) of the target. This makes a small amount of 

a heavy element more easier to detect than the same amount of a light 

element. This is illustrated in Figure 2.11 (47). 
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Figure 2.12 represents a schematic R.B.S. spectrum when alpha- 

particles of known energy E, are used to bombard a film consisting of 

two types of element A and B on a substrate and where the atomic mass 

of the substrate, M, is greater than the atomic mass of element A, Ma, 

which in turn is greater than that of element B, Mp. Measurement of 

the energy of each step allows the elements A and B to be identified 

uniquely and the height of each step is a function of the number of 

atoms of each element, whilst the length of each step is a function 

of the film thickness. 

2.7.2 Deuteron-proton Stripping Reactions 

The technique consists of bombarding a solid sample with an 

energetic deuteron beam and measuring the energy spectrum of the 

protons produced by the induced nuclear reactions (44, 48, 49, 50). A 

schematic diagram of this kind of reaction is given in Figure 2.13. 

Such a reaction can be written symbolically as: 

Mq + Mp —> Mp + Mp +Q 

so Q-= (My + Mp) C2 - (Mp + Ma) C2 capeneeee(e5) 

where Mg, Mr, Mp and Mp are the masses of the deuteron, the target 

nucleus, the proton and the residual nucleus respectively (measured 

in a.m.u.), Q represents the energy absorbed or released and "C" is 

the velocity of light. 

The energy of the proton is given by the equation 

    

Eq Ma Mp 2 Mp (Mp + Mp) Q M, 
= 2 Cos“ 9+ sree 4g) = 

E d 

E a ye 
Pip + MR) Ma Mp Mp 
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FIG. 2.13 SCHEMATIC DIAGRAM OF A (D,P) REACTION. 
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Mg (Mp + Mg) (3 _) 4 
+ 2Cos 0|Cos?@ + Pepi oi few 

Ma Mp Eq Mp pesosmee(eel) 

where Eg is the energy of the incident deuteron beam, and 9 is the 

laboratory angle between the direction of the incident deuteron and 

the emitted proton as shown in Figure 2.13. 

The reaction yield, Y, at the incident energy Eg, may be written 

as (46, 47): 

  

evcsecce(2e7) 

Yp (0) =n (NAx)o a 
(0, Ea) 

Yp (0) 
so that (NAx) = 

n Qo ee eel2e8)   

(@, Eq) 

where (N 4x) is the number of target atoms per square centimetre; n 

is the number of incident deuterons; is the differential 0 
(@, Eq) 

cross-section (for the angle @and at energy Eq) and Qis the solid 

angle sampled by the detector. 

Furthermore for a given Eq and @, the energy spectrum of the 

emitted protons consists of discrete peaks which correspond to the 

energy levels of the excited residual nucleus. As an example the 

reaction "deuteron-sulphur" is considered and this gives: 

d+ s32--pp + $33 + Q 

or this could:be written in a condensed form: 

sa, ») 8 
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The energy-level diagram of this nuclear reaction is represented 

below (Figure 2.14): 
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Figure 2.14 

A typical spectrum of proton yield versus energy is shown in Figure 

2.15. Seven proton groups appear at the energy spectrum of this 

particular case, and each one is related to a state level. Thus Py 

corresponds to the ground state, P, to the lst excited state and so on. 

2.7.3 Experimental Procedure 

Selected wear scars formed on the flat faces of the rollers 

were studied by both techniques, Rutherford Backscattering and Deuteron- 

proton stripping reactions, and the analyses were carried out at 

Birmingham Radiation Centre (43) already mentioned at the beginning 

of Section 2.7. As the additives used for preparing the samples were 

mainly organo-sulphur compounds, elemental sulphur was the min 

interest of the investigation. 

Samples were placed on a stainless steel holder mounted inside 

the target chamber where a good vacuum was maintained during the 

experiments (cf. Figure 2.16). The measurements were acquired with a 
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silicon barrier detector and the detection angle was between 170° 

and 176° with respect to the incident beam direction which was 

perpendicular to the area anlaysed. 

During the examination by R.B.S. the worn surfaces were bombarded 

by an incident alpha-particle beam energy of 2 MeV then the recoil 

energy was measured and the number of scattered particles was counted 

for a range of time between 15 and 20 minutes. 

The basic procedure used for Deuteron-stripping reactions was 

to bombard the specimens with a 2 MeV deuteron beam and to measure 

the energy spectrum of the particles produced by the induced nuclear 

reactions. Sulphur was identified by the energy positions of its 

seven proton groups resulting from the interaction between the 

projectile deuteron and the nuclei of the sulphur target. In this 

case a nickel foil was placed in front of the detector to stop the 

elastically scattered deuteron and alpha-particles from (d, a) 

reactions. 
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CHAPTER THREE 

WEAR EXPERIMENTS AND X-RAY ANALYSIS OF THE WORN SURFACES 
  

3.1 The Wear Experiments 

3.1.1 Results of the Standard Tests 

Before testing the additives, the performance of the base oil, 

ie Risella 32, was determined by proceeding the standard one minute 

tests on the 4-ball machine. Figure 3.1 shows the graph of the mean 

wear scar diameter versus the applied loads and this reveals that the 

intitial seizure occurred at a load of 50 kg, while the final seizure 

was at 70 kg. Beyond this load, the scoring of the surfaces in contact, 

was so high that no further run could be carried on. Alone, Risella 

32, displays a mediocre a.w. performance and completely fails in the 

e.p. region. 

The same standard test was used to determine the load-carrying 

performance of the four additives studied. During these experiments, 

the concentration per weight for the additives was chosen so that the 

same sulphur concentration was present in the lubricant plus additive. 

0.25% by weight (wt) of elemental sulphur was blended with Risella 32, 

and 0.88% wt, 190% wt and 1.74% wt were respectively employed for 

DPDS, DBDS and DBMS. The test results are summarised in Tables 3.1 

and 3.2, whilst the graphical representation of the scar diameter 

versus the applied loads obtained for these additives, are respectively 

shown in Figures 3.2, 3.3, 3.4 and 3.5. 
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Mean Scar Diameter (mm) 

~ 
FPS | Riserta 32 R R R R 

ae + + + + 
(SS (R) etal DPDS DBDS | DBMS 

Si Sulphur 

30 0.30 0.325 0.35 0.28 0.31 

40 0.33 0.36 0.37 0.32 0.36 
50 376 0.40 0.38 0.35 0.39 

60 I.S. 0.43 0.40 0.39 0.43 
Ise 

70 . 68 

I.S. Leos TG. 

80 0.72 0.73 0.62 

90 0.75 0.74 0.66 0.65 
100 0.79 0.75 0.69 0.68 
120 0.85 0.76 0.74 0.75 
130 0.86 0.77 0.77 1.40 
140 0.88 0.78 0.80 2.60 
160 0.94 0.80 0.83 [Welding] 
180 1.00 1.20 0.87 
200 1.05 deta: 0.91 
220 1.08 0.94 
240 1.15 0.98 
260 Is17 1.00 
280 1.20 1.05 
300 1.25 1.07 
320 1.25 1.10 
340 1512 
360 1.15 

400 1.20 
500 1.32 
600 1.42 
700 
800 
900 
920 Vv 

Table 3.1: Four-ball Test Results. 
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LOAD RANGE (Kg) Weld 

Load 
ADDITIVES (Kg) 

A.W. Initial 

Seizure E.P. 

0.25% wt elemental up to 60 60-70 70-300/399 340 
sulphur 

0.88% wt DPDS up to 60 60-80 80-200 220 

1.00% wt DBDS up to 60 60-90 90-900 220 

1.74% wt DBMS up to 60 60-80 80-140 160           
Table 3.2: Anti-Wear, Initial seizure and Extreme-Pressure 

Load Range of the Additives used. 
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The results indicate that during the a.w. regime, the additives 

contribute very little and to a certain extent show the same performance 

as Risella 32 when it is used on its own. Furthermore, the monosulphides 

(ie elemental sulphur and DBMS) manifest the same behaviour, whilst 

the disulphides (ie DBDS and DPDS) present more or less the same 

behaviour. 

The contribution of the additives is quite substantial during 

the e.p. regime, but the performance seems to be affected by the 

environment of the sulphur atom in the molecule additive. The experiment 

shows that when sulphur atom is used on its own (ie the case of 

elemental sulphur additive), the load-carrying property of this 

additive is fairly good, but the test performance of the compounds 

changed according to the nature of the groups attached to the sulphur 

atom. The increasing order observed for the e.p. effectiveness is as 

follows: 

DBMS < DPDS < elemental sulphur < DBDS 

3.1.2 The Effect of Temperature of the Lubricant on Standard Tests 
  

The relation between the lubricant temperature and the applied 

load was investigated by recording the temperature simultaneously 

with the standard one minute wear test on the elemental sulphur 

additive (0.25% wt). The “temperature-load" chart obtained (Figure 

3.6) shows the linear dependence between these two parameters. 

To investigate the behaviour of each lubricant temperature 

during the a.w. and e.p. regimes, tests of recording temperature with 

sas
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FIG. 3.6 TEMPERATURE VERSUS LOAD ( ONE MINUTE RUNS ). 

LUBRICANT ¢: RISELLA 32 + 0.25 % wt ELEMENTAL 

SULPHUR 
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time were carried out on two selected loads, 40 and 130 kg, corresponding 

respectively to the above mentioned regimes. 

i) a.w. experiments: 

During the a.w. regime, the results shown in Figures 3.7, 

3.8, 3.9 and 3.10, reveal that, for all the additives used, 

the temperature rises rapidly but then approaches a maximum 

value for a certain time, and then stays constant for several 

hours. The maximum temperature value and its corresponding 

time vary for each compound additive employed. These values 

are presented in Table 3.3 and there is a distinction between 

those corresponding to the additive with a free sulphur atom 

(ie the case of elemental sulphur) and those where the sulphur 

atom is attached to a group of atoms (DPDS, DBDS and DBMS). 

ii) e.p. experiments: 

Figures 3.11, 3.12, 3.13 and 3.14 represent the results 

obtained during the e.p. experiments and the min observation 

is that the temperature rises linearly until reaching an 

equilibrium value at a specific time; a few minutes later, 

welding occurs. The equilibrium temperatuare value and its 

corresponding time, also, differ from one additive to another 

one. These values are given in Table 3.4 and they suggest the 

similarity of the e.p. performance, (already found in the 

previous test), between the elemental sulphur and DBDS on one 

hand and between DPDS and DBMS on the other hand. 
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Additive Used 

Parameters Elemental 
Observed Sulphur DPDS DBDS DBMS 

(0.25% wt) (0.88% wt)} (1.00% wt) | (1.74% wt) 

Maximum Temperature 105 70 64 87 
value (SC) 

Time corresponding 55 35 40 40 
to the Maximum 
temperature (min) 

Table 3.3: Temperature and time values observed during 

the a.w. experiments. 

Additive Used 

Parameters Elemental 
Observed Sulphur DPDS DBDS DBMS 

(0.25% wt) (0.88% wt)]} (1.00% wt) | (1.74% wt) 

Equilibrium 160 152 172 142 
Temperature 

value (°C) 

Time corresponding 16: 22 17 = 24 
to the Equilibrium 
Temperature "T," 
(min) 

Interval of time 3 2 3 5-7 
between Te and 
Welding Time 

(min) 

Table 3.4: Temperature and time values observed during 

the e.p. experiments. 
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Furthermore, the first conclusion drawn from these experiments, is 

that they could be taken as a single reference for explaining the 

differences between the a.w. and e.p. film formations. The a.w. film 

tends to build up smoothly until reaching its maximum value, then 

stays constant for several hours. On the other hand, the e.p. film 

build up is not uniform and this is due to the chemical reaction 

taking place between the oil film and the surface. To support these 

suggestions, tests of measuring scar diameters with time, under a.w. 

and e.p. conditions, were carried out using elemental sulphur as the 

additive. The results are shown in Figures 3.15 and 3.16 and they 

confirm the proposals put above. 

3.2 X-ray Diffraction Analysis of Specimens 

In order to identify the min components which constitute the 

aew. and e.p. films, an indirect examination was attempted through 

the use of x-ray diffraction analysis of the wear debris collected 

during the 4-ball tests. 

3.2.1 Identification of the Wear Debris for the A.W. Region 

To produce sufficient quantity of wear debris, a period of 

time between 6 hours and 8 hours was found to be necessary for the 

load of 40 kg used for this test. The long running time did not result 

in the balls becoming too hot which could affect the properties of 

the surface. The debris collected from experiments using elemental 

sulphur (0.25% wt) and DBDS (1.00% wt) as the additives was exposed 

to the X-rays for nearly two hours. The interpretation of the films 

is shown in Tables 3.5 and 3.6. The main component found to be present 
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Line | Distance}| 29 (2)] d (A°) Possible compounds or elements 
Ne (mm) 

1/s 35.00 35.00 | 2.977 FeS (2.980) 

2/F | 43.00 43.00 | 2.4432 FeS (2.524)2//Fe03 (2.519) 

3 47.50 47.50 | 2.223 Fe203 (2.210)? 

4/V.S| 52.00 52.00 | 2.043 FeS (2.092) 

5 57.50 57.50 | 1.862 Fe703 (1.840)? 

6 58.50 58.50 | 1.833 aFe703 (1.838) 

0 68.00(7) | 68.00 | 1.601 FeS (1.640)?//Fe304 (1.614)2?             
Table 3.5: X-ray diffraction pattern of wear debris obtained in 

the a.w. region when elemental sulphur was used as 

the additive. 

  

  

  

            

Line | Distance] 26 (2)] d (A°) Possible compounds or elements 
Ne (mm) 

1/F 37.00 37.00 | 2.820 t 

2/F 40.00 40.00 | 2.618 FeS (2.660) 

3/F 42.00 42.00 | 2.499 Fe203 (2.520)? 

4/s 51.50 51.50 | 2.061 FeS (2.090) 

5 67.00 67.00 | 1.622 FeS (1.640)//Fe30,(1.614) 2? 

Table 3.6: X-ray diffraction pattern of wear debris obtained in 

the a.w. region when DBDS was used as the additive. 

N.B: 1) F = Faint 2) The figures between brackets represent 
S = Strong the "d" values for the corresponding 
V.S = Very Strong compounds taken from the A.S.T.M. 

data file. 
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in the wear debris is FeS with some lines which could have been 

attributed to aFe903 and/or Fe304. 

3.2.2 Identification of the Wear Debris for the E.P. Region 

A load of 130 kg, with running time up to 20 minutes, was used 

for producing wear debris from tests using elemental sulphur, DPDS, 

DBDS and DBMS. The measurements and interpretation of the X-ray films 

are summarized in Tables 3.7 to 3.10. FeS is present in all the wear 

debris analysed but also a Fej03 and FeSO, seem to be present. 

3.2.3 X-ray glancing Angle Method 

To verify that the results found during the analysis of the 

wear debris correspond to the compounds which could be formed on the 

scars, the latter were examined by the X-ray glancing angle method. 

As the scars from the a.w. region were too small to be useful for a 

good analysis (cf. Chapter 2 section 3.3), the experiments were 

concentrated on the wear scars developed under the e.p. regime. The 

results obtained for the elemental sulphur, DBDS and DPDS are shown in 

Tables 3.11, 3.12 and 3.13 respectively. The main compound is FeS, but 

there is an indication of the presence of FeSO, and &Fej03. It is 

worth noting that during the experiments, the angle was chosen so 

that the X-ray beam will not penetrate into the substrate to detect 

the Fe and perhaps the Cr. 

3.2.4 Discussion 

The results from the two tests show there is no trace of FeS2. 

This might suggest that the sulphur containing in the lubricant in 
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Line | Distance| 26 (°)] d (A°) Possible compounds or elements 

Ne (mm) 

1/s 35.00 35.00 | 2.978 FeS (2.98) 

2 37.50 37.50 | 2.786 Fe 03 (2.70)? 

3/s 39.50 39.50 | 2.650 FeS (2.660)?//FeSO, (2.618) 

4 42.00 52.00 | 2.499 Fe203 (2.52)?? 

5/V.S] 51.50 51.50 | 2.061 FeS (2.09) 

6 63.00 63.00 | 1.714 Fe 03 (1.704)?//FeSO, (1.706) 

Tl 67.50 67.50 | 1.612 FeS (1.64)//Fe304 (1.614)2??// 

8 78.00 78.00 | 1.423 FeS (1.423)// aFe (1.433)? 

9 85.50 85.50 | 1.319 FeS (1.317) 

10 100.00 100.00 | 1.169 FeS (1.18) 

i: 109.50 109.50 | 1.097 FeS (1.092) 

12 119.00 119.00 | 1.039 FeS (1.030) 

13 129.00 129.00 | 0.990 FeS (0.999)// aFe (0.906)? 

Table 3.7: X-ray diffraction pattern of wear debris obtained 

in the e.p. region when elemental sulphur was used as 

the additive. 

N.B. 1) S = Strong 2) The figures between brackets represent 
V.S = Very Strong the "d" values for the corresponding 

compounds taken from the A.S.T.M. 
data file. 
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Line | Distance] 20 (2)| d (A°) Possible compounds or elements 
Ne (mm) 

1 29.00 29.00 | 3.580 Fe 203 (3.69)?? 

2 35.00 35.00 | 2.978 FeS (2.98) 

3/V.S| 40.00 40.00 | 2.618 FeS (2.660)?//FeS04 (2.618) 

4/V.S| 52.00 52.00 | 2.043 FeS (2.09) 

5/S 63.00 63.00 | 1.714 Fe,03 (1.704)?//FeS0, (1.706) 

6 67.00 67.00 | 1.622 FeS (1.64)//Fe304 (1.614)2? 

7 77.00 77.00 | 1.438 FeS (1.423)//aFe (1.433)? 

8 85.00 85.00 | 1.325 FeS (1.33) 

2 100.00 100.00 | 1.169 FeS (1.18) 

10 |108/109 108/109] 1.107 FeS (1.108) 

Table 3.8: X-ray diffraction pattern of wear debris obtained 

in the e.p. region when DBDS was used as the additive. 

N.B.: 1) S = Strong 2) The figures between brackets represent 
V.S = Very Strong 

89 

the "d" values for the corresponding 
compounds taken from the A.S.T.M. 
data file.



  

  

              

Line | Distance] 20(2)] d (A°) Possible compounds or elements 
Ne (mm) 

1/s 35.00 35.00 | 2.978 FeS (2.980) 

2/V.S} 40.00 40.00 | 2.618 FeS (2.660)?//FeS0,4 (2.618) 

3/V.S} 51.50 51.50 | 2.061 FeS (2.090) 

4/V.S} 63.50 63.50 } 1.702 Fe 203 (1.704)//FeS0, (1.706) 

5 68.00 68.00 | 1.601 FeS (1.64)//Fe304 (1.614)?? 

6 77.50 77.50 | 1.431 FeS (1.423)//aFe (1.433)? 

7 85.50 85.50 | 1.319 FeS (1.317) 

8 100.00 100.00 1.169 FeS (1.180) 

9 108/109 108/109} 1.103 FeS (1.108)? 

10 116.00 116.00 | 1.056 FeS (1.053) 

Table 3.9: X-ray diffraction pattern of wear debris obtained 

in the e.p. region when DPDS was used as the additive. 

N.B.: 1) S = Strong 2) The figures between brackets represent 
V.S = Very Strong 

90 

the "d" values for the corresponding 
compounds taken from the A.S.T.M. 

data file.



  

  

              

Line | Distance} 29 (2)] d (A°) Possible compounds or elements 
Ne (mm) 

1/F 35.00 35.00 | 2.978 FeS (2.980) 

2/V.F| 37.00 37.00 | 2.822 Fe903 (2.703)?? 

3/s 39.50 39.50 | 2.650 FeS (2.660)//FeS04 (2.618)? 

4/V.S| 51.50 51.50 | 2.061 FeS (2.090) 

5/F 63.00 63.00 | 1.714 Fe203 (1.704)?//FeS0, (1.706) 

6 67.00 67.00 | 1.622 FeS (1.640)//Fe304 (1.614)?? 

7 110.00 110.00 | 1.093 FeS (1.092) 

8 119.00 119.00 | 1.039 FeS (1.030) 

Table 3.10: X-ray diffraction pattern of wear debris obtained 

in the e.p. region when DBMS was used as the additive. 

N.B.: 1) F = Feint 2) The figures between brackets represent 
V.F = Very Feint the "d" values for the corresponding 
S = Strong compounds taken from the A.S.T.M. 

V.S = Very Strong data file. 
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Line | Distance} 26(2)] d (A°) Possible compounds or elements 
Ne (mm) 

1 30.00 30.00 | 3.460 Fe 03 (3.690)?//FeS0, (3.410) 

2/V.F}] 34.00 34.00 | 3.063 FeS (2.980)? 

3 43.00 43.00 | 2.443 FeS (2.520)?//FeS0, (2.519) 

4/V.S| 52.00 52.00 | 2.043 FeS (2.090) 

5/V.S| 76.00 76.00 | 1.454 FeS (1.446) 

6/V.S} 99/100 99/100] 1.174 FeS (1.180) 

7/V.8}124.00 124.00 | 1.014 FeS (1.030) 

Table 3.11: X-ray glancing angle diffraction pattern obtained in 

the e.p. region when elemental sulphur was used 

as the additive. 

‘Line | Distance] 26(°)| d (A°) Possible compounds or elements 
Ne (mm) 

1/s 34.00 34.00 | 3.063 FeS (2.980) 

2 42.00 42.00 | 2.500 FeS (2.524)//Fe203 (2.519)?// 
FeSO, (2.618) 

3/V.S | 52.00 52.00 | 2.042 FeS (2.090) 

4/¥ 77.00 77.00 | 1.438 FeS (1.423)// aFe (1.433)? 

5/8 fL00.00 100.00 | 1.169 FeS (1.180) 

Table 3.12: X-ray glancing angle diffraction pattern obtained in 

the e.p. region when DBDS was used as the additive. 

N.B.: 1) S = Strong 2) The figures between brackets represent 
V.S = Very Strong the "d" values for the corresponding 
F = Fajnt compounds taken from the A.S.T.M. 
V.F = Very Feint data file. 
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Line | Distance} 20 (2)} d (A°) Possible compounds or elements 

Ne (mm) 

1 42.00 42.00 | 2.50 FeS (2.524)//Fe903 (2.519)?// 
FeS04 (2.618) 

2/V.S| 52.00 52.00 | 2.043 FeS (2.090) 

3 76.00 76.00 | 1.454 FeS (1.446)?//Fe203 (1.454) 

4 100.00 100.00 | 1.169 FeS (1.180) 

Table 3.13: X-ray glancing angle diffraction pattern obtained in 

the e.p. region when DPDS was used as the additive. 

N.B.e: 1) V.S = Strong 2) The figures between brackets represent 
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the form of disulphide could facilitate the formation of a surface 

layer of FeS in both regions (a.w. and e.p.). 

3.3 Analysis of Selected Specimens by the Means of X-ray 

Photoelectron Spectroscopy 

Six worn roller bearings were examined by X-ray Photoelectron 

Spectroscopy (X.P.S.) at Thornton Research Centre (Shell Limited). 

Elemental sulphur and DBDS were the additives used during the wear 

tests for preparing the selected scars (ie specimens). The specimens 

were as follows: 

  

  

  

Additive Load Test time Area 

(eg) (s) 

Specimen 1 0.25% wt 40 60 aeWe 
elemental 

sulphur 

Specimen 2 o 130 60 e.p. 

Specimen 3 130 1100 ep. 

Specimen 4 su 300 60 e.pe 

Specimen 5 1.00% wt DBDS 130 1110 ep.             

Specimen N? 6 is referred to a thick iron sulphate film prepared on 

one of the base of an unworn roller bearing. This sample was used as 

a reference. 

The detection of the Sgp peaks obtained for each sample are 

illustrated from Figures 3.17 to 3.22. Table 3.14 shows the interpretation 

of the spectra produced from the whole analysis, ie including the 

detection of Fe, 0 and C. The results indicate that when using sulphur 
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as the additive the product is iron sulphate and sulphide in the e.p. 

region, whereas when DBDS was used as the additive the product was 

iron sulphate in the e.p. region. 

3.4 Summarising Remarks 

It is worth noting that, although X.P.S. is a very sensitive 

surface analyser, it failed to detect FeS in the a.w. region or more 

important in the e.p. region when DBDS was used as the additive. 

However, this compound has been detected by both methods, namely X- 

tray diffraction and X-ray glancing angle. There is a good agreement 

between the three methods with the respect to the detection of FeSO, 

for both regions (a.w. and e.p.). The earlier suggestion about the 

presence of FeS04, is that this compound could be the result of the 

contribution mainly from the un-rubbed surface adjacent to the wear 

scar. 
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CHAPTER FOUR 

ANALYSIS OF THE WORN SURFACES BY USING S.E.M. AND E.P.M.A. 
  

4.1 Analysis using S.E.M. Coupled with an Energy Dispersive X-ray 

Analyser (KEVEX). 

The difference between the formation of the a.w. and e.p. 

films was studied from the micrographs of the wear scars and also 

from the X-ray distribution of the min elements of interest (ie 

sulphur and iron) covering the scars. Thus surface topographies were 

obtained with the use of a Scanning Electron Microscope (S.E.M.), and 

alongside X-ray maps of the areas were recorded by using an X-ray 

detector. The accelerating voltage for the electron beam was set to 

20 kV for all the analyses carried out on the S.E.M. 

Before studying the different specimens prepared under specific 

conditions, an unworn EN3l steel ball was analysed and the electron 

picture of the surface together with the iron X-ray image are shown 

in Figure 4.1, whilst Figure 4.2 displays the X-ray chart obtained 

for that area. There is no sign of sulphur peak and the main peak 

belongs to iron, which is the major constituent of EN31 steel (95.90% 

to 97.50%). There was also evidence of very small peaks of Si, Cr, 

and Mn, which also are part of the original composition of the steel, 

but in a very low concentration (0.10% to 0.35% for Si, 1.00% to 1.60% 

for Cr and 0.30% to 0.75% for Mn). 

4.1.1 Anti-Wear Analysis 

To study the dependence of a.w. film formation on time, four 

worn surfaces obtained using the same additive (0.25% wt elemental 
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FIG 4.1 

  
(>) 

ELECTRON PICTURE AND X-RAY IMAGE DISTRIBUTION OF THE 

UNWORN SURFACE, 

a) Micrograph of the surface. 

b) Iron X-ray image, 
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FI. 4.2 X-RAY CHART OF THE UNWORN SURFACE 
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sulphur), but prepared at different times, were investigated. The 

selected load was 40 kg for each case. 

i) Sample No. 1. 

Running Time: Standard One Minute 

The worn area forms an indistinct circle [Figure 4.3(a)]. 

At higher mgnification [Figure 4.3(b)], the worn surface is 

rough and the central part is dark. The photograph reveals a lot 

of scratches but no indication of a visible film. Figures 

4.3(c) and (d) show the X-ray distribution for iron and 

sulphur respectively. The distribution of sulphur is uniform 

which suggests that it could be from the original steel. The 

iron covers all the damaged surface. The X-ray chart (Figure 4.4) 

displays the elements detected over the scar and the results 

confirm the above remark that there is no visible film and 

all the detected substances are originally part of the mterial. 

ii) Specimen No. 2. 

Running Time: One Hour 

With an increase in time the improved protectives, 

characteristics of the lubricant, becomes more evident. This 

can be seen in Figure 4.5(a), which shows the perfect circular 

form of the scar. At higher magnification, the photograph in 

Figure 4.5(b) indicates that the worn area is formed by a 

series of layers adjacent to each other. Furthermore, it can 

be seen that the reacted film is smooth and the fine tracks on 
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FIR. 4.3 ELECTRON PICTURES AND X-RAY IMAGE DISTRIBUTIONS OF 

THE A.W. REGION FOR THE FOLLOWING SAMPLE : 

ADDITIVE : 0.25 % wt ELEMENTAL SULPHUR 

APPLIED LOAD : 4O KG 

TEST TIME : STANDARD ONE MINUTE 

a) Micrograph of the worn surface ( Mag. X 200 ) 

b) Micrograph of the worn surface ( Mag. X 500 ) 

c) Iron X-ray image 

d) Sulphur X-ray image 
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FIG. 4. X-RAY CHART OF AN A.W. REGION 

ADDITIVE : 0.25 4 wt ELEMENTAL SULPHUR 

APPLIED LOAD : O KG 

TEST TIME : STANDARD ONE MINUTE 
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FIG. 4.5. ELECTRON PICTURES AND X-RAY IMAGE DISTRIBUTIONS OF 

THE A.W. REGION FOR THE FOLLOWING SAMPLE : 

ADDITIVE : 0.25 % wt ELEMENTAL SULPHUR 

APPLIED LOAD : 0 KG 

TEST TIME : ONE HOUR 

a) General view of the scar ( Mag. X 50 ) 

b) Micrograph of the worn surface ( Mag. X 500 ) 

c) Iron tray image 

d) Sulphur X-ray image 
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the scar are parallel to the direction of sliding. Some tracks 

are darker than others and this suggests that a thin film of 

sulphur or iron sulphide is formed on these layers. Figures 

4.5(c) and (d) represent the X-ray image distributions of the 

iron and sulphur respectively. The picture for the Fe is more 

or less darker on the right part, meanwhile for the S, it 

shows white spots all over the area. But in addition there are 

concentrated spots in the shape of tracks on the right top of 

the picture. The corresponding X-ray distribution (Figure 4.6) 

indicates a presence of an amount of sulphur beside the iron. 

iii) Specimen No. 3. 

Running Time: 3 Hours 

It seems that the time factor has improved the tracks and 

this can be seen in Figure 4.7(a), where the distinction of 

the tracks is more clearly marked. The film is smoother than 

the previous one. From Figure 4.7(b), which shows the X-ray 

image distribution of the iron over the worn area, it is 

clearly seen that there are dark stripes in almost all the 

picture. This means the presence of another element along with 

the Fe. Meanwhile Figure 4.7(c) indicates the distribution of 

the sulphur. The spots are concentrated and form tracks with 

one greatest concentration in the middle. This suggests an 

increase of sulphur film with the increase of running time. 

The orientation of the film is parallel to the sliding direction. 

The corresponding X-ray distribution (Figure 4.8) confirms 

the increase of the sulphur. 
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FIG. 4.6  ¥-RAY CHART OF AN A.W. REGION 

ADDITIVE : 0,25 % wt ELEMENTAL SULPHUR 
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TEST TIME : ONE HOUR



a) Microgr. 
worn surf. 
(Magn. X 500). 

of the 

    

Sliding direction 

\ 

b) Iron X-ray image. 

¢) Sulphur X-ray image.   
FIG. 4.7 ELECTRON PICTURE AND X-RAY IMAGE DISTRIBUTIONS OF THE 

A.W. REGION FOR THE FOLLOWING SAMPLE : 

ADDITIVE : 0.25 % wt ELEMENTAL SULPHUR 

APPLIED LOAD : O KG 

TEST TIME : 3 HOURS 
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FIR. 4.8 X-RAY CHART OF AN A.W. REGION 

ADDITIVE : 0.25 %wt ELEMENTAL SULPHUR 

APPLIED LOAD : )O iG 

TEST TIME ; THREE HOURS 
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iv) Specimen No. 4. 

Running Time: 6 Hours 

This sample was prepared during the experiments of 

determining the effect of the temperature of the lubricant on 

standard 4-ball tests (see Chapter 3 Section 1.2). From 

Figure 4.9(a) which shows a general view of the scar obtained 

after a long running time (6 hours), it appears that the perfect 

circular form of the scar is still preserved. The resulting 

micrograph of the area [Figure 4.9(b)] puts in evidence the 

presence of the fine tracks but much wider than the ones 

already obtained for the previous damaged areas. Figure 4.9(c), 

which represents the X-ray image distribution of the sulphur, 

indicates the presence of concentrated white spots in the 

shape of large tracks over most of the area except in the 

right bottom of the picture. The uniform striations of the 

film are still observed and this means that whenever elemental 

sulphur is used as the additive, the long running time during 

the a.w. regime, does not affect the tribo-chemical effect on 

the adjacent layers formed by sulphur and iron. 

When 1.00% wt DBDS was used as the additive during the a.w. 

regime, more or less the same phenomenon described above, was observed. 

Figure 4.10 represents the results obtained for analysis of the scar 

formed at a load of 40 kg for the standard one minute run. The 

photograph No. 4.10(a) shows the scar at higher magnification, and it 

can be seen that the area is formed by a series of layers (white and 

dark) adjacent to each other. The X-ray maps of the Fe [Figure 4.10(b)] 
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a) General view of the 
scar (Magn. X 50)- 

Sliding direction 

b) Micrograph of the 
worn surface 

(Magn. X 500). 

Sliding direction 

¢) Sulphur X-ray image.   
FIG. 4.9 ELECTRON PICTURES AND X-RAY IMAGE DISTRIBUTION OF THE 

A.W. REGION FOR THE FOLLOWING SAMPLE : 

ADDITIVE : 0.25 % wt ELEMENTAL SULPHUR 

APPLIED LOAD : O KG 

TEST TIME : 6 HOURS 
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) Micrograph of the 
worn surface 
(Magn. X 2000). 

   

Sliding direction 

b) Iron X-ray image. 

  

c) Sulphur X-ray image. 

  

FIG. 4.10 ELECTRON PICTURE AND X-RAY IMAGE DISTRIBUTIONS OF THE 

A.W, REGION FOR THE FOLLOWING SAMPLE : 

ADDITIVE : 1.00 % wt DBDS 

APPLIED LOAD : O KG 

TEST TIME ; STANDARD ONE MINUTE 
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and of the § [Figure 4.10(c)] reveal that the first element is 

distributed all over the area, whilst the second element is concentrated 

in the form of tracks, right in the middle of the damaged area. The 

relevant X-ray chart (Figure 4.11) corroborates the presence of the 

sulphur. 

4.1.2 Extreme-Pressure Analysis 

Wear scars prepared under e.p. conditions, were obtained for 

each additive studied in this research. The selected load was 130 kg 

for each case. 

When sulphur was used as the additive, the scar has an oval 

shape and this is illustrated in Figure 4.12(a). To the naked 

eye, the edge of the scar is coloured and this suggests that the 

temperature is high at this point. Figure 4.12(b) represents the 

micrograph of one part of the damaged area and it is clear that a 

thick and rough film covers the worn area. Looking at this and also 

at Figures 4.12(c) and (d), which represent the distributions for the 

iron and sulphur respectively, one sees that there are no regularities 

(as in the a.w. film). The sulphur is scattered over the area, whilst 

Fe covers most of the surface except in small places. This means that 

the region is mainly iron and a strong presence of sulphur scattered 

all over the scar. The considerable amount of sulphur is represented 

by the height of its peak on the corresponding X-ray chart (Figure 4.13). 

When using 1.00% wt DBDS, the form of the wear scar obtained 

is similar to the one described above. This is shown in Figure 4.14(a). 

The surface has broken up in some places and around the edge. The 
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FIR. 4.11 X-RAY CHART OF AN A.W, REGION 

ADDITIVE : 1.00 % wt DBDS 

APPLIED LOAD : hO KG 

TEST TIME : STANDARD ONE MINUTE 
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FR. 4.12 ELECTRON PICTURES AND X-RAY IMAGE DISTRIBUTIONS OF THE 

E.P, REGION FOR THE FOLLOWING SAMPLE : 

ADDITIVE : 0,25 %wt ELEMENTAL SULPHUR 

APPLIED LOAD : 130 KG 

TEST TIME : 1100 SECONDS 

a) General view of the scar ( Mag. X 50 ) 

b) Micrograph of the worn surface ( Mag. X 500 ) 

c) Iron X-ray image 

d) Sulphur X-ray image 
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FR. 4. 13 X-RAY CHART OF AN E.P. REGION 

ADDITIVE : 0,25 % wt ELEMENTAL SULPHUR 

APPLIED LOAD : 130 KG 

TEST TIME : 1100 SECONDS 
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representation of one part of the damaged area taken at very high 

magnification [Figure 4.14(b)] shows evidence of the slit on the 

surface occurring parallel to the sliding direction and this results 

in the formation of islands alongside the propagation of the cracks. 

Figure 4.14(c) indicates that Fe is distributed over most of the worn 

surface except in two clearly defined areas along the scar. High 

concentration of sulphur lays on these areas and this is confirmed 

by the observation of the X-ray results displayed in Figure 4.14(d) 

and 4.15. 

In the case of applying 0.88% wt DPDS, the scar produced 

consists of tracks parallel to the sliding direction irregularly pock- 

marked by craters where mterial has been torn out of the surface. 

This is shown in Figure 4.16 (a). A study of the corresponding X- 

ray photographs [Figure 4.16 (b) and (c)] and also the diagram 

(Figure 4.17) suggests that the tracks are mainly iron whilst the 

craters are a mixture of iron and sulphur. 

A micrograph of a region of the scar obtained in the case of 

using 1.74% wt DBMS [Figure 4.18(a)] reveals that the surface was 

partially pulled out leaving large craters. The largest crater stands 

right across the middle of the picture. The examination of the 

corresponding X-ray elemental surface maps [Figure 4.18(b) and (c)] 

leads to the conclusion that the sulphur lays in the craters whilst 

the iron is distributed all over the area but with less density inside 

the craters. Figure 4.19, which represents the X-ray graph, shows 

the presence of the sulphur beside the iron. 
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FR. 1h ELECTRON PICTURES AND X-RAY IMAGE DISTRIBUTIONS OF THE 

E.P. REGION FOR THE FOLLOWING SAMPLE : 

ADDITIVE : 1.00 % wt DBDS 

APPLIED LOAD : 130 KG 

TEST TIME : STANDARD ONE MINUTE 

a) General view of the scar ( Mag. X1 ) 

b) Micrograph of the worn surface ( Mag. X 2000 ) 

c) Iron X-ray image 

d) Sulphur X-ray image 
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FIG. 4.15 X-RAY CHART OF AN E.P, REGION 

ADDIDIVE : 1.00 % wt DBDS 

APPLIED LOAD : 130 KG 

TEST TIME ; STANDARD ONE MINUTE 
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a) Micrograph of the 
worn rface 

(Magn. X 500). 

  

   

Sliding direction 

b) Iron X-ray image. 

¢) Sulphur X-ray image. 

FIG. 4.16 ELECTRON PICTURE AND X-RAY IMAGE DISTRIBUTIONS OF THE 

E.P. REGION FOR THE FOLLOWING SAMPLE ; 

ADDITIVE : 0,88 % wt DPDS 

APPLIED LOAD : 130 KG 

TEST TIME : 1100 SECONDS 
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— X-ray intensity 

FIG. h.17 X-RAY CHART OF AN E,P, REGION 

ADDITIVE : 0,88 % wt DPDS 

APPLIED LOAD : 130 KG 

TEST TIME : 1100 SECONDS 
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a) Micrograph of the 
worn surface 
(Magn. X 500). 

Sliding direction 

b) Iron X-ray image. 

  

c) Sulphur X-ray image. 

  

FIG, 4.18 ELECTRON PICTURE AND X-RAY IMAGE DISTRIBUTIONS OF THE 

E.P,. REGION FOR THE FOLLOWING SAMPLE ; 

ADDITIVE : 1.7) % wt DBMS 

APPLIED LOAD : 130 KG 

TEST TIME : 1100 SECONDS 
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FR, 4.19 X-RAY CHART OF AN E,P, REGION 

ADDITIV®.: 1.7) % wt DBMS 

APPLIED LOAD : 130 KG 

TEST TIME : 1100 SECONDS 
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4.2 Analysis using E.P.M.A. 

An Electron Probe Microanalysis (E.P.M.A.) was employed for 

determining the sulphur and iron content of some selected wear scars. 

For each worn surface, the analysis was carried out over several 

small areas, then the average value of the concentration for each 

element was estimated. At the end, taking into consideration the 

effects from the mass atomic number, the absorption and the fluorescence, 

the corrected concentration for each element was obtained by using a 

computer programme. 

Table 4.1 displays the results of the examination of scars 

formed at various loads and at different running times when 0.25% wt 

elemental sulphur was used as the additive. The first observation 

made from these results are as expected when engaging the standard 

one minute tests, the sulphur amount increases with the increase of 

the applied load whilst the iron amount decreases. In the a.w. region, 

the sulphur content is very low (0.10% - 0.14%). This demonstrates the 

lack of reactivity between the additives and the metal asperities in 

order to form a protective film for reducing the intermetallic contact. 

Thus this could explain the initial seizure phenomenon which happens 

at very low load (cf. Table 3.1 and Figure 3.2). 

The results found in the case of examining films formed with 

1.00% wt DBDS as the additive, are shown in Table 4.2. The increasing 

of the sulphur concentration with the applied load is still observed. 

Furthermore, it is worth noting that at the vicinity of the welding 

point, and although DBDS presents a very high e.p. load range, the 

amount of sulphur is found to be similar to the one connected to the 

elemental sulphur additive. 
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Other Elements 
Load Test Time s Fe (oxides etc.) Remarks 
(kg) (s) (% wt) (% wt) (% wt) 

40 60 0.10 96.84 3.06 — 

<—repeat ———__»| 0.14 95.03 4.83 Another 
Analysis 

130 60 10.71 86.58 2.71 _ 

130 1100 2.96 88.70 8.34 — 

<— repeat———_> 7.46 49.43 43.11 Another 

Analysis 

130 1400 19.63 71.07 9.30 — 

200 60 17.31 74.32 8.37 _— 

300 60 19.89 81.92 -1.81(?) Total of Fo 
and S >100? 

<— repeat———-> | 13.53 75.82 10.65 Another 
Analysis 

300 300 22.50 70.67 6.83 — 

Table 4.1: Results of the E.P.M.A. examination of selected 

specimens when elemental sulphur was used as 

the additive. 
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The standard one minute test and the extended test (just before 

welding) were carried out on all the additives in order to compare 

the mass composition of the main elements, (ie sulphur and iron), 

present in the films formed during the e.p. regime. The results 

obtained are summarised in Table 4.3, in which are also included the 

ones obtained for some reference samples. This indicates that the 

time has an influence on the rate of the reaction according to the 

environment of the sulphur in the molecule additive. For the standard 

test, additive with a free sulphur atom reacts faster, by forming a 

sulphide layer, than those where the sulphur atom is attached to a 

group of atoms. As the test time increases towards reached the value 

corresponding to the equilibrium temperature, DBDS and elemental 

sulphur additives present the same amount of sulphur and iron. This 

confirms the suggestion put forward in the previous chapter concerning 

the same behaviour manifested by these two additives when used under 

e.p. conditions. The low rate of reaction shown by DPDS and DBMS does 

not favour the formation of the sulphide protective film. This explains 

their low e.p. performance already mentioned previously. 

4.3 Summarizing Remarks 

The interpretation of the S.E.M. results obtained for all the 

four additives leads to the following conclusion: 

- There is a distinct difference between the formation of the 

aew. and e.p. films. 

- The film formed under a.w. regime is smooth and composed of 

fine tracks mainly formed by sulphur and iron adjacent to each 

other.



  

  

  

  

  

  

  

      
  

Other Elements 
Additive Load] Test Time s Fe Ag (oxides etc.) Rem rks 

(kg) (s) (% wt) (% wt) (% wt) (% wt) 

0.25% we 130 60 10.71 86.58 - 2.71 
Elemental 130 1100 2.96 88.70 - 8.34 
sulphur e—— repeat———>| 7.46 49.43 = 43.11 Good Values 

130 1400 19.63 71.07 = 9.30 

1.00% we 130 60 3.61 90.70 - 5.69 
DBDS 130 1100 7.30 87.80 = 4.90 

0.26% we 130 60 3.60 88.70 = 7.70 
DEDS 130 1100 3.60 95.50 = 0.90 

0.88% wt 130 60 5.32 71.13 mee 23.55 
PDS 130 1100 5.78 22.09 = 72.13 

0.26% wt 130 60 4,10 91.96 aa 3.94 
Devs l<— tepeat———>| 5.96 90.60 = 3.44 2nd Analysis 

130 1100 3.26 84.20 a 12.54 
200 welding (210 s) 0.48 85.95 _ 13.57 

1.74% we DBMS | 130 1100 6.11 54.46 ee 39.43 

1 Medium film 
of FeSO, 14,00 56.00 = 30.00 

2 Thick film 
of FeSO, 24.16 28.06 | —— 47,78 

3 Thin film Reference 
of S on Ag Samples only 6.25 _ 87.00 6.75 

4 Medium film 
of S on Ag 13.70 — 80.00 6.30 

5 Pure standard not 
Fes? imsamired 47.31 — 52.69               

  

reference samples. 
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Results of the E.P.M.A. examination of some selected e.p. specimens and some 

 



- Under e.p. regime, the film formation is irregular. The worn 

surfaces is composed by scattered "lumps" of material, (ie in 

the case of sulphur and DBDS additives), or by a number of 

craters (as in the case of DPDS and DBMS). The presence of 

sulphur located near to the iron suggests the formation of 

"islands" and craters on the surface depending on the additive. 

The E.P.M.A. data could be used as a "gauge" for explaining 

the mechanism of the formation of the film. The very low percentage 

of the sulphur obtained in the a.w. region indicates that the film 

must be thin and this is the consequence of the very slow reaction 

between the additive and the metal asperities. For the elemental 

sulphur and DBDS additives, the results show that a fast chemical 

reaction is taking place between the additive and the surface metals. 

This explains the presence of "islands" made from a mixture of iron 

and sulphur. In the case of DPDS and DBMS, the slow rate of reaction 

gives rise to a very thin protective sulphide film and as the pressure 

gets higher, this accentuates the breakdown of the protective film 

very easily, which, in turn favours the destruction and the removal 

of the mterial in contact. Thus this could be the answer of the 

presence of the craters and the low e.p. performance displayed by both 

additives. 
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CHAPTER FIVE 

ANALYSIS OF THE WORN SURFACES BY MEANS OF HIGH ENERGY CHARGED PARTICLES 
  

The need for additional information about the composition of 

the films formed by organo-sulphur additives during wear tests 

using the four-ball machine has stimulated the search for new analytical 

methods capable of identifying and measuring the amount of sulphur in 

the surface layers constituting these films. One possible technique 

is the nuclear microprobe. In this investigation, only two high energy 

charged particle reactions were found to be suitable for the aim of 

the work. These were (i) charged particle stripping reactions using 

deuterons [(d,p) reactions], with the sensitivity of the technique 

being shown to be such that it was suitable for the identification of 

sulphur in thin films, and (ii) Rutherford Backscattering (R.B.S.), 

using 2 MeV alpha particles which had the complementary advantage of 

providing mss and depth analysis of surface constituents. 

5.1 Results from (d,p) reactions 

For a uniform film of pure sulphur deposited on a substrate of 

pure silver, the typical spectrum from the reaction s32(d,p)s33 

would appear as in Figure 5.1. To provide reference samples, three 

uniform films (thin, medium and thick) of pure sulphur deposited on 

pure silver were studied, and the resulting spectra are shown in 

Figures 5.2, 5.3 and 5.4 respectively. Also, three calibration 

specimens consisting of thin, medium and thick films of FeSO, were 

prepared by reacting one of the base of a clean unworn roller bearing 

into a solution of sulphuric acid for a time of 0.5, 1 and 5 minutes 

respectively. As it can be seen from the spectra obtained for these 
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calibration specimens (Figures 5.5, 5.6 and 5.7), the sulphur peaks 

appear clearly on their own for the case of the medium and thick 

films of FeS04, whilst for the thin film (Figure 5.5), silicon peaks 

appear alongside with the sulphur peaks. This means that the sulphur 

layer must be very thin to allow the silicon from the substrate 

surface to be detected. The spectrum from an unworn roller bearing 

(Figure 5.8), which shows only the presence of silicon peaks, confirms 

the absence of sulphur layer and, also, indicates that the silicon 

detected is part of the original material. As an indication, a typical 

spectrum of a pure silicon is shown in Figure 5.9. 

For the analytical purpose which will follow throughout the 

(d,p) experiments, the reaction yield, Yp (0), for the detected 

sulphur, was obtained by taking the proton counts of the proton groups 

Po and P7. These proton groups were selected because they are 

characteristic of the reaction $32 (d,p) $33. The net count-rate of 

each group was provided by summing all the counts belonging to the 

area under the peak of interest and substracting the count-rate of 

the relevant background. Then the number of sulphur atoms per square 

centimetre of surface for each peak [ie (N 4x) pl was calculated by 

using equation (2.8) (cf, Chapter 2 section 8). Theoretically, the 

value of (N 4x)p must be the same for each group of protons pertaining 

to the same atom. But, in most practical cases, there will be some 

variations and this is due to the presence of proton groups from 

other elements (eg. carbon contaminant from the vacuum and silicon 

from the substrate). As a result of this, the number of sulphur atoms 

per square centimetre (N 4x) for each analysis was found by taking 

the average between the value calculated for the groups P, [ie (NAx)P,] 

and the groups P7 [ie (N Ax)P7]. 
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The results obtained for the reference and the calibration 

specimens, and also for the unworn EN31 sample, are presented in 

Table 5.1. 

5.1.1 Anti-Wear Film Analysis 

Wear scars formed under the a.w. regime by the use of the four 

additives, namely elemental sulphur, DPDS, DBDS and DBMS, were examined 

by means of the deuteron-proton stripping reaction technique. The 

results show that the utilisation of the $32 (d,p) $33 reaction to 

detect the sulphur generated in the wear films formed under the a.w. 

conditions was unsatisfactory. Silicon was the min element detected 

as it can be seen in Figure 5.10, which represents one of the typical 

spectrum obtained from the analysis of these films. Since the silicon 

spectrum seems to be characteristic of the unworn metal, this means 

that the a.w. films are too thin to be detected by the deuteron-proton 

stripping reaction technique. 

5.1.2 Extreme-Pressure Film Analysis 

For the investigation of the films formed when 0.25% wt 

elemental sulphur was used as the additive, the same samples analysed 

previously by the E.P.M.A. (cf,Table 4.1), were scanned with the 2 MeV 

deuteron beam. The spectra of the reactions induced by the deuteron 

beam for these e.p. films are shown from Figure 5.11 to Figure 5.15, 

whilst the reaction yield and the average value of the sulphur atoms 

per square centimetre obtained for these samples are displayed in 

Table 5.2. The spectra indicate that, for the standard wear test, the 

probability of detecting sulphur gets higher with the increase of the 
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applied load, as expected. The interference from the silicon element 

is aa prominent at high loads. The strength of the two characteristic 

sulphur peaks (P, and P7) increases with load. This is apparent from 

their tendency to gain in height and, also, to separate from the 

silicon peaks (cf Figures 5.11, 5.13 and 5.15). Even though the 

distinction between the peaks of these elements (ie S and Si) is very 

clear in the region near the welding point (Figure 5.15), the film is 

thinner than the one belonging to the middle of the e.p. area 

(Figure 5.13). The extension of the test time, which augments the 

rate of the film formation, tends to favour the detection of the 

sulphur. For the low e.p. load (ie 100 kg), the sulphur layer produced 

after 1100 seconds, is very thin and this is deduced from the gaussian 

shape of the S peaks (very narrow) and, also from the Si peaks which 

are still observable (Figure 5.12). On the other hand, for a very 

high load (ie just before the welding), and even for the test in 

where the time has only been prolonged for a short period (300 s), 

the resulting film is much thicker. This is concluded from the width 

of the S peaks (very broad) and the total absence of the Si peaks 

(Figure 5.15). The results obtained for (N Ax) are comparable to those 

found for the medium-to-thick calibration films of FeSO,4. 

The spectra found for the e.p. films formed with 1.00% wt DBDS 

as the additive, are shown from Figure 5.16 to Figure 5.21, whilst 

their corresponding measures of the count-rate and calculations of the 

number of sulphur atoms are presented in Table 5.3. The analyses show 

that the use of the (d,p) reaction for detecting sulphur films produced 

during the standard one-minute wear test, is satisfactory. The value of 

the number of sulphur atoms per em? increases with the applied load 

and, on the whole, it is included within the range of the one found for 
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the thin-to-medium calibration films of FeS0,. Furthermore, the shape 

of the S peaks are gaussian (narrow) and the presence of the Si peaks 

confirm the thinness of the film. It is worth noting that as in the 

previous case (for the elemental sulphur additive), the film seems to 

be thicker in the middle of the e.p. area than the one near to the 

welding point. In addition, an analysis of a sample representing the 

welding process did not show any trace of sulphur, but on the contrary 

indicates the detection of silicon. This means that there is no sulphur 

in the wear layer connected with the welding event (Figure 5.22) (or 

may be a very smll amount of it compared to the iron). 

To see the effect on the reacted layer by reducing the amount 

of sulphur in the oil solution, three samples were prepared by lessening 

the concentration of DBDS to 0.26% wt. The examination reveals that 

the sulphur layer is too thin to be detected, with the exception of 

the one related to the extended test time. The spectra corresponding 

to this part of the investigation are shown in Figures 5.23, 5.24 and 

5.25. The comparison between the statistics obtained for the two films 

formed under the same conditions (ie 130 kg and 1100 seconds) but with 

the two different percentage of DBDS, leads to the observation that 

while the sulphur concentration in the oil solution is nearly reduced 

to a quarter (0.26% to 0.068%), the number of sulphur atoms/cm? is 

only halved in the actual reacted films. 

Due to the slow-rate of film formation shown by DPDS and DBMS 

additives, only specimens related to the load of 130 kg, were 

examined through the use of the s32(d,p)S33 reaction. However, even 

though the technique seems satisfactory for anlaysing these samples,
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the corresponding spectra (Figures 5.26 to 5.32) reveal that the sulphur 

peak P7 produced on each diagram is dwarfed by the highly interference 

from the silicon presence. This indicates that the reacted film is very 

thin and, in fact, it is much thinner than the calibration thin film of 

FeS0,4. Tables 5.4 and 5.5 present the results obtained for DPDS and DBMS 

additives respectively. 

Figure 5.33 shows the spectrum obtained for the sample representing 

the welding process (ie load of 180 kg) demonstrated during the use of 

0.88% wt DPDS as the additive. As seen before, no sulphur is detected. 

The main element is silicon and this corroborates the previous statement 

made about the non-existence or the small amount of sulphur in the wear- 

welding process. 

Ded Results from Rutherford Backscattering (R.B.S.) Analysis 

The energy spectrum of the backscattered q-particles obtained 

from the analysis of an unworn sample by the R.B.S. technique, is shown 

in Figure 5.34. It can be seen that the spectrum is distinguished by a 

sloping plateau terminated by a sharp edge. The sharp edge represents 

the characteristic energy of the iron obtained by scattering from the 

surface layers. The counts recorded at lower energies are derived from 

the particles scattered from progressively greater depths. The slope of 

the spectrum edge is due to the finite resolution of the detector 

involved. The value of the energy (E) of the backscattered particles 

from the iron in the surface layers, is calculated through the following 

equation: 

ExkE G selves slericien © COL) 
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M ,CoS0s + Mre 

where k =   and Eg = incident energy = 2.00 MeV; 

M + a Fe 

IM, = mass of the incident alpha-particle = 4.0026 a.m.u. 

Mpe = mss of the struck iron atom = 55.847 a.m.u. 

@5 = laboratory scattering angle (set between 170° to 176° during the 

experimental procedure)]. 

The energy related to the iron in the surface layers is evaluated 

at 1.509 MeV for the experimental conditions. 

According to the theory of the R.B.S. technique, the examination 

of a solid surface covered with a uniform film formed by elements whose 

masses are less than those of the substrate, the resulting energy spectrum 

would display peaks superimposed on the plateau. These peaks represent 

the energy distributions of those elements. 

As a result of this, the experimental spectra of the three 

calibration films of FeSO, (thin, medium and thick) are expected to 

appear in a shape similar to the one decribed above. The respective 

Figures 5.35, 5.36 and 5.37 show the expected behaviour. Furthermore, 

it can be clearly seen that the height of each "step" representing the 

sulphur and oxygen peaks, is proportional to the amount of the elements 

constituent in the FeSO, film. Also, it can be noticed that the size 

of the peaks increases from Figure 5.35 to Figure 5.37, following the 

order of magnitude of the thickness of the FeSO, surface layer. 

5.2.1 Anti-Wear Films 

The use of Rutherford Backscattering technique to detect the 

sulphur formed in the wear films generated under the anti-wear regime, 
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was not effective. In general, the energy spectrum (Figure 5.38) obtained 

for each additive, appears to be similar to the one produced for the 

unworn sample (cf, Figure 5.34), indicating that this nuclear probe 

technique is also unable to detect the a.w. films known to be present 

from other techniques. 

5.2.2 Extreme-Pressure Films 

The results of the investigation conducted by R.B.S. of some 

selected e.p. films formed with each additive, are summarized in Table 

5.6. The latter displays the probability of detecting sulphur on the 

scars. The sulphur presence starts to show off in films generated 

under heavy loads ( >200 kg) when 0.25% wt elemental sulphur or 1.00% 

wt DBDS were used as the additive (Figure 5.39 to 5.45). Also the 

results show that no other element (e.g. oxygen) is detected in the 

e.p- films by this technique. 

In the case of 0.26% wt DBDS, DPDS and DBMS additives, neither 

sulphur nor other elements were detected during the investigation. 

5.3 Summarizing Remark 

The experiments discussed in this chapter were designed to 

demonstrate the limit of employing high energy charged particles as a 

means for investigating the films generated when elemental and organo 

sulphur additives were tested on the 4-ball machine. 

In the case of films formed under the a.w. regime, the investigation 

shows that the nuclear techniques are not recommended for use. 
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Load Test Possible detection 

Additive (kg) Time of sulphur 

(s) 

130 60 No 

0.25% wt 130 1100 No 

Elemental Sulphur 200 60 Yes (small) 

300 60 No (2?) 

300 300 Yes 

130 15 No 

130 60 No 

1.00% wt DBDS 130 1100 No 

140 60 No 

200 60 Yes (very small) 

300 60 No (22) 

400 60 Yes (Good) 

720 60 Yes (High) 

820 60 Yes (High) 

870 Starting of No 

Welding 

0.26% wt DBDS 130 60 No 

130 1100 No 

300 ll, No 
Welding 

0.88% wt DPDS 130 60 No 

130 1100 No 

180 Welding No 

0.26% wt DPDS 130 60 No 

130 1100 No 

1.74% wt DBMS 130 60 No 

130 1100 No 

140 60 No 

Table 5.6: Results of the R.B.S. examination of selected 

specimens (extreme pressure films). 
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For the examination carried out on e.p. films, the study 

demonstrates the possibility of employing (d,p) reactions and R.B.S. 

techniques as a means for identifying the structure of the layers of 

these films. However, factors such as the percentage of the additive, 

the test time and the load used seem to have significant effects on the 

effectiveness of each method. This point will be discussed in great 

detail in the General Discussion Chapter. Nevertheless, in general, it 

can be said that the deuteron-proton stripping reactions are more 

appropriate in this field than the R.B.S., and this is especially true 

for films produced by the sulphur and DBDS additives. 
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CHAPTER SIX 

GENERAL DISCUSSION 

The literature survey shows that one of the unknown parameters 

in the study of wear scars produced by organo-sulphur additives, when 

tested on the 4-ball machine, is still the thickness of the surface 

layers forming the scar. The previous attempts to apply direct measurement 

by various techniques, already used in this field, were limited by the 

geometry of the scar on a spherical steel ball and, above all, by the 

low thickness of the film. 

It is important to point out that much of the discussion is 

carried out using the C.g.s. units and this is due to the fact that 

this system is still widely used in Nuclear Physics. However, whenever 

the S.I. units are used, it will be mde clear in the text. 

6.1 Calculation of the Film Thickness 

The different analyses carried out in this research show that 

the sulphur is present on the scar and, furthermore, the combination of 

the results demonstrated that the surface layers are mainly a mixture 

of inorganic compounds such as FeS, FeSO, and ®Fe703. These findings 

corroborate the structure of the films and, together with the interpretation 

of the (d,p) results led to the calculation of the thickness of the 

surface layers for each sample analysed. Thus the thickness of the 

sulphur layer alongside with the one corresponding to the above mentioned 

compounds, was deduced by using the following equation: 

[N 4x] mol.weight 
t= 10°? (m) 

Nap 
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where [N Ax] = average number of sulphur atoms per square centimetre 

(cf. equation 2.8) 

p= density of the relevant structure (g.cm73) 

Na = Avogadro's number 

Consequently the results found for each examined sample are 

presented from Table 6.1 to Table 6.5. 

6.2 The Relevance of Stopping Power for Protons for Measuring 

the Thickness of the Surface Reacted Films 
  

During the analysis of the scars by the deuteron-proton stripping 

reactions, the energy of the incident deuteron will be reduced as the 

beam penetrates into the lower layers. This slowing-down process is 

known as the stopping power "S", and its value will depend on the target 

material and also on the incident energy used. For a given element, 

"Ss" is defined as (51): 

  Ng" = (MeV. cm? /g) + +(6.2) 
  

d( px) 

where p = density of the considered element 

x = thickness of the maximum depth of penetration for the 

incident beam 

E = Energy 

However the stopping power for a chemical compound and a mixture can be 

found from: 

ee 
dk, BAy [ax | 

cs 
d( px) PAL 

Mgt = (MeV. cm? /g) son seewew(Os3)   
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where A; = (Atomic weight). (number of atoms of that type in the 

molecule). 

Once "S" is found, the result is multiplied by the density of 

either the element or the chemical compound (according to the case 

studied), and the product will give the rate of energy loss with the 

penetrated thickness. The results obtained from these calculations, are 

summarised in Table 6.6. Thus taking the values of the thickness found 

for the reference and calibration samples (cf Table 6.1), the energy 

loss suffered by the incident beam going through the layers of the two 

main films is deduced for each case. These calculations together with 

the values of the energy of the deuteron beam leaving the films, are 

presented in Table 6.7. This indicates that for a beam having energies 

between 2.00 and 1.80 MeV, the energy loss is comprised between 4 to 145 

keV, which gives the value of the final energy between 1.996 to 1.855 MeV. 

The investigation of the reaction $32 (d,p) $33 published up to now 

(52, 53) shows that the cross-section o (E) does not change markedly in 

the range of 2.00 to 1.88 MeV for either the Po or the P7 peaks (ie for 

an energy loss of about 120 keV). This energy loss corresponds to the 

values of 3.50 pmand 2.36 ym in thickness for a sulphur and FeSO, 

films respectively. This implies that the sulphur layer on the reference 

samples should be less than 3.50 wm in thickness, while the FeSO, film 

should be less than 2.40 mm in thickness so that equation 2.8 could be 

applied to the (d,p) results in order to calculate the number of sulphur 

atoms per square centimetre (N Ax) in the films. The deduction of the 

thickness for the reference and calibration samples presented earlier 

in Table 6.1 indicates that the maximum value found for the film of 

sulphur on pure silver (reference specimen) is 0.49 pm, whilst the 

thick FeS04 film (calibration sample) gives a film thickness of 2.69 pm. 
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Average "t" calculated film thickness 

IN 4x] (ym) assuming structure 

Samples (S atoms.cm~2) 

s FeSO, 

Thin film of 4.9 1017 0.13 - 
S on Ag 

Medium film 1.3 1018 0.34 - 
of S on Ag 

Thick film 1.9 1018 0.49 - 
of S on Ag 

Thin film of 1.5 1017 - 0.12 
FeSO, 

Medium film p**! 1.6 1018 - 1632 
of FeSO, 

Thick film 3.2 1018 - 2.69 
of FeSO, 

Unworn EN31 <—— No sulphur detected -———————_> 

sample 

Table 6.1: Calculated film thickness (in ym) for the reference 

and calibration samples. 

(*): Reference samples 

(**): Calibration samples 
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"t" = calculated film thickness 
Average ( wm) assuming structure 

Load Test [IN 4x] 

(kg) Time | (S atoms.cm~2) 
(s) s FeS FeSO, & Fe703 

130 60 1.2 1017 0.03 0.04 0.10 0.06 

130 1100 1.1 1018 0.28 0.33 0.93 0.54 

200 60 3.2 1018 0.83 0.96 2.71 1.62 

300 60 7.3 1017 0.19 0.23 0.62 0.37 

300 300 2.8 1018 0.73] 0.85 2.41 1.44 

Table 6.2: Calculated film thickness (in u m) for the e.p. films 

when elemental sulphur was used as the additive. 
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Rate of energy loss with thickness (keV. m7!) 
for the element or compound targets 

  

  

iDeuteron Beam 
Energy Fe Ss FeS FeS04 a@ Fe203 

2.00 MeV 98.56 34.32 66.43 50.90 80.12 

1.90 Mev 101.08 35.33 68.23 52.48 82.36 

1.80 MeV 103.67 36.43 70.15 54.09 84.83               
  

Table 6.6: Rate of energy loss with thickness for a 
deuteron beam. 
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This demonstrates that the standards do in fact satisfy the criteria 

mentioned above. 

6.3 The Relevance of Penetration Depth to the Microanlaysis of 

E.P. Films 

When examining films by the E.P.M.A., the effective depth of 

penetration of the electron beam, "x" measured in metres, may be valued 

(in the case of an element) from the following equation: 

A E2 
x = 1.1 10°14 \Ae wsthinsinwaeeuat bea) 

Z p 

where E is the energy of the incident electron beam in electron volts, 
A 

p is the density of the considered element and a is the ratio of the 
Z 

atomic weight to the atomic number of the element. 

A A 
If the specimen is a chemical compound the term ee becomes () 

2 \ Z Aart 
and it is expressed as follows: 

A Say (Ay /24) 
ee = Galeiseccee oh Os5) 
Zpwt DAL 

Thus equation 6.4 could be re-written, in a general form, as: 

A E2 
x= 1.1 s(-) ——] (m) iowee ses eotGs6) 

Zfwt Pp 

Using equation 6.6, the effective depth probed by a 15 keV 

E.P.M.A. beam is evaluated for the elements and the compounds of 

interest. The results, which are displayed in Table 6.8, suggest that 

if the formed film of iron-sulphur is less than 1 ym thick, then the 
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electron beam will penetrate into the substrate giving rise to spurious 

measurements. 

6.4 Prediction of the Mass Composition from (d,p) Reactions and 

Electron Probe Microanalysis (E.P.M.A.) 

Looking at the calculated film thickness found for the different 

examined samples (cf,Tables 6.1 to 6.5) and, taking into consideration 

the values of the effective depth of penetration determined for the 

main elements and compounds of interest (cf,Table 6.8), one must infer 

that the electron beam penetrates right through the formed films, and, 

thereby analyses a part of the substrate as well as the films. 

  

Element or compound probed 

  

  

Ag Fe Ss FeS FeS04 a Fe903 

Effective Depth 0.54 0.68 2.39 | 1.09 1.71 0.99 

Probed 

Cum)                 
  

Table 6.8: Effective depth probed by a 15 keV E.P.M.A. beam. 

Using equation (6.6) to derive the expression which would give 

the average energy loss per film thickness and, assuming that the 

penetrated steel substrate is pure iron, the depth of the probed 

substrate is easily evaluated. 

The average energy loss per film thickness (eV/m) is expressed 

as follows: 

dE 1 1 
—S = | evcccccccccee(Oe7) 

dx 1.1 10714 ) 28 
Z fat 
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Once the depth of the probed substrate is calculated, the total 

composition of the two detected elements (ie Fe and S) is deduced, 

then the calculated values are compared to those experimentally found 

with the use of the E.P.M.A. 

To show how the procedure was carried out, the calculations 

developed on one of the calibration samples (e.g. Thick film of FeS04) 

are shown below. The thickness, t, found for that film is 2.69 um 

(cf. Table 6.1). 

The rate of energy loss per thickness film of FeS04, when analysed 

by a 15 keV incident electron beam, is found by developing the equation 

  

(6.7): 

dE 1 1 
* p 

dx 1.1 10714/a FeSO, —-2(15) 103 
Fes0, Z 

Fes0,4 

dE 

which gives — = 4.384 keV 
dx p= 

Therefore the energy loss (E.L.) suffered by the incident beam after 

passing through the 2.69 wm film of FeS04, is: 

(2.69 wm) (4.384) keV 
(E.L.) Loh KY. 

lym 

Thus, just before entering the substrate, x, the beam will have an 

energy, E', which is the difference between the initial energy, E, and 

the energy loss, E.L.: 

E' =£E - (E.L.) 
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that is E' = (15 - 11.79) keV = 3.21 keV. 

Consequently the effective depth probed into the substrate by the 3.21 keV 

beam is found by using equation (6.6), which becomes after the 

terms were replaced by their respective values: 

(3.21 103)2 
= 3,097 1078n   (1.1 1074) (2.1477) x 

Bop 7.86 

Xeub = 0-031 pm. 

The relative depths are shown diagrammatically below: 

<- Incident electron beam (15 keV) 

t=2.69 pm 

Xgyp70-031 wm 

  

Figure 6.1 

- Volume of FeS04 "probed", V = t(Ag) = (2.69)Ag 
FeS04 

- Volume of the Fe substrate "probed", Vee = *Ay = (0.031) AR 

As the density is equal to the ratio of the mss to the volume, one can 

use this statement to work out the respective masses. 

I M (7.99)Ag seeeee (6.8) p -V = (2.97)(2.69)AR 
FeSO, FeSO, FeSO, 

and 

b Myesup “fre - Vee = (7-86)(0.031)Ag = (0.24)Ag «+0 00(6.9) 
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In the FeSO, film, the respective msses of Fe, S and 0 are defined as 

follows: 

(Atomic weight of Fe) 
  Mass of Fe = Mreso ooveee(6el0) 

4 (Mol. weight) 
FeS04 

(Atomic weight of S) 
  Mass of S = Mpeso acivece (Goll) 

2 (Mol. weight) 
FeSO, 

4(Atomic weight of 0) 

  

Mass of 0 = Mres0, oveeee(6512) 
(Mol. weight) 

FeSO, 

which will take the following results after replacing the terms by 

their respective values: 

Mass of Fe = (2.94)Ap eaierel Oe ta) 

Mass of S = (1.69)Ag oeeeecl6.14) 

Mass of 0 = (3.37)Ag eevee e(6015) 

Now the total mss of Fe probed is equal to the mss of Fe from 

the FeSO, film (equation 6.13) plus the mss of the iron of the substrate 

(equation 6.9): 

Total Mass of Fe "probed" = (2.94)Ap + (0.24)Ap 

Total Mass of Fe "probed" = (3.18)Ag . 

  

Thereby the total mass composition of the three elements detected 

by the beam is equal to the sum of their respective mss (cf. equations 

6.16, 6.14 and 6.15): 
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General Total Mass = (3.18 + 1.69 + 3.37)Ag 

General Total Mss = (8.24)a, CRIN ty WA) 

Consequently, the percentage of the mss composition for each 

detected element is easily found: 

1))> tron: 

Total Mass of Fe "probed" 
% Fe = 100 eovceeee (6018) 

General Total Mass 

  

Therefore, 

(3.18)A3 | 

(8.24)Ap | 
  Fe = 100 = 38.59% 

4i) Sulphur: 

Mass of S "probed" 
  S52 100 oeeeeee(6.19) 
General Total Mass 

  

(1.69)A 
= > s- 100 = 20.51% 

(8.24)AR 

iii) Oxygen: 

Mass of 0 "probed" 
5 OF | eee ert eet O0) oeeeee (6.20) 

General Total Mass 

(3.37) Ag 
= > 0- mel = 40.90% 

(8.24)Ag 

214



Similar procedures are employed for the determination of the 

percentage composition of the other films used as standard samples. The 

results together with the observed values for these reference and 

calibration specimens, are summarised in Table 6.9. This reveals that 

the agreement between the calculated and observed values is most 

satisfactory. 

The latest observation is taken as a good reference for calculating 

the percentage of the mass composition for each of the three min films 

(ie sulphur, FeS and FeS0,) formed on the wear scars produced when 

elemental sulphur and organo-sulphur additives are tested on the 4~ball 

machine. Thus a summary of the calculated values alongside with the 

ones experimentally recorded on the E.P.M.A. for the analysed samples, 

is presented in Table 6.10. The comparison between the calculated and 

the observed values leads to the following observations: 

(4) On the whole, there is a fair agreement between the results. 

(ii) In the case of using 0.25% wt elemental sulphur as the 

additive, the FeSO, structure seems more predominant with the 

exception near the welding region where the FeS structure appears 

to prevail. 

(iii) The same phenomenon is observed when 1.00% wt DBDS is used 

as the additive. The FeSO, film appears to be the major constituent 

part of the surface layers. But however, near the welding region 

and, even though the complete data is not available, it can be 

speculated that the FeS structure is the one more likely to 

prevail. 
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Predicted Elemental Composition E.P.MeA. 
assuming structure Results 

Additive] Load] Test S$ Film FeS Film FeSO, Film 
(kg) | Time s Fe Possible 

(s) (Aut) | (wt) | Structure} 
s Fe s Fe s Fe 

(4we) (hut) (hat) | (owe) | (ewe) (hut) 

130 60 | 1.16 | 98.83 1.31 | 98.70 96.47 | 10.71 | 86.58 2 0.25% wt | 130 1100 | 10.95 | 89.05 | 10.54 | 89.46 68.84 | 7.46 | 49.43 | FeSO, Elemental | 200 60 | 32.21 | 67.79 | 26.78 | 73.22 38.53 |17.31 | 74.32 | Fes Sulphur | 300 60 | 7.46 | 92.54 7.46 | 92.54 78.44 | 16.71 | 78.87 | FeSO, 300 300 | 28.18 | 71.82 | 24.54 | 75.54 40.61 |22.50 | 70.67 | Fes 

130 TSE 2.72 2.94 | 97.06 | 2.85] 91.46 | * * 2 1.00% we | 130 60 - - - - - 3.61 | 90.70 2 DEDS 130 100 | 13,21 4.86 | 95.14 | 4.84 | 85.49 | 7.30 | 87.80 | Fesog 140 60 | 6.23 3.57 | 96.43 | 3.64 | 89.07 89.50 | Feso, 200 60 | 6.27 5.83 | 94.17 | 6.04] 81.91 74.19 | Fes0, 
300 60 | 8.20 7.82 | 92.18 | 7.96 | 76.15 |17.09 | 72.40 | Peso4? 400 60 | 7.46 7.10 | 92.90 | 7.22 | 78.37 |18.36 | 68.27 | Fes0,? 720 60 | 11.81 | 88.19 | 11.16 | 88.84 | 11.00 | 67.06 [15.34 | 41.33 | Fesog/ 

Fes 
820 60 | 5.08 | 94.92 5.21 | 94.79 | 5.19 * * - 870 ftarting | Welding <1. No sulphur detdcted +5] 1.14 | 95.17 - 

0.26% we | 130 1100 | 2.72 | 97.28 | 2.59] 97.41 | 2.71] 91.88 | 3.60] 95.50 2 
DBDS 

0.88% wt | 130 60 | 0.15 | 99.85 0.17 | 99.83 | 0.17} 99.49 | 5.32 | 71.13 2 DPDS 130 1100 | 0.23 | 99.77 0.23 | 99.78 | 0.21 | 99.38 | 5.78 | 22.09 2 

0.26% we | 130 1100 | 3.51 | 96.49 3.57 | 96.43 | 3.55] 89.36 | 3.26 | 84.20 | Feso, DPDS 

1.74% we | 130 60 | 0.40 | 99.64 0.36 | 99.64 | 0.36 | 98.90 | * * 2 DBMS 130 1100 | 0.70 | 99.30 | 0.70 | 99.30 | 0.68] 97.90 | 6.11 | 54.46 ? 140 60 | 0.15 | 99.85 0.17 | 99.83 | 0.57 | 98.26 * * - 

Table 6.10: Comparison between calculated elemental composition predicted from the interpretation of the calculated film thickness and the E.P.M.A. mass composition results. 

(*): Not analysed



(iv) In the event of employing 0.26% wt DBDS, DBMS and DPDS as 

the additives, none of the films seem more likely than any other. 

This is due to the very low value of the thickness of the layers 

evaluated from the (d,p) experiments. 

6.5 The Interpretation of the Rutherford Backscattering Results from 
  

Surface Reacted Films 

The conclusion drawn in the previous chapter states that the 

deuteron-proton stripping reactions are more adequate in this field 

than R.B.S.. Although the latter has shown some positive sign by detecting 

sulphur in some samples, practical factors have limited the results to 

be exploited efficiently. 

The results listed in Table 5.6 reveal that, in the case of 

using either 0.25% wt elemental sulphur or 1.00% wt DBDS as additives, 

the probability of detecting the sulphur element belonging to the 

surface layers increases with the applied load. In other words, the 

probability gets higher when the formed films becomes thick. The theory 

of the technique (54) suggests that the probability of backscattering 

(ie the cross-section) is proportional to the square of the atomic 

number (Z) of the target. This mkes the detection of light elements 

(e.g. S) of heavy substrates (e.g. Fe) very difficult unless the amount 

of the former is considerable. 

However, when the detection is very positive, one has to know 

the exact composition of the film layers in order to work out their 

different thicknesses by applying a computer curve-fitting programme to 

the experimental results. This programme is based on an analytical 

solution to backscattering spectra (55), and one of the needed input 
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data is the chemical symbols of the target, which, in this case, 

indicates the films developed on the wear scar. More precisely during 

the elaboration of the programme, the elements in the target input must 

be specified as a function of depth. Therefore, several iterations of 

input are necessary before a perfect matching of the various thicknesses 

to the observed spectrum is reached. 

This has been achieved for the thick and medium FeSO, calibration 

films as it can be seen in Figures 6.2 and 6.3 respectively. The dotted 

curves are the experimental spectrum, whilst the solid curves represent 

the theoretical fit. Both fittings can be regarded as most satisfactory. 

Efforts to fit R.B.S. spectra of two samples were carried out. 

The description of these samples is as follows: 

  

  

  

Additive Load Test Time 

Sample N? 1 0.25% wt Elem. Sulp 130 kg 1100 seconds 

Sample NS 2 1.00% wt DBDS 400 kg 60 seconds             
From the different analyses carried out in this research, the 

structure of the layers appears to be composed by a mixture of chemical 

compounds. As a result of this, it is not practically possible to input 

the right chemical formula during the elaboration of the computer- 

programme. Nevertheless, by assuming that the layers are mainly composed 

of FeS, attempts to match the spectra 1 and 2 were carried out, and the 

final results are shown in Figures 6.4 and 6.5 respectively. As it can 

be seen, both theoretical fits, which are represented by the solid 
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lines, are very unsatisfactory, and this is even after several iterations 

of data input. This demonstrates and confirms that the surface layers 

are formed by a mixture of compounds namely FeS, FeS04 and aFe203 with 

different degrees of predominance for each sample. This observation has 

substantially contributed to the withdraw of attempting the computer 

curve-fitting. As a general conclusion, R.B.S. is not recommended for 

detecting sulphur or minly iron substrates unless the e.p. film is 

very thick. 

6.6 Proposed Mechanisms of A.W. and E.P. Film Formation 

Although the existence of films formed during wear tests using a 

four-ball machine has been confirmed by conventional physical methods 

of analysis, there is very little reference in the literature about the 

distribution and thickness of these layers. As stated earlier, the 

thickness is still one of the unknown parameters in this field. The 

load-carrying action of the additives could be determined by the properties 

and the thickness of the layers produced during the tests. Thus one of 

the most important results of this investigation is the achievement of 

the evaluation of the thickness by interpretating the results from different 

methods of analysis, namely conventional techniques coupled with a 

nuclear microprobe (ie deuteron-proton stripping reactions). 

R. C. Coy (8) reported that the reacted layers on the scars 

formed with 1.00% wt DBDS additive, were very thick under the e.p. 

region. He predicted a value between 2 to 4ym in thickness for these 

layers. Utilising the E.P.M.A. to detect the sulphur element and to 

measure both its concentration and distribution over the worn surfaces 

produced by a series of oil containing organic disulphides, Allum and 
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Forbes (10) observe that in the a.w. region very little sulphur was 

present, whilst in the e.p. region, large quantities of sulphur were 

detected. The analyses revealed that the sulphur distribution was 

uneven. These authors (10) assumed that the layers of the worn areas 

were mainly composed by FeS compound and in addition, they estimated 

that the maximum thickness of these layers was between 0.3 to 0.5 ym. 

Using Auger Electron Spectroscopy (A.E.S.) incorporated with argon-iron 

sputtered technique, McCarrol and his colleagues (23) built up an 

approximate composition profile of the surface region of the wear scars 

formed with two sulphur-containing compounds, DBDS and di-tert-nonyl 

polysulphide. They observed that the sulphur decreased gradually with 

increasing depth, then stayed constant below a depth of around 0.01 yum 

They concluded that iron sulphide results from the reaction taking 

place between the additive and the metal, and also the magnitude of the 

reacted layers was in the order of 1072 to 107! um. 

In conclusion, the calculated film thickness of the FeS layer 

produced by the three aromatic sulphide (Tables 6.3, 6.4 and 6.5) are 

comparable to the estimation made by Allum and Forbes (10), and also by 

McCarrol et al.. As a result of this, the prediction made by Coy (8) 

appears somewhat exaggerated. As the calculated values were the source 

of the predicted mss compositions carried out, and which they were 

comparable to those found experimentally by using the E.P.M.A., one can 

conclude that the evaluation of the thickness concluded in this research 

is very realistic. 

The 4-ball standard one minute tests indicate that Risella 32 on 

its own, presents a mediocre a.w. performance and has no e.p. activity. 

The addition of the sulphur compounds into the lubricant has mainly 
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been beneficial to the e.p. regime. During the a.w. regime, the additives 

manifest, to a certain extent, the same performance produced by the 

oil. Therefore this signifies that during this period, they contribute 

very little, and this result only justifies the already-known poor a.w. 

activity of the sulphur additives (56). At the end, it is worth mentioning 

again the similarity of the a.w. performance achieved between the 

monosulphides (ie elemental sulphur and DBMS) on one hand, and between 

the disulphides (ie DBDS and DPDS) on the other hand. 

As mentioned above, these additives turned out to be more 

efficient under the e.p. regime, which means that they were able to 

increase the seizure load of the lubricant. However, the increasing 

order observed for the e.p. effectiveness of the four sulphur additives 

tested, was found as follows: 

DBMS < DPDS < Elemental Sulphur < DBDS 

Considering just the organic sulphides, the above rating satisfies 

the proposed statement made by Forbes and Reid (11) in which, they 

assert that the monosulphides and the mercaptans are less reactive than 

the corresponding disulphides. 

Concerning the assessment of these four additives by the use of 

the 4-ball machine, the nearest published work was carried out by 

Sethuramiah, Okabe and Sakurai (35), who mixed the additives into a 

medicinal grade white oil at a concentration of 0.294% weight sulphur 

(9,17 millimoles of sulphur per 100 gms of blend) compared to 0.25% 

weight sulphur into a white mineral oil (7.8 millimoles of sulphur per 

100 gms of blend) used in this work. Table 6.11 displays the weld loads 
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Weld Load (kg) 

Additives 
Thesis Sethuramiah et al 

Elemental Sulphur 340 280 

DPDS 220 180 

DBDS 920 200 

DBMS. 160 180         
  

Table 6.11: Comparison of weld load for a series of four sulphur 

additives at a concentration of 0.25% weight sulphur in a 

white mineral oil (Thesis) and 0.294% weight sulphur in a 

medicinal grade white oil (Sethuramiah et al). 
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obtained for these additives by Sethuramiah et al, and also those 

obtained in this research. [The load refers to the machine, ie the 

total applied load in kg]. The Table shows that the additives have 

comparable final seizure loads, except in the case of DBDS, where the 

corresponding values are very different (920 kg "Thesis" for 200 kg 

"Sethuramiah"). 

The repeated test for all the additives using the "one-ball-on- 

three" flats geometry for preparing the suitable samples to be analysed 

on the E.P.M.A. and by the nuclear microprobes, has produced similar 

results for the performance achieved by each additive. Table 6.12 shows 

the e.p. load range and the weld load related to the elemental sulphur 

and DBDS additives used at a concentration of 0.25% weight sulphur, for 

both geometries. Therefore these results provide a very strong supporting 

evidence of the long e.p. activity found for DBDS in this research. 

[Forbes (10 and 56) reported that a failure load of 2045 kg was recorded 

during the FALEX test on DBDS additive used at a concentration of 

0.59% weight sulphur in a liquid paraffin]. From these results, it 

seems that the base oil has an effect on the performance of the e.p. 

activity of the additive. The other possibility could also be due to 

the high critical temperature of the additive. 

As a result of the high e.p. load range shown by DBDS during the 

tests, and knowing from the theory (56) that the bulk oil collapes when 

the temperature, (which is a function of the applied load), reaches a 

certain value, therefore the recording of the lubricant temperature 

could be taken as a simple "gauge" for drawing a picture of the film 

formation, particularly during the a.w. and e.p. regimes. Furthermore, 
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E.P. Load Range (kg) Weld Load (kg) 

  

  

          
  

Additives 
Ball Flat Ball Flat 

Elemental 70-300/399 | 70-300 340 320 
Sulphur 

DBDS 90-900 90-850 920 870 

Table 6.12: Comparison of the e.p. load range and the weld loads 

obtained by using the two geometries, (ie "ball-on-a-3- 

balls" and "ball-on-3-flats"), for the elemental sulphur 

and DBDS additives, at a concentration of 0.25% weight 

sulphur. 
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to support the explanations put forward, it is essentially to refer to 

the comments and conclusions drawn during the application of the 

different techniques employed as complementary to each other throughout 

the programme of this research. 

6.6.1 A.W. Film Formation 

The shape of the temperature versus time (cf. Figures 3.7 to 3.10) 

obtained during the experiments, suggests that the reaction occurring 

between the additive and the metal asperities is very low. Consequently 

the reacted film builds-up very smoothly until reaching its maximum 

value then stays constant. This is confirmed by the S.E.M. results 

where the corresponding pictures show the presence of fine tracks, and 

also by X.R.D. technqiue, which indicates that the FeS is the min 

component forming these tracks. Furthermore, the slow reactivity of the 

additive leads to a small presence of sulphur on the tracks which means 

that the resultant film is very thin. This FeS layer is less than 50A° 

in thickness for being not detectable by the deuteron-proton stripping 

reactions. Thus the sulphide layer formed during the a.w. regime is too 

thin to act as a protective film, and this explains the poor a.w. 

activity of the sulphur additives. 

6.6.2 E.P. Film Formation 

During the e.p. regime, the bulk temperature rises linearly with 

time until reaching its equilibrium value before welding takes place 

(cf. Figures 3.11, 3.12, 3.13 and 3.14). This rapid increase of the 

temperature indicates that a chemical reaction is taking place between 

the oil film and the surface. This results by some irregularities in the 
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film formation, which can be clearly seen from the S.E.M. pictures. The 

critical temperature and its corresponding time together with the lapse 

of time taken before welding occurs, have a great effect on the film 

generation and, also, could be used as useful parameters for comparing 

the e.p. reactivity of each additive. It is worth noting that the 

measure of the heat generation would have been a better parameter but, 

unfortunately the recording of the former was not available in the 

apparatus used. None-the-less, the measurement of the bulk oil temperature, 

which is the only practicable parameter available, does not put doubts 

on the credibility of the interpretation of the results. 

The values listedin Table 3.4 suggest that the e.p. effectiveness 

follows the increasing order: 

DBMS < DPDS < Elemental Sulphur < DBDS 

This finding corroborates the order of the activity found 

previously by the use of the standard one-minute test. 

The results presented in Table 3.4, also, suggest the similarity 

between the film formed by the elemental sulphur and DBDS additives on 

one hand, and by DBMS and DPDS additives on the other hand. 

The critical temperature values recorded for the elemental 

sulphur and DBDS are higher than those found for DBMS and DPDS (cf. 

Table 3.4). Furthermore, the time corresponding to the equilibrium 

temperature is found to be less for the first named two additives than 

for the second group. This means that the chemical reaction occurring 

in the case of the elemental sulphur and DBDS is faster than the one 
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happening in the case of DBMS and DPDS. Therefore, the first named 

additives present a fast rate of formation which ends up by a formation 

of a strong protective film. The S.E.M. coupled with the energy dispersive 

analyser, indicates that the film is composed of thick scattered "lumps" 

of material (or islands) mainly made from a mixture of iron and sulphur. 

The X.R.D. results show that FeS, FeSO, and q Fe203 compounds compose 

these "islands" and their vicinities. The comparison between the E.P.M.A. 

results and the predicted elemental mass composition, from the calculated 

film thickness, suggest that the film is mainly composed by a mixture. 

of FeS and FeS04 with a predominance of the second compound, except 

near the welding region where FeS structure appears to prevail. This 

very important conclusion could be explained by referring to the 

postulated sequence of reactions put foward by Rowson and Wu (57 and 58) 

during their investigation on the pitting of EN31 steel in the presence 

of sulphur. The authors stated that when the bulk oil temperature is 

around 100°C, the following sequence of reactions occurred: 

  

Trituration 
(i) Fe + S———pFeS ——__________» FeS0, Sis'essetOe2d) 

in air 

BSC 
(ii ) FeS + S ——_ >> FeS2 . 2 0(6.22) 

heat 
(114) FeSp + 07 __————-» FeS + S09 oeseee(6.23) 

Therefore, following all the results of the recording of the 

bulk oil temperature, especially the measurement of the temperature 

versus load (Figure 3.6), and taking into consideration the above 

equations proposed by Rowson and Wu, the film generated during the e.p. 

regime, by the elemental sulphur and DBDS additives could be explained 

by the above-mentioned reactions, which in this case, occurred in two 

stages: 
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Trituration 
(i) Fe+S———»FeS ————————_-> FeS04 2000 0(6.24) 

in air 

=175°C 02 (heat) 
(41) Fes + S —————> FeS) ———_sFreS + S0) . 

  

Thus, equation (6.24) shows why there is a predominance of FeSO, 

structure before welding, whilst equation (6.25) justifies the prevalence 

of FeS structure near the welding region. 

Furthermore the thickness of the FeS layer formed is found to be 

‘between 0.04 to 1 ym, whilst the FeS04 layer is between 0.10 to 2.70 ym 

in thickness. 

As stated above, DBMS and DPDS additives display a very slow rate 

of reaction which, in turn, does not favour the formation and preservation 

of the protective layer. The calculated thickness indicates that the 

formed layers are very thin (e.g. FeS layer between 0.005 to 0.010 f™- 

This result indicates that the equilibrium between the film generation 

and the wear process, is not reached. This is due to the slow adsorbtion 

of the additives onto the surface which does not accelerate the formation 

of the adsorbed layer in order to ensure a good separation of the 

surface asperities. Consequently, as the pressure gets higher, the thin 

protective layer is easily broken leaving the surfaces in a large 

metallic contact area, and this results by the destruction and the 

removal of the mterial which appears on the S.E.M. pictures as "craters". 
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CHAPTER SEVEN 

CONCLUSION AND FURTHER WORK 

7.1 Conclusion 

The introduction of high energy charged particles, especially 

deuteron-proton stripping reactions, for the investigation of thin films 

formed during wear tests using a four-ball machine, has been very 

satisfactory and, the interpretation of the results together with the 

combination of those from the more conventional physical methods of 

analysis, has led to the evaluation of the thickness of the surface 

layers formed during the tests. The measurement of these very thin films 

formed on EN 31 steel is itself an achievement and, also, is very 

important. The results has led to a better understanding of the mechanisms 

of the a.w. and e.p. film formation. 

To sum up, the main conclusions drawn from the work described in 

this volume are as follows: 

i) the e.p. effectiveness of the four sulphur additives follows 

this increasing order: 

DBMS < DPDS < Elemental Sulphur < DBDS 

ii) The evaluation of the thickness of the films formed on the 

scars is very realistic. The films generated under the a.w. 

regime are less than 50 A®° thick, whilst in the case of 

films formed under the e.p. conditions, the thickness of 

the surface layers depends strongly on the nature of the 
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sulphur additives used. When the elemental sulphur and DBDS 

are employed, the thickness of the FeS layer formed is 

found to be between 0.04 and 1 ym, whilst the FeSO, structure 

is between 0.10 and 2.70 ym. In the case of DBMS and DPDS 

additives, the films generated are very thin (of the order 

of 1072 ym to 107-3 ym). 

iii) The film thickness has been shown to be a very useful 

parameter in the prediction of the elemental mass composition, 

which, in turn, was the source of ascertaining the dominance 

between the FeS and FeS04 structures observed on the e.p. 

films. 

7.2 Futher Work 

Following the important results concerning the mechanisms of the 

a.w. and e.p. film formation, it would be very interesting to investigate 

the effects of oxygen on the load-carrying action of the sulphur additives. 

The oxygen seems to be one of the chemical factors controlling the film 

formation. Auger Electron Spectroscopy (A.E.S.), by its capability of 

analysing surface layers of very few Angstrom in thickness, X-ray 

Photoelectron Spectroscopy (X.P.S.), by its ability of giving the 

chemical environment of the elements detected on surface layers, and 

MSssbauer Spectroscopy, by its sensitivity of evaluating the ratio of 

the different valencies that Fe might possess in the film, would be 

useful techniques to apply as a complement to the ones already used in 

this programme, in order to get further insight on the proposed mechanisms. 
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APPENDIX 

FEASIBILITY STUDY OF THE USE OF NEUTRON ACTIVATION ANALYSIS (N.A.A.) 
  

IN TRIBOLOGICAL RESEARCH 

It was hoped that following the recommendations made in the MSc 

Project Report (59), Neutron Activation Analysis (14 MeV) would be used 

as a means for estimating the sulphur compounds which might be formed 

in the collected wear debris. 

A.l Theory of Neutron Activation Analysis (N.A.A.) 

A.1.1 General Principles 

When a sample is irradiated by a flux of neutrons some of its 

stable isotopes will capture a neutron, producing a radioactive isotope 

with characteristic disintegration properties (60). The type of radiation 

emitted (usually beta particles or gamma rays), the energy spectrum of 

the radiation emitted and the half-life of the induced radioactivity 

will lead to the identification of the elements present in the sample. 

Each natural element in a sample consists of one or more stable 

isotopes present in well known fractional abundancies. Consequently 

several types of isotope-producing reactions are possible corresponding 

to each isotope and to the energy of the bombarding neutron. 

Thus the number of radioactive isotopes of a certain type present 

after irradiation of a given element depend upon the quantity of that 

element in the sample, the neutron flux, the irradiation and post- 

irradiation time intervals. 
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A.l.2 Neutron Activation Analysis with Fast Neutrons 

The current literature (61) indicates that there is no activation 

of sulphur using 3 MeV neutrons or thermal neutrons flux from a generator. 

The availability of Fast Neutrons (14 MeV) produced from the Van De Craaff 

accelerator in Aston University led to the feasibility of using them as 

a means for estimating the sulphur compounds which might be formed in 

the wear debris. Fast neutron capture by the nucleus of an atom causes 

heavy particles (either neutrons, protons or alpha-particles) to be 

emitted from the nucleus, and produces new isotopes with lower numbers: 

15 hrs 

e.ge: A127 (nq) Na24 dy Meth + p- + 

9.6 mins 
$130 (n, a) Mg27 A127 +7 + 7 

2.58 hrs 
Fe56 (n, p) Mn96__"'=g e596 + B+ 

12.6 sec 
$34 (n, p) P34 oa ee s34 +87 + ¥ 

Dealing with Fast Neutrons for an activation analysis, one is 

limited in the sensitivity. The main limitations are due to the low 

cross-section of the reaction and the low neutron flux. The neutron 

flux is fixed by the accelerator used for irradiating the samples. Then 

the problem is to find out the size of the samples to give a reasonable 

activity, bearing in mind that the samples collected during wear tests 

are very small (1 yg to 50 mg). Therefore a survey and theoretical 

calculations were conducted to estimate the practical detection limit 

to the sulphur element when being analysed by Fast Neutrons (14 MeV). 
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A.2 Calculations of the Practical Detection Limit 
  

Before doing the calculations of the practical detection limit, 

a survey was conducted in order to find out the most sensitive reactions 

occurring for the sulphur when being bombarded by Fast Neutrons with 

energies of 14 MeV. Once the sensitive reftions were known (ie also the 

cross-sections known), therefore the practical sensitivity was easily 

computed. 

The literature survey (61, 62, 63) indicates that there are only 

two sensitive reactions for the sulphur element. Thus Table A.l, which 

was compiled from this investigation, displays these two reactions and 

their interference encountered in N.A.A. with 14 MeV [flux =109 neutrons 

per cm? per seconds]. In this Table, the column "activity" is estimated 

from graphs given in the reference 61. 

As a result of this, the practical limit of detection from both 

reactions was evaluated for a neutron flux of 107 n/cm2/sec, which is 

the maximum flux given by the Van De Craaff accelerator at Aston 

University. The results obtained are listed in Table A.2. Some useful 

notes for an understanding on the calculations are presented below: 

1. The weight, W, of the sulphur element is assumed to be 1 weg. 

2. The equation used for the activity of the sulphur, A, is as 

follows (59, 60, 61): 

-(0.693) tary 
Nay W i; 

A= fop| l-e Pesecaseuene (hel)   

M 
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where Nay = Avogadro's Number (=6.023 1023 atoms/g) 

= a Atomic weight of sulphur 34 

£ = Fractional abundance of the isotope 

o = Cross-section of the reaction of interest expressed 

in cm? 

tirr = Irradiation time (in minute) given in Table A.1. 

Ty = Half life of the radioisotope produced (in minute) 

3. The count rate per weight, C, is given by the equation: 

C=A.E sececceee(Ac2) 

Where A is the activity and E is the efficiency of the detection, 

which is assumed being 47% for the gamma transition and 20% for 

the scintillation N,I counter. 

4. The counting standard deviation is assumed to be 10%, that is 

100 total counts. 

5. The practical detection limit for the sulphur is given by the 

equation below: 

100 (counts/min) 

  

salve vse (Aca) 

C (counts/min/ ug) 
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A.3 Conclusion 

The values found for the sensitivity (Table A.2) are far from 

the actual mass of the wear debris collected during the tests. Therefore 

there is a limitation of the size for the specimens, and it is not 

recommended to use the N.A.A. (14 MeV) for detecting sulphur in the 

collected wear debris. 
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An investigation of extreme pressure films 
formed during wear tests 
D M Rowson and A Azouz, Tribology Group, Department of Physics, University of Aston in Birmingham, UK 

An investigation of the thin films formed during tests using a four-ball machine with two extreme pressure 
additives (elemental sulphur and DBDS) has been undertaken. Several physical methods of analysis have been 
used to give information about the structure and thickness of such films. In particular, data obtained using 
Electron Probe Microanalysis (EPMA) are compared with those from a nuclear technique using charged particle 
stripping reactions [(d,p) reactions] and with those from Rutherford Backscattering with 2 MeV alpha-particles. 

1, Introduction 

Various techniques of analysis, among them Scanning Electron 
Microscopy (SEM), Electron Probe Microanalysis (EPMA), 
X-ray Diffraction (XRD), Photo-Electron Spectroscopy (ESCA) 
and Optical Microscopy combined with sectioning and micro 
hardness testing have already been used to investigate the 
formation and role of surface films formed during wear tests using 
4 four-ball machine! *, 

Direct examination of the films formed when using extreme- 
pressure additives, is limited due to their thinness, although 
indirect information can be obtained by examination of the debris 
formed during running. 

hhe aim of the work reported in this paper was to study the 
y of using high energy charged particle beams to 

investigate the structure and formation of extreme-pressure (EP) 
surface films formed on EN3I steel when elemental sulphur was 
used as an extreme-pressure additive ina white mineral oil 
lubricant. The particle beams were produced in the Dynamitron 
Accelerator at the Joint Radiation Facility operated jointly by the 
University of Aston and the University of Birmingham. Two types 

of analytical technique were investigated, In the first, the incident 
beam consisted of alpha-particles and in the second the incident 
beam consisted of deuterons. 

   

  

1.1, Rutherford backscattering using alpha-particles. This tech- 
nique involv-s bombarding the sample with alpha-particles of 
known energy Ey and measuring the energy of the alpha-particles 
afer they have been scattered by interaction with the nuclei of the 
sample”. 

    

Deuteron proton stripping reactions, The procedure con- 
sists of bombarding the sample with an energetic deuteron beam 
and of measuring the energy spectrum of the protons produced by 
the induced nuclear reaction. 

    

25k 

The reaction yield Y, at the incident energy E,. may be written 

¥(O)=H(N Axo .p,2 a) 
so that 

¥,(0) 
(N= 

nts 
where (N Ax)is the number of target atoms per squitre centimetre: 
‘nis the number of incident deuterons; ay... is the differential 
cross-section (for the angle and at energy E,) sind Q is the solid 
angle sampled by the detector. 

  

2. Experimental details 

Wear tests were conducted on a four-ball machine using either the 
conventional geometry of ball on three balls or ball on three flats 
in which the contact geometry was identical to the conventional 
‘mode. The test specimens were EN31 steel hardened to 850 VPN 
and the test lubricant was a white mineral oil, Risella 32. Two 
additives were used in the lubricant, elemental sulphur at 
0.25 wt", and dibenzyldisulphide (DBDS) at 1.0 wt", Tests 
were conducted for the standard time of | min over « range of 
loads from 40 900 kg in order to determine the regions of EP 
action 

At selected loads further tests were conducted for a range of 
Funning times to investigate the dependance of EP film formation 
on time and with temperature of the lubricant and also so that 
sufficient wear debris could be collected for subsequent analysis 

In addition, thick, medium and thin films of FeSO, were 
prepared by ng clean samples of the FN31 into sulphuric 
acid for 5, 1 and 0.5 min respectively to provide calibration 
Speci rence samples of pure sulphur deposited on 
substrates of pure silver were also studied. 

      

   

  

1s and refei      

593



  

DM Rowson and A Azouz: An investigation of extreme pressure films formed during wear tests 
The wear scars, wear debris and calibration Specimens were 

studied by a variety of analytical techniques and the results are 
presented below 

  

3. Results. 

Figure 1 shows the results for standard 
indicating that the elemental sulphur has 
wear scar diameter below a load of 60 ke and 
action from 70 to 300 kg load whilst DBDS has a bene! 
action from 90 to 900 kg load, 

Selected specimens prepared in the EP-region and the non-EP- 
region using both additives were then examined under the 
scanning electron microscope (SEM) and elemental surface maps 
were obtained from the induced X-rays which showed that the 
surfaces consisted of iron and sulphur as expected, X-ray Photo- 
electron Spectroscopy (XPS) gave the results shown in Table 1. 
which show that when using sulphur as the additive the product is 
iron sulphate in the anti-wear-region but a mixed sulphate and 
sulphide in the EP-region, whereas when DBDS was used as the 
additive the product was iron sulphate in the EP-region. 

ests of I min duration 
detrimental effect on 

its a beneficial EP 

  

   

  

EP 

    

‘Table 1, Results of the XPS examination of selected specimens ea eee OLE | 
Sulphur 

Test or 
Loud time Sul organic 

Additive (kg) (5) FesyFesp yy FeS phate sulphide fee SE Se a eee ec 
2s om", 

sulphur 40 x Aaa x 
1300 COON se iy 
BO OI oe uAl Nana! . 

10, DBDSI30 1100 x x 

Thick iron Re PG gre eg x 
sulphate 
reference 
sample 

  

Selected specimens were also analysed using EPMA with an 
incident electron beam energy of 15 keV and the results are 
Presented in Table 2. The results show that, with the exception of 
the thick reference sample of iron sulphate, the percentages for 
iron were greater than expected (and the percentages for sulphur 
were correspondingly less) from the inferred compositions as 
given by XPS. This will be discussed in the next section. 

The reaction “?S(d. pS was studied using an incident 
deuteron beam energy of 2 MeV. A typical spectrum of proton 
yield vs energy is shown in Figure 2. Using equation (2), the 
average number of sulphur atoms per square centimetre of surface 
was calculated and these results are presented in Table 3 for both 
the specimens and reference samples 

The feasibility of using Rutherford backscattering to study the 
product films was also investigated. No sulphur could be detected 
in the wear films generated when using sulphur ts the additive nor 
in the films generated when using DBDS as the additive except for 
the sample produced at a load of 400 kg and a running time of 
1 min. However. sulphur and oxygen were identified in the thick 
and medium reference films of iron sulphate. Figure 3 shows the 

  

  

    

    

    

ee 
‘Table 2. Results of the EPMA examination of selected specimens. 

Test 
Load time S$ F Ag 

Additive tke) (ww) wt 
ee 

      

0.25 wi", sulphur 40 60 01961 
130 11003000. 

300 60 199 819 

1.0.1", DBDS, 130° 1100737 
140. 60 100 x75 

300, 60 Itt 724 
400 60 136 91d 

Thick film of FeSO, 4 3k 
Medium film of FeSO, 1456. 
Medium film of S on Ag 3 x0, 
Thin film of Son Ag 6 x7 

ee 
indicates not detected. 
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Figure 1. Scar diameter against load for the standard | min tests. 
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sulphur. 300 kg, 60}. Sw 

I spectrum of proton yield ys energy for an EP film 

  

‘Table 3. Results of the "*S(d, p)*?S examination and RBS examination of selected specimens 

  

td. pS 
ee 

Test Average N Aw Average 
Load time N Ay 

Additive (ke) (31 Satomyem 4) (atoms 

  
  

  

em 
ee 

025 1", sulphur 4060 
10 oo 12s t0! 
01100, Eto! 
30060 7.3108 

Lo", DBDs 130 15 28x10! 
130 1100, 49x10! 
140 6037x108 
400-60 53x10! 78x 1017 

Thick film of FeSO, 32x10 50x10! 
Medium film of FeSO, 16x10! 44x10" 
Thick film of Son Ag 9x0 + 
Medium film of Son Ag 13x10 # 
Thin film of S on Ag 49x10 + 
a ee 

Indicates no sulphur detected: * Indicatey specimen not analysed. 

experimental spectrum for the thick film of iron sulphate and the 
solid curve is the best theoretical fit found. The theoretical curve 
enabled the calculation of the number of sulphur atoms per square 
centimetre of surface and these results are also given in Table 3. 

4. Discussion 
The effective depth probed by an EPMA beam may be estimated” 
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Figure 3. Experimental results for RBS of a thick film of FeSO, Solid 
curve is best theoretical fit using $x 10" sulphur atoms em? of surface 

  

  

(in the case of an element) from the equation 
AB 

=11x10 25 — x 10? 3) x x Z Prem) ‘ 

where E is the energy of the incident electron beam in electron 
volts, is the density of the element, and 4 and Z are the atomic 
weight and atomic number of the element respectively 

In the ease of a compound the term (1 Z) in equation (3) mst 
be changed to (4/Z),, which is given by 

  

(AZo (4) 

  

For a 15 keV beam Table 4 shows the effective depth probed in 
aarious elements and compounds relevant to this work. From this 

table one can see that if film of iron. sulphur compounds formed 
byaction of the EP additive is fess than about 1 jum thick. then the 
beam will penetrate into the substrate giving rise 10 spurious 
quantitative measurements, 

With the °?S(d. p)"3S re 

    

    jon. on the other hand, one must 
ensure that the film is sufficiently thin so as not to appreciably 
reduce the energy of the deuteron beam, so that the cross-section, 

o(E). may be considered as a constant, For an initial beam enerey 
of 2 MeV. Table 5 shows the rate of energy loss with thickness for 
various elements and compounds relevant to this work. where for 
compounds. 

. wae 
dE/d(lx) 5 4( ata) 
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ee 
Vable 4. Effective depth probed by a 15 keV EPMA beam, 
  

  

Element or compound Fe s Fes FeSO, Effective depth probed im) O68 2.39 Loy 171 a A ee ee 

  

Fable 5. Rate of 
eam (keV 

  nergy loss with thickness penetrated for a deuteron nm *) 

Detiteron bean energy Rate of energy lows with thickness 

  

theV jan!) 
Fe Ss FeS FeSO, 

ee et el 
20 MeV %6 M43 Hd 509) 19 Mev WL 383 OR $28 1S Mev W374 TSH 

Table 6a. Calculated film thickness tin jam) from the “Std, p)23S results of Fable 3 
oe eee ee ee ee 

Calculated 

   
  

      

Test film thickness (gam) 
Load time assuming structure Additive the) 6) 8 FeS FeSO, 

0.25.0, sulphur 406 
13060003 0.10 
130 1100 0.28 0,93 
3006) 062 
13015007 009 2a 
130 1100043 04S oat 
1060010 
400 60 Ode as 

Thick film of FeSO, < » (269 
Medium film of FeSO, * © 132 
‘Thick film of S on Ag. O49 © * 
Medium tilm of S on Ag 034 ~ & 
Thin film of S on Ag O13 2 

  

Indicates no sulphur detected: * Indicates not analysed. 

‘Fable 6b, Calculated film thicknesses (in ym} from the RBS resulty of Table 3 
= ee eee 

Calculated 

  

Test film thickness (ym) 
Load time assuming structure Additive tke) 0S eS FeSO, ee ee ne Ne 

LOW, DBDS 400 60020024 
Thick film of Fes, : . 
Medium film of FeSO, : : 

    

Since the cross-section o(£) does not change markedly in the 
Fange 1.9 2 MeV for either the P,, or the P; peaks (ie. for an 
energy loss of ~ 100 keV), Table 4 implies that the EP product 
films containing sulphur should be less than 1.5 2m thick in 
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‘order to apply equation (2) to the results in order to calculate the 
fumber of sulphur atoms per square centimetre in. the films 
Wass, 

The thickness of the film can be calculated from the value of 
N Ay by assuming a structure from XPS or XRD data along with 
values for the density and then using 

N Ay. mol wt 
1 r 

where Vy is Avogadro's number 
Applying this equation to the data in Table 3 gives ‘Tables ta 

and b}and shows that the thick FeSo, film gives fil thickness.1, 
of ~2.7 jum whilst for the thin sulphur film the thickness is 
~0.13 um showing that the standards do in fact satisfy the 
criterion mentioned above 

Similarly tiking the sample formed using DBDS at 130 kg (IX min) gives a film of FeSO, of thickness (0.41 jan when th; 
specimen was analysed by EPMA (Table 2) the result was 87.8", 
Feand 7.3", $. This was due to the electron beam penetrating the 

film, thereby analysing part of the substrates well as the film. One 
can readily calculate the depth of substrate probed by the electron 
eam after it has passed through the FeSO, film. 

Equation (3) shows that the rate of loss of energy with depth is 
given by 

t= «10 7 (m) (6) 

      

    

  

     

  

! Z1 

Iixl0 "4° 2E° 

  

dE/dx (7) 

Integration of equation (7) shows that the incident beam of 15 keV will lose 1.95 keV on passing through a film of 0.41 jm of 
FeSO,, Hence the beam entering the substrate has an energy of 13.05 keV which from equation (1) will penetrate 0,51 jam into the steel (which is assumed to be pure iron). The total mass of Fe, § and O can now be calculated assuming that the beam does not diverge within the material. Such a calculation predicts a detected 
composition of 85.4",, Fe and 49", S, In view of the simplifying 
assumptions made in the calculation, the agreement between the 
calculated and observed values is most satisfactory. 

    

     

  

  

5. Conclusion   

  

This work has shown the feasibility of using high energy charged particles beams, in conjunction with more usual physical methods of analysis to investigate the structure and formation of extreme- 
pressure surface films formed during tribological tests. The work indicates that such films are typically between 0.05 and 0.5 jum thick consisting of FeS and/or FeSO, when using elemental 
sulphur or DBDS as the EP ad 
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A COMPARISON OF ‘TECHNIQUES FOR SURFACE ANALYSIS OF EXTREME PRESSURE FILMS 

FORMED DURING WEAR TESTS. 

A.AZOUZ and D.M.ROWSON 

Tribology Group, Department of Physics, University of Aston in Birmingham, 

Birmingham BA7ET, U.K. 

ABSTRACT 

Previous investigations of the formation and role of surface films, developed 

during wear tests using extreme-pressure additives, have used a number of phys- 

ical methods of analysis. In order to extend the information given by such tech- 

niques, the present work also employed some methods of nuclear analysis, which 

have not been previously widely used in tribological research. The two main 

nuclear techniques used were Rutherford Backscattering (RBS) using 2 MeV alpha- 

particles and charged particle steipping reactions using deuterons [(d,p) reactions] 

The results obtained using these new methods of analysis are discussed and 

compared with the information obtained using other methods of physical analysis, 

such as X-ray photoelectron spectroscopy, electron probe micro-analysis and 

electron and optical microscopy. The different methods of analysis used are 

shown to be complementary leading to a better understanding of the structure and 

formation of such films. 
  

1, INTRODUCTION 

The study of the film formed during wear tests using a 4-ball machine can 

lead to a better understanding of the mechanism of the action of the additives 

used. Therefore the determination of the chemical composition of the worn surfaces 

is one of the priorities in the investigation. ‘Thus several analytical techniques 

have already been used but the identification and measurement of these surface 

layers is still not fully completed. These techniques include Scanning Electron 

Microscopy (SEM), Electron Probe Microanalysis (EPMA), X-ray Diffraction (XRD) , 

Photoelectron Spectroscopy (ESCA) and Optical Microscopy (refs.1-5 ). ‘The main 

problem of the analysis is the thinness of the films formed. 

Fig.l shows the main types of analytical techniques used in surface sciences. 

the development of some nuclear techniques as a means for surface analysis has 

led to the feasibility of applying such methods in tribological research where 
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there is very little reference in the literature. 

Analysis Techniques 

  

  

      

‘action Products Analyser Technigq ues 

Scactores Electrostatic Back Scattering 
O ions 

ea 
= 

& [~~ @ sputtered Mass Spectrometer Secondary Ion Mass 
ions Spectrometer (SIMS) 

photons from Monochromator Beam generated 
sputtered ions photons 

(a) Low Energy (0.5 to S0kev)ion beams 

  
@ secondary e Electrostatic Auger Spectroscopy 

_ 

S.E.M. 
X-rays crystal Spectrometer Electron Microprobe 

(E.P.M.A.) sp
ec
im
en
 

      

(b) Electron Beam (2 to 20 kev) 

QScattered ions Surface barrier Back scattering 
detector 

[~ e. Electrostatic Auger Spectroscopy 

x X-rays si(ti) or crystals Beam generated x- 

  

Sp
ec

im
en

 

rays       

Reaction products Solid state detector Nuclear reactions 

(pra,Y) Surface barrier detector 
(c) High Energy (0-1 to 3 Mev)ion beams. 

Fig.l: Comparison of Analytical techniques subdivided by incident beam energy. 
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his report shows the great advantage of combining these new techniques with 
the previous ones to get the maximum information of the film thickness of the 
worn surfaces. 

The criteria for choosing a new analytical technique must be based on the 
following factors : 

1. Nature of the specimen, 
2. Element of interest and its percentage in the sample. 
3. Availability of the analytical equipment. 
4. Probability of the induced reactions taking place. 
5. Advantages over other techniques (sensitivity, non-destructivity 

and cost). 
These requirements led to the use of only two high energy particle beams as a 

means for investigating the extreme pressure (EP) surface films formed on EN3L 
Steel when sulphur compounds were used as EP additives in a white mineral oil 
jubricant, The first type of incident beam used were alpha-particles and the 
Second type were deuterons. ‘the particle beams were produced in the Dynamitron 
Recelerator at the Joint Radiation Facility operated by the University of Aston 
and the University of Birmingham. 

2. EXPERIMENTAL METHODS 

& 4rall machine was used for testing the anti-wear (AW) and EP properties of 
the additives (ref.6) using either the conventional geometry of ball on three 
balls or ball on three flats in which the contact geometry was identical to the 
conventional mode. ‘The test specimens were made from EN31 steel hardened to 
850 2 10 VPN. Tests were carried out using Risella 32 as the base of] and the 
additives studied were elemental sulphur at 0,25ytt, dibenzyl disulphide (DBDs) , 
Aibenzyl mono-sulphide (PBMS) and diphenyl disulphide (DPDS) at various contentra- 
tions. The running time was one minute for each load except for some selected 
toads where the time was extended to enable the investigation of the dependence 
Of EP film formation on time and with temperature and also to permit the collection 
of a sufficiently large quantity of wear debris for x-ray diffraction analysis. 

3. RESURTS AND DISCUSSION 

3.1. Standard test 
in this part of the investigation, the concentration per weight for the 

additives was chosen so that the same sulphur concentration was present in the 
lubricant plus additive. 0.25% wt of elemental sulphur was dissolved into the 
Risella 32 whilst 0.885% wt, 1.otwt and 1.74%wt were respectively used for DPDS, 
DBDS and DBMS. Table 1 displays the load range of the AW and Ep regions obtained 
for these additives and fig.2 shows the graphs of the scar diameter versus the 
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applied loads. 

TABLE 1 

AW and EP load range of the additives used 
  

  

Additives AW load range E.P.load range 
(kg) (kg) 

b.25%wt elemental sulphur| up to 60 70 - 300 
p.885ewt DPDS up to 60 80 - 200 
h.oswt DBDs up to 60 90 - 900 
h.74%wt DBMS up to 60 80 - 140           

3.0 

40 

  

  

os 
O4 

0.3 

0.2 

0A if 1 2 ee Eee 

40 50 400 200 4000 
Fig.2: Scar diameter vs load for the standard 1 min tests. r 

The worn surfaces formed during the AW and EP regime were examined under the 

scanning electron microscope (SEM) coupled with an energy dispersive X-ray 

analysis (KEVEX). Fig.3 shows the micrographs of these areas when sulphur was 

used as the additive whilst 

  

g-4 represents the X-ray distribution of the main 

elements of interest ‘covering the scars. 
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a) b) 

Fig.3. Electron pictures of the worn surfaces obtained when sulphur was used 
as the additive for 1 min run: a) AW region b) EP region. 

  

a) Sulphur X-ray image of the b) Sulphur X-ray image of the 
AW region EP region
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©) Tron X-ray image of the AW a) Iron X-ray image of the EP 

region 
region 

Fig.4, X-ray distribution of sulphur and F, of the worn surfaces when sulphur 
was used as the additive. 

From these photographs one can conclude that + 

- There is distinction between the formation of the AW and EP films. 

~ For the AW region, the film is smooth and composed of fine tracks 

mainly formed by sulphur and iron adjacent to each other. 

~ For the EP region, the film is a thick solid layer and there is no 

regularities as in the AW film, A strong presence of sulphur located 

near to the iron suggests the formation of islands on the surface . 

3.2. ‘Temperature work 

The temperature of the bulk oil plus the elemental sulphur additives was 

recorded by immersing a thermocouple wire into the bowl holding the balls while 

the test was carried out. Fig.5 shows the graph of the measured temperature 

versus the applied load and the results reveal the linear dependence between 

  

them. 
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Fig.5. Temperature versus load 

To study the formation of the AW and EP films, two loads from each Correspond- 

ing region were selected and the temperature variation with running time was 
recorded. ‘he results are displayed in Fig.6 and 7. 

For the AW experiment, the temperature initially rises rapidly but then 
approaches a maximum value of 105°C after a period of 55 minutes and then stays 
constant for several hours. This suggests that the film builds up smoothly and 
also explains its regularities. At the end of the experiment, the scar was 
analysed using the SEM and the micrograph (Fig.8) shows the presence of the 
fine tracks but much wider than after 1 min running. The uniform striations of 

the film are still observed therefore increasing the running time does not affect 
the tribo- 

  

hemical effect on the adjacent layers formed by sulphur and iron. 
The scoring appears when the oil film is reduced and this confirms the physi- 
sorption theory predicted for the AW regime by previous work on the 4-ball machine 
(Re£.6) « 
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Fig.6. Temperature versus time of an Fig.7. Temperature versus time 

A.W. load of an EP load 

For the EP experiment, the temperature rises linearly until reaching an equil- 

ibrium value of around 150°C in 19 min then one min later welding occurs. ‘The 

film build up is not uniform and this implies that a chemical reaction is taking 

place between the oil film and the surface. ‘The welding occurs when the iron 

sulphide film can no longer protect the surfaces from coming into metallic 

contact. 

3.3. X-ray Diffraction (XRD) and X-ray Photoelectron Spectroscopy Analysis (XPS) 

whe earlier work (ref.5) has shown that XPS analysis did not detect any 

Fes in the EP region when DBDS was used as the additive. ‘The elements detected 

were Fe,,, 0, and sulphate, In that paper, the different calculations were 

done by assuming that FeS and sulphate were the main compounds of the film after 

taking into consideration XRD analysis. To justify this assumption, further 
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(a) (b) 

Fig.8. Electron picture and x-ray 

image distributions of the AW region 

for a long running time. 

a) Micrograph of the worn surface. 

b) Sulphur x-ray image. 

©) tron x-ray image. 

LO pm 

  

(c) 

analyses were carried out on wear debris at two different loads within the EP 

range by the means of XRD and also scars were examined by the X-ray glancing 
" values are FeS and 

  

angle method. ‘he possible identifications from the 

FeS04. The results obtained are summarised in Table 2. 

A literature survey has been conducted for the Fe,, information given by 

XPS and the concluding evidence (ref.7) proves that F,2+ does have a spectrum 

state denoted by Fe, and so far there has not been any electronic configuration 

Fe,, detected for F.3+ . Therefore F,?* must be related to FeS. Meyer et al(ref.8) 
3p 

264



172 

TABLE 2 
Results obtained in the EP region by using XRD, XPS and X-ray glancing angle 

method when DBDS was used as the additive 

  

Element or compound 
  

XRD XPS X-ray glancing angle 
  

Fes and Feso, Fes, 0,. and sulphate Fes           
have detected a very fine dispersed layer of Fes by using X-ray diffraction and 

Missbauer Spectroscopy. Bird and Galvin (ref.4) have identified FeS by means of 

lectron Spectroscopy Chemical Analysis. ‘Therefore, this corroborates the 

presence of FeS and substantiates the previous calculations. 

XPS has also failed to detect FeS in the AW region when elemental sulphur was 

used as the additive whilst x-ray diffraction analysis shows traces of the 

compound in addition to Fe,0,. ‘These results are shown in Table 3. 

TABLE 3 

Result obtained in the AW region by using XRD and XPS when elemental sulphur was 

used as the additive. 
  

  

  

  

Element or compound 

XRD 
XPS 

- Fes = Fes, 

peso % Fe,0, 1. 

= are, - sulphate       

For the EP, there is a good agreement between the results when both methods 

of analysis were used except that in addition ¥RD gave aFe and XPS gave Fe), (cf 

Table 4), 

3.4 Nuclear Analysis 
  Rutherford Backscattering (RBS) (refs.5,9,10) and deuteron-proton stripping 

reaction [(d,p) reaction] (refs.9,11,12)were applied to study the surfaces 

films formed during wear by organo-sulphur compounds used as additives. Hence 

elemental sulphur was the main priority of the investigation. A brief description 

of the experimental procedures involved is given below : 

In the case of RBS, the worn surfaces were bombarded by an incident alpha~ 

particles beam energy of 2Mev then the recoil energy was measured and the number 
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used as the additive. 

  Element or compound 

  

  

  

    

*RD 
XPS 

- Fes 
~ (22) Fey + Sulphur or organic 

sulphide - aFe 
~ Fes, 

Pais Z = 
~ FeS, sulphate   

  

of particles scattered was counted for a range of time between 15 and 20 min by means of a silicon surface barrier detector. Hence the identity and number of atoms present on the scar wag determined. Fig.9 \shows a typical spectrum when sulphur is detected. 

32 33, For the “"S(d,p)""s reaction, a 2Mey deuteron beam was used to bombard the Specimens and the energy spectrum of the Protons produced by the induced nuclear 

alpha-particles from (d,a) reactions. a typical spectrum of proton yield vs energy te ’shown in'Pig.10. the detection angle was between 170° and 176 for both cases. Selected specimens prepared in the aw and EP regions using the four additives at various concentrations were examined and the results were compared with the EPMA data reported previously (ref.5) and with further work. ‘The results are Summarised in Table 5, 
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Fig.9: Experimental results for RBS of an EP film (0.25 wt® sulphur. 300 kgs, 
300s.) 
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Fig.10: Typical spectrum of proton yield vs energy for an EP film (0.25 wt % 
sulphur, 300 kgs, 300s.) 
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TABLE 5 

Results of EPMA, RBS and 5 (a,p) 338 reaction 

  

  

  

  

  

  

  

  

EPMA RBS 325(a,p) oe 

"t" = Calculated film thick- Ra ae foal anal rn an Pa Fess (um) assuming structure (* 
of sulphur s Fes Feso4 

40 60 | 0.1 | 96.2 & - = = 
130 60 | 10.7 | 86.5 x 0.03 0.04 0.10 

wt 0.25% | 130 | 1100 | 3.00 | 86.0 x 0.28 0.33 0.93 
S 200 60 | 15.4 | 70.2 ¥ 0.83 0.83 2.71 

300 60 | 19.9 | 81.9 * (2) 0.19 0.23 0.62 
300 300 | 27.5 70.0 ¥ 0.73 0.86 2.41 

130 15 |S, - x 0.07 0.09 0.24 
130 6o | - - x x (2) x (2) x (?) 

wt 1.008 | 130 [1100 | 7.3 | 97.6 x 0.13 0.15 0.41 
et 140 60 | 10.0 | 87.5 x 0.10 0.09 0.24 

300 60 | 17.1 | 72.4 x 0.17 0.20 0.57 
400 60 | 13.6 91.4 v 0.19 0.22 0.62 

130 60 | 3,6 | 88.7 x x x Ps 
wt 0.26% 
pang 130 |1100 | 3.6 | 95.5 x 0.07 0.08 0.23 

300 4 welding 

we o:zes | 130 60 | 4.1 | 90.2 x x x x 
bpps 130 | 1100 | 3.23 | a1.2 x 0.09 0.11 0.30 

300 welding 
                      

~ Indicates specimen not analysed; x Indicates no sulphur detected; 
Y Indicates sulphur detected. 

.. Yet 2 

  

+ 107? (ref.5) 796 on) 
0 

where Yp (8) =reaction yield; n = number of incident deuterons; 59 ey = differ- 
ential cross-section (for the detection angle at 2 Mev); = solid angle sampled 
by the detector; N, = Avogadro's number; P = density of the compound. 

In the calcutations of the film thickness from the (d,p) results, the cross- 
section G(E) was considered constant. The earlier work (ref.5) has shown that 
in the range of 1.9 - 2 Mev, 0/,) does not change for either P, OF py sulphur 
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peaks. ‘Therefore the EP product films containing sulphur should be less than 

1.5 - 2um in order to apply the above equation. Hence 32s (d,p) 33 § reaction 

technique is suitable for such thin films where the energy loss is small (‘100 kev). 

table 5 shows that, in the case of RBS the probability of detecting sulphur is 

higher when the film becomes thick. ‘The theory of the technique (ref.10) suggests 

that the probability of backscattering(i.e.the cross-section) is proportional to 

the square of the atomic number (z) of the target. This makes the detection of 

Light elements on heavy substrates very difficult unless the amount of the former 

js considerable. Hence, RBS is not recommended for detecting sulphur on mainly 

iron substrates unless the EP film is thick. The calculations from the results 

of RBS and EPMA for thick films show a good agreement between these two techniques 

(ref.5.). 

4, CONCLUSTON 
Tt has been shown that no one analytical technique is suiteble to give a 

total picture of the thickness and chemical composition of AW and EP films 

formed during 4-ball tests. However, conventional physical methods of analysis 

coupled with RBs and [4,p] reactions have proved satisfactory. ‘the 32s[a,p]??s 

reaction is most useful for thin-to-medium films of sulphur products where the 

qenttich Gitescsecticn xemains sensibly constants (RBS however, 1s) more auitabis 

for thick films (those in which the[(4,p)] zeaction starts failing) but the 

thickness of EP films normally formed is too thin for RBS to be of practical 

ase in analyses for sulphur films on steel substrates. Sim{lar considerations 

can be made for EPMA in that EP films are normally too thin for the beam to be 

stopped within the film and the analysis 1s therefore missed by the detection of 

the substrate material. 
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DISCUSSION 

Furey - I found your results most interesting. It is important in boundary lubrication 
to use whatever tools we can to learn about the detailed nature of surface films. Of 
course, the mere presence of a particular compound in the contact zone doesn't necessarily 
mean that it is "the" effective wear-reducing surface film. Based on what you have 
just presented (since the full paper is not yet available), what compound or compounds 
appear to be essential for anti-wear/anti-scuff action of the sulfur-containing additives 

studied ? 

Another question : also is there any evidence of organic or polymerie films 
in -he contact zone ? 

Azouz - The authors thank Prof. Furey for his most pertinent comment and fully agree 
that the mere presence of a particuliar compound is not necessarily indicative of the 
only mode of surface protection. Our work would suggest that the essential compound 
appearing on the films formed by organo - sulphur additives is FeS. This was identified 
by X-ray diffraction in the extreme pressure region. In the Anti-wear region, although 
X-ray photoelectron spectroscopy did not detect FeS, it showed the presence of Fes, 

2+ state is the valence state 

  

which we believe is related to Feo? (see Table 3). The Fe’ 

of iron in FeS. This confirms the results found by other workers as stated in this paper 
(refs. 4 and 8). 

In reply to this second question, we would state that so far no organic or polymeric film 
has been detected in the contact zone under A.W. conditions, Under E.P. conditions, 
there is some tentative evidence of the formation of organic sulphide as shown by X.P.S. 
(see table 4). 

Richmond - Could you explain why you did not translate your measurements of temperature 
into rates of heat generation which would seem to be a parameter relevant to the fonction ? 

Azouz - The authors agree with Mr Richmond that the rate of heat generation would 
be a very useful parameter for film generation. However, we did not use such rate of 
heat generation since the only measurement available was for the bulk oil temperature 
and previous work on the pitting of EN31 steel in the presence of sulphur (ref. B1 and 
82) has shown that it is the bulk oil temperature which determines the relevant sulphur-iron 
reaction to form either FeS or FeS, respectively below or above 175°C. This agrees 
with the experimental results quoted in this paper. 

Reference: 
fowson and Y.L. Wu, Wear, 70(1981) 373.381 

B2. D.M. Rowson and Y.L. Wu, Physical Analysis in Rolling and Sliding Discs, Proceedings 
of the Institute of Petroleum, London October 1980, 79-90. 
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